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Editorial on the Research Topic
 Glucosinolates: Regulation of Biosynthesis and Hydrolysis



The members of the Brassicaceae family possess a class of sulfur and nitrogen containing specialized metabolites glucosinolates (GSLs), that are important for plant defense and animal nutrition. Glucosinolates are both constitutive and inducible, and their accumulation is controlled by environmental, molecular, and genetic levels. Much of the information about the glucosinolate biosynthesis, transport, hydrolysis, turnover, crosstalk amongst biosynthesis and hormonal pathways, and mechanisms controlling glucosinolate accumulation and metabolism during abiotic and biotic stresses has been derived from the model plant Arabidopsis thaliana (Figure 1). However, there are still lacunae in fully understanding these regulatory processes in crop species. Thus, the purpose of this Research Topic is to decipher several aspects under the glucosinolate regulatory mechanisms, in view of which a total of eight research articles have been published.


[image: Figure 1]
FIGURE 1. Regulation of glucosinolate metabolism in plants is a complex interplay among various biological processes.


Plants possess huge structural diversity of glucosinolates and studies in the last two decades have highlighted the key role of GSL-ELONG locus, encoding methylthioalkylmalate synthase (MAM or MAMS), controlling glucosinolates side chain diversity (3C, 4C, 5C) across the Brassicaceae species. Understanding the molecular basis of MAM evolution and generation of glucosinolate natural diversity in polyploid Brassica crops is a challenge due to their complex genome architecture (Kumar et al., 2019). Abrahams et al. investigated diversification of MAM locus utilizing a micro-synteny network and phylogenetic inference across a broader species phylogeny with comparisons to their primary metabolic ancestor, isopropylmalate synthase, uncovering critical steps in the origin of MAM and identifying patterns of domain specific diversity. With examination of few of the evolutionary consequences of whole-genome duplication events, local duplications, gene transpositions, and gene fusions, various new hypotheses are created to test the nature of MAM diversification and glucosinolate diversity in plants. The understanding of MAM evolution will enable fine engineering of desirable glucosinolate profiles in plants.

The accumulation of glucosinolates is controlled by the complex interplay of biosynthesis, transport, storage, and feedback regulatory pathways (Figure 1) the complexity of which is not fully understood. Touw et al. found distinct glucosinolate accumulation and composition during root herbivory in Brassica rapa infested with specialist Delia radicum. The increase in the total glucosinolate in the taproot was majorly due to indole and benzyl glucosinolates. It was initially hypothesized that the expression of glucosinolate transporter genes in distal tissues led to glucosinolate accumulation in taproot and preceded the localized expression of de-novo biosynthetic gene expression in the taproot. However, it was found that local biosynthesis but not transport from above ground parts drives the accumulation of indole glucosinolates in the taproot to protect from root-herbivory. Future studies should involve the use of isotope labeled glucosinolate precursors and understanding their transport upon root herbivory, confirming the precise role of transporter proteins in tissue-specific glucosinolate accumulation. Another study by Sontowski et al. also investigated the effect of two specialist herbivores D. radicum and D. floralis on the expression pattern of genes involved in glucosinolate biosynthesis, transport, and hydrolysis during infestation of B. rapa varieties accumulating low and high root glucosinolate levels. Only minute response differences were observed in the contrasting glucosinolate varieties of B. rapa with no trade-offs occurring between the two in the roots compared to those reported in shoots (Rasmann et al., 2015). B. rapa low glucosinolate variety could not compensate for the improved defense responses even after attaining similar glucosinolate levels as high glucosinolate variety. Thus, glucosinolate based defenses can differ in plants and between different herbivores, depending upon their host specialization levels and feeding modes.

With the changing environmental conditions, plants modulate their metabolism toward carrying out a balanced resource investment to both the development and defense pathways. The levels of glucosinolates in the intact tissue are a result of interplay amongst their biosynthesis and however uncharacterized turnover processes in response to the changing environment. Jeschke et al. investigated glucosinolate turnover in the absence of tissue damage in A. thaliana seedlings under different nutrient availability conditions, stating that both biosynthesis and turnover processes coordinate to achieve glucosinolate levels. While limitation of sulfur and nitrogen negatively affected the de-novo accumulation of all classes of glucosinolates, the exogenous application of carbon sources had quantitative effects on aliphatic glucosinolates. Raphanusamic acid (RA), a breakdown metabolite formed potentially from all glucosinolate structures in-planta (Bednarek et al., 2009), was found to correlate with enhanced accumulation of endogenous glucosinolates only but not its turnover in A. thaliana. Thus, RA could represent a metabolic checkpoint to control the flux of the glucosinolate biosynthesis and turnover processes in response to both external and internal signals. Meier et al., with the use of T-DNA mutants of enzymes responsible for glucosinolate breakdown, provided clue toward involvement of β-glucosidases belonging to BGLU18-BGLU33 clade, nitrile-specifier proteins (NSPs) during different stages of seed maturation and germination processes as potential candidates involved in glucosinolate turnover processes. The turnover processes are subjected to different substrate specificities of the glucosinolate hydrolytic enzymes. In addition, to evaluate the components involved in the glucosinolate turnover pathways, ascertaining the tissue specific effects of turnover is important like for example, increased turnover in one tissue balanced by enhanced biosynthesis in the other, balancing the total glucosinolate levels. Therefore, the study by Meier et al. has opened various dimensions and involvement of numerous candidates for glucosinolate turnover in the seeds, which require an in-depth investigation in coming years.

The biological activities of glucosinolates are governed post hydrolysis by myrosinases (β-thioglucoside glucohydrolase, TGG), where some hydrolysis products have the capabilities to induce stomatal closure (Hossain et al., 2013). But the physiological processes which control the TGG-mediated stomatal activity remain elusive. For further insights into these processes, Zhang et al. raised overexpression transgenics in Arabidopsis using TGG1 homolog from broccoli and found enhanced resistant against the bacterial pathogen Pseudomonas syringae, by accelerating stomatal closure and inhibition of stomatal reopening upon challenge. This work provided a first indication that the TGG1-regulated stomatal defense response moves via multiple phytohormone signaling pathways. The BoTGG1 overexpression lines also displayed delayed flowering phenotype by promoting the expression of the floral repressor, FLOWERING LOCUS C (FLC)- an indicative of the cross talk of the glucosinolate pathway to modulate flowering time regulation. This study opens a new avenue for manipulation of classical myrosinases for engineering pathogen resistance and control of flowering time, which are important breeding objectives for accumulating higher yields in the cultivated Brassica species.

Glucosinolates hydrolytic forms epithionitriles are triggered upon the presence of epithiospecifier proteins (ESPs) in the medium, and only glucosinolates which possess a terminal double bond in their side-chain structure can form epithionitriles. A single gene in the model plant A. thaliana governs epithionitrile formation, however our knowledge so far remains limited in the crops of the Brassicaceae family, as they underwent a lineage-specific whole genome triplication event after their split from Arabidopsis. Witzel et al. recently identified three ESP homologs using in-silico analysis in B. oleracea. The BoESPs possess differential transcript profiles across tissue types and exhibited distinct substrate specificities toward seven tested glucosinolate structures, to shape the glucosinolates hydrolysis product diversity in B. oleracea genotypes. The BoESP activities were examined using functional complementation studies in A. thaliana accession lacking functional ESP, suggesting isoform-specific roles of BoESPs in glucosinolate breakdown. The formation of nitriles and epithionitriles have several notified effects particularly higher susceptibility against herbivores, and reducing the attractiveness for oviposition of specialists by attracting their natural enemies. Epithionitriles in the Brassica vegetables have a lower impact on aroma and pungency as desired for human consumption, as opposed to ITCs which are the most comprehensively characterized GHP molecules so far. We still lack the full understanding of the biological significance of nitriles and epithionitriles toward their roles in biotic interactions. Ting et al. recently established the involvement of nitriles in disease resistance during pathogen challenge using 3-butenenitrile (3BN) treatment in Arabidopsis. Interestingly, plants treated with 3BN showed alleviated leaf lesion symptoms when challenged using Pectobacterium carotovorum and Botrytis cinerea consequently reducing pathogen growth on leaves. Therefore, 3BN molecule is proposed to act as a DAMP for the induction of broad immune responses in Arabidopsis, involving a crosstalk between signaling pathways for NO, ROS, JA, and SA production in plants. Future studies should focus to identify the precise target pathogen recognition receptors that might bind 3BN for its action. Therefore, such studies provide essential information to alter and reduce ESP activities in planta correlating with an optimal defense output.

In conclusion, we perceive the studies published within this Research Topic “Glucosinolates: Regulation of Biosynthesis and Hydrolysis” expand our current understanding of regulatory molecular mechanisms of glucosinolate biosynthesis, hydrolysis, turnover, and regulation in plants.
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Myrosinase enzymes and their substrate glucosinolates provide a specific defensive mechanism against biotic invaders in the Brassicaceae family. In these plants, myrosinase hydrolyzes glucosinolates into diverse products, which can have direct antibiotic activity or function as signaling molecules that initiate a variety of defense reactions. A myrosinase, β-thioglucoside glucohydrolase 1 (TGG1) was previously found to be strikingly abundant in guard cells, and it is required for the abscisic acid (ABA) response of stomata. However, it remains unknown which particular physiological processes actually involve stomatal activity as modulated by TGG1. In this experimental study, a homologous TGG1 gene from broccoli (Brassica oleracea var. italica), BoTGG1, was overexpressed in Arabidopsis. The transgenic plants showed enhanced resistance against the bacterial pathogen Pseudomonas syringae pv. tomato (Pst) DC3000 via improved stomatal defense. Upon Pst DC3000 infection, overexpressing BoTGG1 accelerated stomatal closure and inhibited the reopening of stomata. Compared with the wild type, 35S::BoTGG1 was more sensitive to ABA- and salicylic acid (SA)-induced stomatal closure but was less sensitive to indole-3-acetic acid (IAA)-inhibited stomatal closure, thus indicating these hormone signaling pathways were possibly involved in stomatal defense regulated by TGG1. Furthermore, overexpression of BoTGG1 delayed flowering by promoting the expression of FLOWERING LOCUS C (FLC), which encodes a MADS-box transcription factor known as ﬂoral repressor. Taken together, our study’s results suggest glucosinolate metabolism mediated by TGG1 plays a role in plant stomatal defense against P. syringae and also modulates flowering time by affecting the FLC pathway.

Keywords: Arabidopsis, flowering, myrosinase, Pst DC3000, stomatal defense



Introduction

Glucosinolates are major secondary metabolites found in the Brassicales order, including the model plant Arabidopsis and many vegetables (Agerbirk and Olsen, 2012). Myrosinase (β-thioglucoside glucohydrolase, TGG) hydrolyzes glucosinolates by cleaving the thioglucosidic bond to release hydrolysis products that are toxic to insects and pathogens (Tierens et al., 2001; Hopkins et al., 2009; Calmes et al., 2015). Glucosinolates and myrosinase are normally harbored in separate compartments within plants (Andreasson et al., 2001; Koroleva et al., 2010). But they come into contact with each other upon tissue disruption from chewing by insects or damaged by pathogens rapidly releasing large amounts of toxic hydrolysis products, typically isothiocyanates and nitriles and their derivatives (Halkier and Gershenzon, 2006).

Myrosinase activity has been detected in all glucosinolate-containing plants (Husebye et al., 2002). So far, six TGG genes encoding classical myrosinases have been found in the model plant Arabidopsis (Xu et al., 2004). The TGG1 and TGG2 genes are expressed aboveground, where the myrosinases encoded by each are considered to mainly break down aliphatic glucosinolates (Xue et al., 1995; Barth and Jander, 2006); TGG3 and TGG6 are pseudogenes having multiple frame-shift mutations in their coding regions, being specifically expressed in the plant’s anthers (Husebye et al., 2002; Zhang et al., 2002); finally, TGG4 and TGG5 are specifically expressed in the roots and related to auxin synthesis and root-growth regulation (Fu et al., 2016). In addition to these six classical TGG myrosinases, two other β-glucosidases, PEN2 and PYK10, were identified as atypical myrosinases that primarily hydrolyze indole glucosinolates (Bednarek et al., 2009; Nakano et al., 2017).

Numerous studies have demonstrated that the glucosinolate–myrosinase defense system supports broad-spectrum immunity in Arabidopsis. Besides generating direct antimicrobial activity through toxic hydrolysis products, glucosinolate degradation can also form signaling molecules to initiate conserved defense responses. Clay et al. (2009) found that degradation of tryptophan-derived indole glucosinolate mediated by atypical myrosinase PEN2 is required for callose deposition in pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI). Likewise, TGG1 and TGG2 are both presumed to be involved in conserved immune responses against pathogens. For example, the hydrolysis of methionine-derived aliphatic glucosinolates mediated by TGG1 and TGG2 is required for programmed cell death (PCD) upon inoculation with the bacterial pathogen Pseudomonas syringae pv. tomato (Pst) DC3000 and the downy mildew Hyaloperonospora arabidopsidis (Andersson et al., 2015). Interestingly, the indole glucosinolate degradation, as catalyzed by TGG1, attenuates mycotoxin fumonisin B1 (FB1)-induced PCD (Zhao et al., 2015); this suggests that glucosinolates’ metabolism responds to different kinds of pathogens through various molecular mechanisms.

Apart from influencing PCD, TGG1 and TGG2 also contribute to stoma activity in Arabidopsis. As the most abundant stomatal protein, TGG1 comprises 40% to 50% of the total proteins found in guard cells; accordingly, the tgg1 mutant has impaired wound-induced stomatal closure and is less sensitive to abscisic acid (ABA)-inhibited opening of its stomata (Zhao et al., 2008), while the tgg1/tgg2 double mutant is defective in both ABA and methyl jasmonate (MeJA)-induced stomatal closure (Islam et al., 2009). Consistent with those findings, some glucosinolate-derived isothiocyanates were found capable of inducing stomatal closure (Hossain et al., 2013; Sobahan et al., 2015). Taken together, these studies indicate that myrosinase activity and corresponding hydrolysis products play a critical role in the regulation of stomatal closure. Yet it remains elusive which particular physiological processes TGG-modulated stomatal activity is involved in.

Glucosinolate metabolism contributes to not only defense against biotic stress but also plant development. Several reports have suggested that glucosinolates and their metabolites are involved in the modulation of flowering time in Arabidopsis (Naur et al., 2003; Kerwin et al., 2011; Jensen et al., 2015; Kong et al., 2015; Xu et al., 2018). Both AOP2 and AOP3 are genes in the aliphatic glucosinolate biosynthesis pathway, encoding two 2-oxoglutarate-dependent dioxygenases that modify glucosinolate side chains (Kliebenstein et al., 2001). These two paralogous genes possess the ability to affect glucosinolate accumulation and flowering time; however, they differ in their ability to modulate flowering time, so the two genes may affect the ﬂowering phenology via separate mechanisms (Jensen et al., 2015). In particular, AOP2 can alter the circadian clock pathway, but whether this contributes to regulated flowering time is questionable (Kerwin et al., 2011). Although cross talk does occur between glucosinolate metabolism and flowering control, many unknown processes await further exploration.

In this study, transgenic Arabidopsis plants overexpressing a homologous TGG1 gene from broccoli (designated here as BoTGG1) were investigated, from which several interesting phenotypes were observed. We also performed the same analysis in plants overexpressing endogenous AtTGG1; similar phenotypes were observed but none as significant as 35S::BoTGG1. To more clearly expound on the function of myrosinase TGG1, only data concerning 35S::BoTGG1 are presented here.

We found that 35S::BoTGG1 plants were more resistant against the bacterial pathogen Pst DC3000. Given that TGG1 participates in stomatal activity, we hypothesized that this enhanced pathogen resistance present in 35S::BoTGG1 arose from an altered stomatal defense. Stomata are natural openings on the surface of leaves, which not only enable the gas exchange but also facilitate the entry of bacteria. Hence, stomatal closure is considered among the conservative immune mechanisms plants employ against bacterial pathogens (Melotto et al., 2006; Zeng et al., 2010; Sawinski et al., 2013). When bacteria attack, the plant first recognizes PAMP and responds by closing its stomata. To circumvent this immune response, bacteria may release a specific virulence factor to effectively cause stomata to reopen (Melotto et al., 2006). In our study, we discovered that overexpression of BoTGG1 accelerated stomatal closure and inhibited stomatal reopening upon infection of Pst DC3000. Furthermore, 35S::BoTGG1 was more sensitive to ABA- and salicylic acid (SA)-induced stomatal closures while less sensitive to indole-3-acetic acid (IAA)-inhibited stomatal closure, indicating that TGG1-affected stomatal defense likely operates via the signaling pathway of these hormones. In addition to enhanced pathogenic resistance, 35S::BoTGG1 displayed another phenotype, that of delayed flowering, which led to significant increases in the biomass of both the aerial part and root system.

Considering that high biomass and pathogen resistance are important plant breeding goals, our study will prove useful for breeding economically valuable cruciferous vegetables with both traits by modifying their glucosinolate metabolism.




Materials and Methods



Plant Material and Growth Conditions

Seeds of broccoli (Brassica oleracea var. italica) cultivar ‘Qingxiu’ were purchased from the JiaHe Seeds Company (Beijing, China) and used for BoTGG1 cloning. Seeds of Arabidopsis ecotype Columbia (Col-0) were obtained from the Arabidopsis Biological Resource Center and used for genetic transformation. All plants were grown under a 16-h photoperiod, with a photosynthetic photon flux density of 100 μmol·m−2·s−1, at a 23°C temperature and 60% relative humidity.




Molecular Cloning and Plant Transformation

Total RNA was extracted from 3-day-old broccoli seedlings using the EASYPure Plant RNA Kit (TransGen, Beijing, China). The cDNA was synthesized from total RNA with the PrimeScript RT-PCR Kit (Takara, Shiga, Japan). The coding sequence (CDS) of the BoTGG1 gene was amplified by using the primers BoTGG1-F and BoTGG1-R (primer sequences are listed in Table S1). To construct the expression vector 35S::BoTGG1, the obtained PCR product was cloned into the expression vector pCAMBIA330035Su according to a previously described method (Nour-Eldin et al., 2006).

The constructed expression vector was passed through the Agrobacterium tumefaciens strain LBA4404 and transferred into Arabidopsis via inflorescence infection (Clough and Bent, 1998). To select the transformants, seeds were planted on the 1/2 Murashige and Skoog (MS) agar medium containing 50 mg L−1 of kanamycin. Two independent homozygous transgenic lines were used in the subsequent analyses.




Glucosinolate Extraction and Analysis

The 35S::BoTGG1 and wild-type plants were grown simultaneously for 4 weeks. For each plant, 100–150 mg of rosette leaves was harvested for the glucosinolate extraction according to a previously described method (Hansen et al., 2007). Glucosinolates were extracted with methanol, and the desulfoglucosinolates were obtained by filtration through a DEAE Sephadex column followed by sulfatase treatment. High-performance liquid chromatography (HPLC) analysis was carried out as previously described (Grosser and van Dam, 2017). Glucosinolates were identified as desulfoglucosinolates, with sinigrin used as the external standard.




Myrosinase Determination

Rosette leaves of 4-week-old wild-type plants and two independent transgenic lines of 35S::BoTGG1 were harvested for their myrosinase activity assay. These fresh leaves (150 mg) were frozen in liquid nitrogen and quickly ground into powder. This ground sample was solubilized in 1-ml extraction buffer (pH 7.2) containing 10 mM of K-phosphate, 1 mM of EDTA, 3 mM of dithiothreitol (DTT), and 5% glycerol and then vortexed and centrifuged at 12,000 × g for 15 min at 4°C. The supernatant was collected to measure myrosinase activity.

Myrosinase activity was quantified by calculating the rate of hydrolysis of sinigrin. For this, the reaction buffer consisted of 33.3 mM of K-phosphate (pH 6.5) and 0.2 mM of sinigrin; the reaction was initiated by adding 100-μl extracted enzyme into 2.9 ml of reaction buffer. The decline in absorbance at 227 nm and 37°C spanning a 5-min period was plotted. Myrosinase activity was evaluated as the amount of sinigrin degraded by the enzyme from 1 g of fresh leaf per minute.




Bacterial Growth Assay

The virulent pathogen Pst DC3000 was used, with bacteria cultured in King’s B medium at 28°C. For the sprayed infection, 4-week-old plants were sprayed with a bacterial suspension of Pst DC3000 [108 colony-forming units (CFU) ml−1] in 10 mM of MgCl2 containing 0.04% Silwet L-77. For infection by injection, leaves were syringe-infiltrated with a bacterial suspension of Pst DC3000 (106 CFU ml−1) in 10 mM of MgCl2. Those plants sprayed or injected with only 10 mM of MgCl2 served as the corresponding control. The inoculated plants were kept at high humidity for 3 days. The amount of bacterial growth in the infected leaves was determined as described (Katagiri et al., 2002).




Measurement of Stomatal Aperture

Four-week-old plants were used for the stomatal aperture bioassay. Peels of rosette leaves were first floated in an opening buffer containing 5 mM of KCl, 50 mM of CaCl2, and 10 mM of MES-Tris (pH = 6.15) under light for 3 h to induce the maximum opening of the stomata. For the bacterial infection, leaf peels were transferred to a water suspension of Pst DC3000 (108 CFU ml−1), while those moved to water alone served as the control. Stomatal aperture was observed every 15 min during a 3-h period. For the ABA, SA, and MeJA treatments, leaf peels were respectively transferred to the opening buffer with 10 μM of ABA, 500 μM of SA, and 10 μM of MeJA for 2 h. For the IAA treatment, two groups of leaf peels were transferred to a new opening buffer solution, with or without IAA addition, and then placed under darkness for 2 h. Leaf peels likewise transferred to the opening buffer without hormone additions served as the control. Width and length of each stoma were measured using ImageJ software, and stomatal apertures were expressed by their width-to-length ratio.




Quantitative Real-Time PCR Analysis

To detect transcript levels of genes involved in the glucosinolate biosynthesis pathway, rosette leaves from 4-week-old plants were harvested. To detect transcription levels of genes involved in stomatal defense, detached leaves from 4-week-old plants were incubated with a water suspension of Pst DC3000 (108 CFU ml−1). Leaves incubated with water served as the corresponding control. The incubated leaves were collected every 15 min during a 1-h period. To detect transcript levels of genes involved in flowering, rosette leaves from 18-day-old plants were harvested. For all sets of leaves, their total RNA was isolated using the TRIzol reagent (Invitrogen, Carlsbad, CA). The first strand of cDNA was synthesized using the PrimeScript RT Reagent Kit (Takara, Shiga, Japan), and quantitative real-time PCR (qRT-PCR) analyses were performed using the Trans Start Top Green qPCR SuperMix (TransGen, Beijing, China) on an ABI 7500 sequence detection system. The detected genes and the primers used in qPCR are listed in Table S1. The ACTIN2 gene in Arabidopsis served as the internal reference gene. The gene expression level was calculated according to the 2−ΔΔCt method.




Biomass Determination

For biomass determination, mature plants that had completely developed and grown after they produced their terminal flowers were used. The aerial tissues and seeds were harvested respectively and dried at 70°C for 2 days. The dry weight of each plant was measured, and the relative weight of wild type and 35S::BoTGG1 was calculated.




Detection of Drought Resistance

Wild-type and 35S::BoTGG1 plants were grown under a long-day condition (16-h photoperiod) for 4 weeks. Detached rosette leaves from 35S::BoTGG1 and the wild type were placed on a piece of weighing paper, and the fresh weight of these leaves was measured every 20 min during a 3-h period. Water loss was defined as the percentage of initial weight reduced at each time point.

The same amount of soil (by weight) was placed into each pot, after which all pots were soaked on a tray to ensure equivalent soil and water conditions among them. Seeds of 35S::BoTGG1 and the wild type were planted and allowed to grow for 4 weeks, with water added to the tray twice a week. To emulate drought, water was withheld from plants for 2 weeks, and then all the plants were rewatered for 2 days. Plant growth under each water condition was photographed and observed.





Results



Cloning of BoTGG1 From Broccoli

According to our previous transcriptome analysis in broccoli (Gao et al., 2014), the CDS of a myrosinase gene was amplified from the broccoli (B. oleracea var. italica) cultivar ‘Qingxiu’, by using the unigene TGG as the reference sequence. The CDS of the obtained gene was 1,647 nucleotides long, encoding a protein of 548 amino acids; this revealed 98.4% nucleotide and 99.2% amino acid identity when compared to the predicted myrosinase gene in broccoli (B. oleracea var. oleracea). Compared to its homologous TGG genes in Arabidopsis, the obtained gene was most similar to TGG1, with which it shared 71.5% nucleotide and 79.5% amino acid identity. We therefore designated the obtained gene as BoTGG1 (GenBank accession no. MG252789).




Overexpression of BoTGG1 Increased Myrosinase Activity and Decreased Aliphatic Glucosinolate Content in Arabidopsis

To confirm whether BoTGG1 possesses myrosinase activity as its homolog in Arabidopsis, BoTGG1 was overexpressed in Arabidopsis, and this overexpression of BoTGG1 was confirmed by RT-PCR (Figure S1).

Rosette leaves from 4-week-old 35S::BoTGG1 and wild-type plants were harvested, and the myrosinase activity assay was performed using sinigrin (2-propenyl glucosinolate) as the substrate. Compared with wild-type plants, myrosinase activity in 35S::BoTGG1 was significantly increased (Figure 1), demonstrating that BoTGG1 is functional in vitro.
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Figure 1 | Myrosinase activity of wild type (WT) and 35S::BoTGG1. Rosette leaves of 4-week-old WT and two independent transgenic lines of 35S::BoTGG1 were harvested for myrosinase activity assay. Means (± SE) from three independent biological replicates and three technical repeats are shown. **, significantly different (Student’s t-test; P < 0.01) from the WT. 




To further detect the effects of overexpressing BoTGG1 on the glucosinolate profile in vivo, the glucosinolate content of rosette leaves from wild-type and 35S::BoTGG1 plants was measured. In 35S::BoTGG1, the content of indole glucosinolates did not show any significant difference, but aliphatic glucosinolates were significantly reduced to approximately half that in the wild type (Figures 2A, B). This decrease of aliphatic glucosinolates in 35S::BoTGG1 was possibly due to increased myrosinase activity, but it could also have arisen from decreased biosynthesis of these compounds. To determine which, the expression levels of key genes involved in glucosinolate biosynthesis were assessed. Comparing with the wild type, in 35S::BoTGG1 plants, expression levels of the indole glucosinolate biosynthetic genes MYB51 and CYP83B1 were apparently not altered, while CYP79B3 and SUR1 were slightly changed (Figure 2C). For the genes related to aliphatic glucosinolate biosynthesis, the respective expressions of MYB28, MYB29, CYP83A1, SUR1, and FMOGS-OX1 were all slightly increased, whereas MAM1 and CYP79F2 were not changed and CYP79F1 slightly decreased (Figure 2D). Nevertheless, since the altered expression of each gene was less than twofold, we may infer that these genes’ expression during both indole and aliphatic glucosinolate biosynthesis in 35S::BoTGG1 remained unchanged compared with the wild type. This suggested the lowered content of aliphatic glucosinolates in 35S::BoTGG1 ought to be due to enhanced myrosinase activity and corresponding degradation processes. In sum, these results indicated that under normal growing conditions, the overexpressed BoTGG1 primarily broke down aliphatic glucosinolates in intact tissues of Arabidopsis.
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Figure 2 | Glucosinolate profiles and expression of genes in the glucosinolate biosynthetic pathway. (A) Content of indole glucosinolates. I3M, indol-3-ylmethyl-glucosinolate; 1MOI3M, 1-methoxyindol-3-ylmethyl-glucosinolate; 4MOI3M, 4-methoxyindol-3-ylmethyl-glucosinolate. (B) Content of aliphatic glucosinolates. 3MSOP, 3-methylsulfinylpropyl-glucosinolate; 4MSOB, 4-methylsulfinylbutyl-glucosinolate; 4MTB, 4-methylthiobutyl-glucosinolate; 5MSOP, 5-methylsulfinylpentyl-glucosinolate; 6MSOH, 6-methylsulfinylhexyl-glucosinolate; 8MSOO, 8-methylsulfinyloctyl-glucosinolate; 8MTO, 8-methylthiooctyl-glucosinolate. (C) Relative expression level of genes in the indolic glucosinolate biosynthetic pathway. (D) Relative expression level of genes in the aliphatic glucosinolate biosynthetic pathway. Rosette leaves of 4-week-old wild type (WT) and two independent transgenic lines were harvested for analysis of their glucosinolate contents and quantitative real-time PCR. Relative expression values are given in comparison with the WT (WT = 1). Means (± SE) from three independent biological replicates and three technical repeats are shown. * and **, significantly different (Student’s t-test; *0.01 < P < 0.05, **P < 0.01) from the WT.






Overexpression of BoTGG1 Enhanced Resistance to Pst DC3000

To determine whether overexpression of BoTGG1 could affect pathogenic resistance in Arabidopsis, virulent Pst DC3000 was used as a representative pathogen, and dip inoculation and syringe infiltration assays were performed. Leaves of 35S::BoTGG1 and wild-type plants were infected with Pst DC3000. Three days after infection, for both dip inoculation and syringe infiltration, wild-type plants displayed clear chlorotic symptoms. In contrast, 35S::BoTGG1 plants showed no significant signs of infection (Figures 3A, B). The growth of bacteria in leaves of the wild type was approximately 10-fold higher than that of 35S::BoTGG1 in the dip assay and likewise sixfold higher in the syringe assay (Figures 3C, D). These results suggested that overexpression of BoTGG1 enhanced resistance to Pst DC3000 in Arabidopsis. The difference in bacterium growth between the wild type and 35S::BoTGG1 was larger when inoculated on the surface than when inoculated directly into the apoplast; hence, it may be more difficult for bacteria to enter through the epidermis in 35S::BoTGG1.
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Figure 3 | Enhanced resistance of 35S::BoTGG1 infected with Pseudomonas syringae pv. tomato DC3000 (Pst DC3000). The wild type (WT) and 35S::BoTGG1 were dip-inoculated with a suspension of Pst DC3000 (108 CFU ml−1) and syringe-infiltrated with a suspension of Pst DC3000 (106 CFU ml−1), respectively. (A) Disease symptoms of plants infected with Pst DC3000 by dip inoculation. (B) Disease symptoms of plants infected with Pst DC3000 by syringe infiltration. The pictures were taken at 3 days after inoculation. (C) Bacterial growth on leaves infected with Pst DC3000 by dip inoculation. (D) Bacterial growth on leaves infected with Pst DC3000 by syringe infiltration. Means (± SE) from three independent biological replicates and three technical repeats are shown. **, significantly different (Student’s t-test; P < 0.01) from the WT. dpi, days post inoculation.






Overexpression of BoTGG1 Accelerated Stomatal Closure and Inhibited Stomatal Reopening Upon Infection of Pst DC3000

Previous work discovered that Arabidopsis responds to the PAMPs of bacteria by closing its stomata ~1 h after incubation with Pst DC3000, but this stomatal closure was transient, as bacteria subsequently produced a polyketide toxin, coronatine, which induced stomatal reopening ~3 h after incubation to let them enter the host plant (Melotto et al., 2006). It is of great interest to know whether overexpression of BoTGG1 can affect the closing and reopening of stomata during the arms race between plants and pathogenic bacteria. Therefore, we observed the dynamic state of stomata during the first 3 h of Pst DC3000 incubation. Water incubation was performed as control, and no stomatal movement was observed (Figure S2). In the wild type, 90% of stomata had completely closed by ~60 min post inoculation, while in 35S:: BoTGG1 this extent of closure occurred earlier, at ~45 min post inoculation. Within 60–120 min after the inoculations, half of the stomata had reopened, but not to their maximum apertures, and they were subsequently closed again at 120 min post inoculation in both wild-type and transgenic plants. No significant differences between the two genotypes were observed within this period. During the last 60 min, however, 90% of the stomata had reopened gradually in the wild type while most of the stomata remained closed in 35S::BoTGG1 (Figures 4A, B). These results suggested that overexpression of BoTGG1 accelerated Pst DC3000-induced closing of the stomata and inhibited their later reopening.
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Figure 4 | Stomatal movement in wild type (WT) and 35S::BoTGG1 upon infection of Pseudomonas syringae pv. tomato DC3000 (Pst DC3000). Leaf peels of WT and 35S::BoTGG1 plants were incubated with a suspension of Pst DC3000 (108 CFU ml−1) for 3 h, and their stomatal apertures were observed and measured every 15 min. (A) The images of representative stomata at each time point during the infection. (B) Stomatal apertures at each time point during the infection. Means (± SE) from three independent experiments, each with 100 stomata, are shown.






35S::BoTGG1 Was More Sensitive in ABA- and SA-Induced Stomatal Closure and Less Sensitive in IAA-Inhibited Stomatal Closure

As shown in Figures 5A, C, ABA and SA effectively induced stomatal closure in both the wild type and 35S::BoTGG1. Compared with wild-type plants, the stomatal aperture was significantly smaller in 35S::BoTGG1, indicating the latter plant was more sensitive to ABA- and SA-induced closing of the stomata. Much like ABA and SA, JA was able to induce stomatal closure in both the wild type and 35S::BoTGG1, but no significant difference was observed between the two genotypes, suggesting that overexpression of BoTGG1 did not affect stomatal closure induced by this hormone. IAA is another hormone that can positively regulate stomatal opening and is strongly induced by coronatine upon infection by pathogenic bacteria (Lohse and Hedrich, 1992; Kunkel and Harper, 2018). As Figures 5B, D show, in wild-type plants, stomata were largely closed under darkness in the absence of IAA but stayed open in its presence. In contrast, in 35S::BoTGG1, the darkness led to stomatal closure irrespective of IAA being present or not. This result suggested that 35S::BoTGG1 was less sensitive to IAA-inhibited stomatal closure.
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Figure 5 | Stomatal responses to different phytohormones in wild type (WT) and 35S::BoTGG1. (A) Images of representative stomata treated with abscisic acid (ABA), salicylic acid (SA), and methyl jasmonate (MeJA) hormones. Leaf peels of WT and 35S::BoTGG1 were respectively incubated with a stomatal opening buffer with 10 μM of ABA, 500 μM of SA, or 10 μM of MeJA under lighted conditions for 2 h. Leaf peels transferred to the opening buffer were used as the control. (B) Images of representative stomata treated with indole-3-acetic acid (IAA). Two groups of leaf peels (with maximum opening of stomata) were transferred to new opening buffer with or without IAA addition and left under darkness for 2 h. Leaf peels transferred to the same opening buffer lacking hormone addition were used as the control. (C) Stomatal apertures under treatment with ABA, SA, and MeJA. (D) Stomatal apertures under treatment with IAA. For stomatal apertures, means (± SE) from three independent experiments, each with 100 stomata, are shown. Different letters indicate significant differences (ANOVA test; P < 0.05) between the WT and 35S::BoTGG1 under the same treatment.




ABA-mediated stomatal closure is involved in bacterium-triggered stomatal defense (Melotto et al., 2017). To determine whether ABA-mediated stomatal closure is more sensitive in 35S::BoTGG1 in response to P. syringae, we analyzed the expression levels of several pathogen defense-related genes in the ABA-mediated stomatal closure. Since bacterium-triggered stomatal defense is a fast response (<1 h) (Melotto et al., 2017), the gene expression levels were detected at five time points within an hour upon Pst DC3000 infection. ABI1, ABI2, and PP2CA are negative regulators of ABA signaling and play essential roles in pathogen resistance (Park et al., 2009; Rodrigues et al., 2013). The expression levels of the three genes were significantly higher in 35S::BoTGG1 than in the wild type before Pst DC3000 infection (Figure 6A). During the first hour of Pst DC3000 infection, the expression levels of ABI1, ABI2, and PP2CA in 35S::BoTGG1 decreased, while the expression levels of the three genes in the wild type did not change significantly. The decreased expression of these negative regulator genes indicated the activating of the ABA signaling pathway, and this might contribute to the faster stomatal closure in 35S::BoTGG1.
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Figure 6 | Relative expression of several stomatal defense-related genes in response to Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) in the wild type (WT) and 35S::BoTGG1. (A) Relative expression of genes in ABA-mediated stomatal closure pathway. (B) Relative expression of genes in SA-mediated stomatal closure pathway. (C) Relative expression of OST1 and GHR1. (D) Relative expression of genes inducing stomatal reopening. Detached leaves after dip inoculation with a suspension of Pst DC3000 (108 CFU ml−1) at the given time points were used for quantitative real-time PCR analysis. Transcript levels in the WT at 0 min was set to 1. Means (± SE) from three independent biological replicates and three technical repeats are shown.




The SA signaling pathway is also required for stomatal defense (Khokon et al., 2011). NPR1 is a major activator of SA-mediated responses and is essential for stomatal defense (Schellenberg et al., 2010). LOX1, a gene expressed in guard cells, encodes lipoxygenase, the catalytic product of which triggers SA-mediated stomatal closure (Montillet et al., 2013). As shown in Figure 6B, the expression of both NPR1 and LOX1 showed a rapid and transient increase during the first 30 min of Pst DC3000 infection. The expression level of the two genes in 35S::BoTGG1 increased much more than that in wild-type plants, which suggested SA-triggered stomatal response might be more sensitive in 35S::BoTGG1.

SLAC1 encodes a guard cell-expressed anion channel, which is a major contributor of stomatal closure. OST1 and GHR1 are two kinases that activate SLAC1 in parallel during ABA-induced stomatal closure, and GHR1 is also involved in SA-mediated stomatal closure (Hua et al., 2012; Acharya et al., 2013). Similar to what has been observed in LOX1 and NPR1, a rapid and transient increase in the expression of OST1 and GHR1 was observed in 35S::BoTGG1 during the early response to Pst DC3000, while the expression increases of the two genes in wild type were not significant (Figure 6C). These results further suggested that in response to Pst DC3000, stomatal closure mediated by ABA and SA might be more sensitive in 35S::BoTGG1.

ANAC019, ANAC055 and ANAC072 are three homologous NAC family transcription factors that are required for coronatine-induced stomatal reopening through JA signaling pathway (Zheng et al., 2012). As shown in Figure 6D, the expression of these three genes showed a significant and transient increase, but no significant difference were observed between 35S::BoTGG1 and the wild type. So ANAC019, ANAC055 and ANAC072 might not (or at least not at transcription level) contribute to the insensitive stomatal reopening in 35S::BoTGG1.

Stoma’s movement is the most critical factor regulating water transpiration in plants, and is closely related to their drought resistance. Compared with the wild type, 35S::BoTGG1 exhibited no difference in the water loss of its detached rosette leaves and showed comparable growth under drought stress (i.e., withholding water for 2 weeks; Figures S3A, B). This result suggested that overexpressing BoTGG1 enhanced stomatal closure in response to pathogen infection but not to drought stress, and thus it did not change the drought resistance of plants.




Overexpression of BoTGG1 Delayed Flowering Time

The mechanism by which glucosinolates modulate flowering time and whether myrosinase is involved in the modulation remains unclear. We found that overexpressing BoTGG1 in Arabidopsis significantly delayed flowering under a long-day condition (Figures 7A–C). Compared with the wild type, 35S::BoTGG1 plants flowered about 8-9 days later. Recently, by using two Aethionema arabicum accessions with distinct glucosinolate profile, Mohammadin et al. (2017) identiﬁed a single major quantitative trait locus controlling total glucosinolate content; they suggested that FLC is a potential major regulator of glucosinolate content, and that a plant’s defense and its vegetative-to-reproductive stage transition can affect each other. To determine whether the delayed flowering in 35S::BoTGG1 was indeed related to a FLC-mediated flowering pathway, transcription levels of FLC, FT, and SOC1 genes in rosette leaves of wild-type and 35S::BoTGG1 plants were detected. As Figure 7D shows, in 35S::BoTGG1 the expression of FLC significantly exceeded the wild type whereas that of FT and SOC1 were significantly lower than in wild type. This indicated that an FLC-dependent flowering pathway might have contributed to the delayed flowering that characterized 35S::BoTGG1.
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Figure 7 | Delayed flowering in 35S::BoTGG1 plants. (A) Flowering phenotype in 35S::BoTGG1. (B) Average flowering time (days after germination). (C) The average number of rosette leaves at time of flowering. (D) Relative expression levels of flowering-related genes in the wild type (WT) and 35S::BoTGG1. Rosette leaves from 18-day-old plants grown under a 16-h photoperiod were harvested for quantitative real-time PCR analysis. Change fold of gene expression in comparison with the WT is shown. Means (± SE) from three independent biological replicates and three technical repeats are shown. **, significantly different (Student’s t-test; **P < 0.01) from the WT.




Due to this delayed flowering, vegetative growth in 35S::BoTGG1 was prolonged by 9 days and its total growth phase prolonged ca. 28 days. Consequently, these transgenic plants appeared significantly larger in both their aerial and underground parts in the later stage of life cycle (Figures 8A, B). After terminal flower production, the final dry weight of aerial tissue and seeds of 35S::BoTGG1 respectively reached 2.4- and 1.9- fold that of wild-type counterparts (Figures 8C, D). However, an increased biomass in 35S::BoTGG1 before flowering could not be detected, indicating the improved biomass found before was due to a prolonged growth phase caused by delayed flowering.
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Figure 8 | Biomass of wild type (WT) and 35S::BoTGG1. (A) Aboveground parts of WT and 35S::BoTGG1. (B) Roots of WT and 35S::BoTGG1. (C) Relative aboveground dry weight of WT and 35S::BoTGG1. (D) Relative seed dry weight of WT and 35S::BoTGG1. Means (± SE) from measurements of more than five plants per genotype are shown. Relative weight of WT and 35S::BoTGG1 were measured after the plants produced their terminal flowers; for WT, these are 43-day-old plants, and for 35S::BoTGG1, these are 71-day-old plants. **, significantly different (Student’s t-test; P < 0.01) from the WT.







Discussion

Being the most common natural openings in plants, stomata are the first barriers bacterial pathogens must overcome to successfully colonize their host. Not surprisingly, plants have evolved ways to thwart such pathogen attack by closing their stomata rapidly upon detecting an infection in progress. To circumvent this plant immune response, bacteria have evolved a reciprocal strategy to effectively cause stomata to reopen, so they could penetrate the host (Melotto et al., 2006).

In this study, we found that enhanced myrosinase activity promoted plant resistance against a pathogenic bacterium (Pst DC3000) by accelerating the closure and inhibiting the reopening of stomata upon infection. Both ABA and SA play positive roles in stomatal closure and are thought to function in PAMP-induced stomatal closure (Melotto et al., 2017). In our study, BoTGG1-overexpressing plants were more sensitive to ABA-and SA-induced stomatal closure, thus indicating overexpression of BoTGG1 promoted bacteria-induced stomatal closure possibly via the ABA and SA signaling pathways. The quantitative real time PCR analysis of the key genes in ABA- and SA- mediated stomatal closure pathways supported our speculation. In Arabidopsis, TGG1 and TGG2 are required in ABA- and MeJA-induced stomatal closure (Islam et al., 2009). We found that MeJA induced stomata to close in both wild-type and 35S::BoTGG1 plants, but no difference was detected between the two genotypes; this suggests altered TGG1 activity did not affect MeJA-mediated stomatal closure pathway as tested under our experimental conditions. Although MeJA-induced stomatal closure has been detected in some studies (Suhita et al., 2004; Munemasa et al., 2007; Arnaud et al., 2012; Hua et al., 2012; Yan et al., 2015), this could not always be verified by other research groups (Montillet et al., 2013; Savchenko et al., 2014). In fact, the role of JA-Ile as an inhibitor of stomatal closure is more strongly supported (Staswick and Tiryaki, 2004; Sellam et al., 2007; Panchal et al., 2016). In response to plant stomatal defenses, bacterium-produced coronatine mimics JA-Ile to induce stomatal reopening. This inconsistency is explained in that MeJA-induced stomatal closure might depend on reaching an endogenous ABA threshold (Hossain et al., 2011).

Generally, IAA plays a positive role in regulating the opening of stomata (Lohse and Hedrich, 1992). Pst was found to promote IAA production and enable the pathogen to colonize successfully host plants (Chen et al., 2007). In our study, darkness-induced stomatal closure was successfully inhibited by IAA in the wild type but not in 35S::BoTGG1, indicating that 35S::BoTGG1 was insensitive to IAA-inhibited stomatal closure. Taken together, we speculate that IAA production triggered by Pst DC3000 perhaps promotes stomatal reopening and an insensitivity to IAA may contribute to enhanced stomatal defense in 35S::BoTGG1.

In addition to improving stomatal defense, overexpression of BoTGG1 should have activated other immune pathway(s), since 35S::BoTGG1 showed significantly higher resistance to Pst DC3000 than the wild type in the syringe assay which bypass the stomatal barrier. In 35S::BoTGG1, aliphatic glucosinolates were significantly reduced due to increased TGG activity, indicating that aliphatic glucosinolate degradation possibly contributes to the enhanced pathogen resistance. Isothiocyanates derived from aliphatic glucosinolates were reported to limit pathogen growth by direct antimicrobial activity for a wide range of bacterial pathogens (Sellam et al., 2007). In addition, TGG mediated degradation of aliphatic glucosinolates is required in programmed cell death during hypersensitive responses upon bacterial inoculation (Andersson et al., 2015). Thus, we speculate that, in addition to stomatal defense, the improved immune response in 35S::BoTGG1 might be due to the increased antimicrobial activity and (or) the activated hypersensitive response.

Overexpressing BoTGG1 promoted stomatal resistance against bacteria by enhancing the ability of stomata to close. Nevertheless, the stomatal behavior in response to drought stress seemed unaffected, since in 35S::BoTGG1 transpirational water loss from its detached rosette leaves and whole-plant survival under drought stress were similar to wild-type plants. This finding indicates that enhanced stomatal closure behavior may specifically function in the plant defense response against bacterial pathogens, in a way that is distinguishable from other stomatal-related physiological activities responsive to abiotic stress.

Under adverse environmental conditions, plants do not only initiate defense reactions, but also need to coordinate their growth and defense to maximize plant fitness. As a potent defensive compound, glucosinolate and its metabolism play a vital role in biotic stress resistance while also profoundly impacting plant development. Previously, it was found that overexpressing CYP83B1, a glucosinolate biosynthesis enzyme that catalyzes indole-3-acetaoxime to indole-3-acetonitrile oxide, causes the early onset of flowering (Naur et al., 2003; Xu et al., 2018). When Jensen et al. (2015) introduced AOP2 (encoding a 2-oxoglutarate-dependent dioxygenase modifying glucosinolate side chains) into a naturally null Col-0 background, this led to delayed flowering under long-day condition. The double-mutant myb28/myb29, which lacks both MYB28 and MYB29, the main regulators of biosynthesis of aliphatic glucosinolates, presents delayed flowering under both short days and long days. Interestingly, under a constant lit condition, the plants with AOP2 introduced to them were observed to flower earlier, yet myb28/myb29 showed no alteration in its flowering time (Kerwin et al., 2011). Furthermore, Jensen et al. (2015) showed that the ability of AOP2 to affect flowering time varies in different accessions due to different genetic backgrounds. Kerwin et al. (2011) study demonstrated that the glucosinolate pathway modulates the plant circadian clock, subsequently leading to complex physiological shifts; however, they also suggested that glucosinolate pathway’s influence on circadian clock does not extend to flowering time. In our study, the expression of FLC was significantly higher in late-flowering TGG1-overexpressing plants, thus indicating glucosinolate metabolism may regulate flowering time through the FLC pathway. In short, the mechanism by which glucosinolates regulate flowering time is quite complex, requiring further study to reveal more about the cross talk between this secondary metabolite and flowering in plants.

In summary, as depicted in Figure 9, we have showed that overexpressing a myrosinase gene TGG1 promoted stomatal defense against a bacterium pathogen in two complementary ways: (1) by accelerating stomatal closure and (2) by inhibiting the reopening of stomata, with former response possibly mediated by ABA and SA. Additionally, the transformation of TGG1 delayed flowering, possibly by promoting the FLC pathway.
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Figure 9 | TGG1 modulates stomatal defense and flowering time. Enhanced TGG1 activity improves plant stomatal defense against bacterial pathogens by accelerating stomatal closure and inhibiting the reopening of stomata. TGG1 may modulate flowering time via an interaction with the FLC pathway.




Due to delayed flowering, the vegetative and total growth phases were prolonged by 9 and 28 days, respectively, which translated into a significant increase in plant biomass. In an applied breeding context, controlling flowering time would be helpful to produce high yields throughout the year. For many Brassicaceae vegetable crops, their late flowering is an important breeding goal; for example, premature bolting is a severe problem in Brassica rapa plants—including Chinese cabbage, pak choi, and turnip—as it largely reduces both quality and yield, so extremely late bolting is a major breeding goal in these crops (Kitamoto et al., 2017). Considering that the glucosinolate–myrosinase system is highly conserved between cruciferous crops and the model plant Arabidopsis, transformation of TGG1 might offer a viable and valuable method for breeding late flower varieties to increase their biomass as well as their resistance to bacterial pathogens.
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Figure S1 | Expression level of BoTGG1 in wild type (WT) and 35S::BoTGG1. Rosette leaves of 4-week-old WT and two independent transgenic lines were harvested for the RT-PCR analysis. ACTIN2 served as the internal control.

Figure S2 | Stomatal movement in wild type (WT) and 35S::BoTGG1 upon incubation of water. Leaf peels of WT and 35S::BoTGG1 plants were incubated in water for 3 h and their stomatal apertures were observed and measured every 15 min. (A) The images of representative stomata at each time point during the incubation. (B) Stomatal apertures at each time point during the incubation. Means (± SE) from three independent experiments, each with 100 stomata, are shown. 

Figure S3 | Phenotypes of wild type (WT) and 35S::BoTGG1 under drought stress. (A) Water loss assay of WT and 35S::BoTGG1 plants. Rosette leaves of 4-week-old WT and 35S::BoTGG1 plants were removed, and detached rosette leaves were weighed at different time points. Means (± SE) from n = 10 individual plants per genotype are shown. (B) Drought resistance of WT and 35S::BoTGG1 plants. Four-week-old WT and 35S::BoTGG1 were treated by withholding water for 2 weeks followed by re-watering.
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Glucosinolates (GSLs) evolved in Brassicaceae as chemical defenses against herbivores. The GSL content in plants is affected by both abiotic and biotic factors, but also depends on the genetic background of the plant. Since the bitter taste of GSLs can be unfavorable for both livestock and human consumption, several plant varieties with low GSL seed or leaf content have been bred. Due to their lower GSL levels, such varieties can be more susceptible to herbivore pests. However, low GSL varieties may quickly increase GSL levels upon herbivore feeding by activating GSL biosynthesis, hydrolysis, or transporter genes. To analyze differences in herbivore-induced GSL responses in relation to constitutive GSL levels, we selected four Brassica rapa varieties, containing either low or high root GSL levels. Plants were infested either with Delia radicum or Delia floralis larvae. The larvae of both root flies are specialists on Brassica plants. Root samples were collected after 3, 5, and 7 days. We compared the effect of root herbivore damage on the expression of GSL biosynthesis (CYP79A1, CYP83B2), transporter (GTR1A2, GTR2A2), and GSL hydrolysis genes (PEN2, TGG2) in roots of low and high GSL varieties in conjugation with their GSL levels. We found that roots of high GSL varieties contained higher levels of aliphatic, indole, and benzyl GSLs than low GSL varieties. Infestation with D. radicum larvae led to upregulation of indole GSL synthesis genes in low and high GSL varieties. High GSL varieties showed no or later responses than low varieties to D. floralis herbivory. Low GSL varieties additionally upregulated the GSL transporter gene expression. Low GSL varieties did not show a stronger herbivore-induced response than high GSL varieties, which indicates that there is no trade-off between constitutive and induced GSLs.

Keywords: plant–insect interactions, belowground herbivory, glucosinolate transporters, herbivore-induced plant responses, insects



Introduction

The Brassicaceae family contains many economically important plant crops with more than 170 million tons of cultivated vegetables and oilseeds produced worldwide each year (Fao, 2017). One intensively cultivated species of this family is Brassica rapa L., which has a long history of domestication in Europe (Warwick, 2011). B. rapa is cultivated for livestock and human consumption and includes many well-known varieties, such as turnip, pak choi, Chinese cabbage, and field-mustard. Humans and livestock as well as insects and microbes exploit these plants as food source. To defend themselves against herbivores, plants in the Brassicaceae produce glucosinolates (GSLs), a group of plant secondary metabolites (Jeschke and Burow, 2018). These compounds are located in all parts of the plants including in the roots. More than 130 GSLs have been identified to date (Agerbirk and Olsen, 2012). GSLs are generally categorized as aliphatic, indole, or benzyl (also referred to as aromatic) GSLs, depending on their amino acid precursors (Fahey et al., 2001). When plant tissue is damaged, myrosinases hydrolyze GSLs to form isothiocyanates, nitriles, thiocyanates, and other biologically active compounds (Bones and Rossiter, 2006). Myrosinases are broad-spectrum ß-thioglucosidases with a high affinity for a wide range of GSLs. Up- and downregulation of myrosinase transcripts upon aboveground herbivory has been described for Brassica napus [reviewed in Textor and Gershenzon (2009)]. The atypical ß-thioglucosidase PEN2 specifically hydrolyzes indole GSLs after which unstable isothiocyanates are formed (Bednarek et al., 2009). The latter spontaneously form carbinols, or are conjugated to glutathione and then converted to amines and structurally related indole acids, depending on the presence of modifying enzymes in the plant (Wittstock and Burow, 2010). Many of these hydrolysis products have defensive properties against a range of arthropods, microbes, and nematodes (Potter et al., 1998; Kim and Jander, 2007; Clay et al., 2009). Aliphatic GSLs and their breakdown products negatively affect chewing insects and microbes (Li et al., 2000; Arany et al., 2008). Indole GSLs play a role in pathogen defense and provide resistance to phloem-feeding insects and microbes (Agerbirk et al., 2009), whereas benzyl GSLs provide resistance to nematodes (Potter et al., 1999; Kabouw et al., 2010). Although GSLs are produced constitutively, their biosynthesis and that of ß-thioglucosidases can be induced during interactions with pest and pathogens as well (Brader et al., 2006; van Geem et al., 2015; Zhang et al., 2016). Upon herbivory, GSL levels can increase both locally and systemically (Textor and Gershenzon, 2009). Local GSL accumulation can be achieved by local biosynthesis or transport from organ to organ by specific transporter proteins (Nour-Eldin and Halkier, 2009). However, induced GSLs can in turn be hydrolyzed and released upon herbivory based on the higher anti-herbivore function of the hydrolysis products (Li et al., 2000). This process may result in lower or absent GSL accumulation in local tissues.

Although many studies have investigated the interactions between Brassicaceae and aboveground insects, interactions with belowground insects are less well studied. Two common specialists on Brassica plants are the cabbage root fly (Delia radicum L.) and the turnip root fly (Delia floralis Fall. Diptera: Anthomyiidae). After hatching at the interface between the lower part of the stem and the roots, the larvae move into the soil where they mine into the taproot (Dosdall et al., 1994). Because of the extensive damage the larvae can cause to the root system, both species are considered important pests in agriculture (Finch and Collier, 2000; Bjorkman et al., 2010). Plants respond to D. radicum and D. floralis attacks with local and systemic induction of GSLs in roots and leaves (Birch et al., 1992; Pierre et al., 2011; Tsunoda et al., 2018). This GSL accumulation can be caused by both an increase in GSL biosynthesis, by GSL transport from systemic parts such as other root parts, leaves or the stem, or a combination of both (Andersen et al., 2013). However, it is not yet known how the activation of GSL biosynthesis and transport mechanisms are connected.

All Brassicaceae produce GSLs, but GSL concentration and composition can greatly vary among varieties depending on their genetic background (Giamoustaris and Mithen, 1995;Wurst et al., 2006; del Carmen Martínez-Ballesta et al., 2013). Breeders have selected for varieties with high or low GSL levels, depending on consumers preference and the presence of specific GSLs. For example, consumers prefer a strong and bitter taste in some crops, such as mustard, wasabi, or horseradish. Other GSLs, such as glucoraphanin, are selected for because their breakdown products enhancement of human health (Fahey et al., 1997). In contrast, in oil seed rape breeders have selected for low levels of the 2OH-glucosinolate progoitrin, because of its hazardous effect on human health (Hopkins et al., 2009). However, these low GSL varieties may be more susceptible to herbivory due to low levels of constitutive GSLs (Glen et al., 1990; Beekwilder et al., 2008; Baaij et al., 2018). To compensate, varieties with low constitutive GSL concentrations may respond more strongly to herbivory than varieties with high constitutive GSL concentrations. Such trade-offs between constitutive and inducible defenses to aboveground herbivores have been experimentally assessed in Arabidopsis thaliana L. accessions differing in shoot GSL levels (Rasmann et al., 2015). To address whether trade-offs may also occur for belowground GSLs, we compared induced responses to the belowground feeding specialists D. radicum and D. floralis larvae in low and high GSL B. rapa varieties. We postulated that low GSL varieties respond faster and more strongly to root herbivory than high GSL varieties. Moreover, we hypothesized that the response to both root fly species, which have comparable feeding strategies, would be similar. We tested these hypotheses by measuring the temporal expression dynamics of genes involved in GSL biosynthesis, transport, and hydrolysis. Furthermore, we measured root GSL profiles before and after herbivory. This allowed us to compare gene expression patterns to changes in the level of different GSL classes in roots, and compare these between high and low GSL varieties.




Materials and Methods



Insect Cultures

D. radicum and D. floralis larvae originated from our lab culture; a starting culture of D. radicum was kindly provided by Anne-Marie Cortesero, University of Rennes, France in 2014. Pupae for the D. floralis starting culture were provided by Maria Björkman, Bioforsk – Norwegian Institute for Agricultural and Environmental Research, Norway in 2015. Both species were reared for more than two years in our lab under the same conditions in a controlled environment cabinet (Percival Scientific, Perry, Iowa, USA) at a constant temperature of 20°C ± 2°C, 85% ± 8% relative humidity and under a 16/8 h day/night light cycle with a light intensity of 69 ± 18 µmol s−1 m−2. Larvae were reared in small plastic containers (10 × 10 × 6 cm) filled with 2 cm autoclaved sand on commercially bought kohlrabi (Brassica oleracea). Sand was kept moist and fresh kohlrabi pieces were provided every other day. Old pieces of uneaten kohlrabi which were left by the larvae, were removed. After about 24 days, the larvae crawl into the sand to pupae. Three days later, the pupae were removed from the sand by flooding the sand with tap water and decanted the water including swimming pupae with a small sieve. After about 3 weeks, adult flies emerged and transferred to a net cage (40 × 40 × 90 cm), where they were mass reared on a honey–water mix on cotton and a milk powder (Peter Knoll GmbH & Co KGaA, Elmshorn, Germany) yeast flakes (Sanotact GmbH, Muenster, Germany) mixture (1:1) offered in an open petri dish (8 cm diameter). The fly diet was exchanged for fresh diet twice a week. A box (10 × 10× 6 cm) filled with 2 cm moistened sand and a piece of kohlrabi was placed in the cage for the flies to oviposit on. The oviposition box was exchanged for a new box twice a week. Boxes that were removed from the cage, were closed with clear plastic lid, with 5 × 5 cm square in the middle, covered with gauge for aeration. The boxes with the eggs were placed back into the rearing cabinet. Larvae used for the experiment were reared on a semi-artificial diet containing 4% yeast extract (Carl Roth GmbH & Co KG, Karlsruhe, Germany), 4% lactose (Carl Roth GmbH & Co KG, Karlsruhe, Germany), 2% agar–agar plant (Carl Roth GmbH & Co KG, Karlsruhe, Germany), and 4% freeze-dried kohlrabi (commercially bought) in distilled water. This was done to minimize food adaptation.




Selection of High and Low GSL Varieties



Experimental Set-Up—Plant Growth and Selection of Varieties

To select B. rapa varieties with low and high root GSL levels, we purchased seeds from nine randomly selected B. rapa varieties from the seedbank IPK Gatersleben, Germany. In addition we used one wild variety propagated in-house which originated from a natural population in Maarssen, The Netherlands (Baaij et al., 2018; Table S1). Seeds were germinated in vermiculite (1–2 mm, duengerexperte.de, Attenzell, Germany) at 20°C ± 2°C and 85% ± 8% relative humidity in a controlled environment cabinet (Percival Scientific, Perry, Iowa, USA). After 17 days, 10 seedlings from each variety (in total 100 seedlings) were transferred to a greenhouse, repotted in a sand-B pot clay medium mix (1:1, commercially bought by Gerhard Rösl GmbH, Jesewitz and Baywa AG, Laussig, Germany), and fertilized with Osmotcote® pro 3-4M (Hermann Meyer KG, Rellingen, Germany). Plants were grown in the greenhouse of the Botanical Gardens, Leipzig, Germany, at 24°C ± 3°C, a relative humidity from 6% to 52%, under artificial lights (metal halogen vapor lamp Master HPI-T plus 400W, Phillips, Hamburg, Germany) set to maintain day length of 16 h. The plants were watered when needed but at least twice a week. Temperature and relative humidity were recorded every 12 min. After 6 weeks, the third fully expanded leaf and the roots were harvested from plants at a similar growth stage which had developed three pairs of leaves (BBCH code 13). All leaves were harvested by cutting them at the base of the petiole with a sharp razor, after which they were flash-frozen in liquid nitrogen. Roots were removed from the pots, rinsed with cold tap water in a bucket to remove soil particles from the fine roots, dried with tissue to remove excess water, and flash-frozen in liquid nitrogen as a whole. The samples were kept at −80°C until they were freeze-dried to constant weight. The dried leaf and root samples were ground to fine powder using a ball mill (Retsch MM 400, Retsch GmbH, Haan, Germany). An aliquot of the dried and ground root and leaf samples was extracted and analyzed for GSLs as below. In total 10 replicates of roots and leaves per variety were extracted and analyzed. Based on the total GSL concentrations in roots (Figure S1), we selected two B. rapa varieties with a low (variety A and B) and two with a high total GSL concentration (variety D and E) for the main experiment.




GSL Extraction and Quantification

The GSLs were extracted from 100 ± 5 mg of ground leaf or root samples according to Grosser and van Dam (2017). Briefly, GSLs were extracted in 70% methanol and the supernatant was transferred to an ion-exchange column (DEAE-Sephadex, Merck KGaA, Darmstadt, Germany). GSLs were desulfated with aryl sulfatase (type H-1 from Helix pomatia, Merck, Darmstadt, Germany). Desulfated GSLs were analyzed on high-performance liquid chromatography (HPLC) system equipped with a photodiode array detector (PDA; Ultimate 3000 series system DAD-3000(RS), Thermo Fisher Scientific, Waltham, MA, USA). HPLC-grade solvents were used throughout the analysis. Injection volume was set to 10 µl. Desulfated GSLs were separated on a reverse phase C18 column (Acclaim™ 300 C18 column, 4.6 × 150 mm, 300 Å, 5 µm, Thermo Fisher Scientific, Waltham, MA, USA) plus a C18 precolumn (10 × 4.6 mm, 5 µm particle size) using an acetonitrile-water gradient (Grosser and van Dam, 2017) at a flow of 0.75 ml/min and a column temperature of 40°C. Desulfated GSLs were identified based on retention time and UV spectra compared to commercial available reference standards (Phytoplan Diehm & Neuberger GmbH, Heidelberg, Germany, summarized in Table S2). GSLs were quantified at 229 nm using sinigrin as an external standard and response factors as in Grosser and van Dam (2017). Data were processed using Thermo Sientific Chromeleon Chromatography Data System software [version 7.2 SR5 MUa (9624) Thermo Fisher Scientific, Waltham, MA, USA].





Root Fly Induced GSL Responses in High and Low GSL Varieties



Experimental Set-Up

In the main experiment, seeds of the four selected B. rapa varieties were germinated and grown as described earlier. The roots of 7- to 8-week-old plants were infested with five, second-instar larvae of D. radicum or D. floralis. Plants were randomly assigned to control, D. radicum, or D. floralis treatments. To infest a plant, the soil was carefully removed from around the root–shoot interface, after which five individual D. radicum or D. floralis larvae were added directly to the root system using a soft paint brush. Control plants were not infested. Harvesting took place 3, 5, and 7 days after the larvae were placed on the plants. To prevent that seasonal effects would affect our results, plants were grown in four batches between December 2017 and May 2018. Each batch included at least 18 plants per variety, including 2 plants per time point and treatment group. For this experiment only roots were harvested using the same procedure as during the selection of high and low GSL varieties. All D. radicum and D. floralis infested roots showed a visible feeding damage on the outside of the roots. After rinsing, the roots were flash-frozen in liquid nitrogen, freeze-dried, and ground. All together, we harvested eight replicates per treatment and variety at each time point after the start of herbivory (in total 288 plants). The samples of the two plants harvested per treatment at each time point in one and the same batch were pooled and used for all following extractions (in total 144 samples). This resulted in four replicates per treatment, time point, and variety.




Gene Expression Analysis

To study the molecular mechanisms that underlie the accumulation of GSLs in high and low GSL varieties in response to specialist root herbivores, we analyzed the expression of selected genes involved in the GSL biosynthesis, transport, and hydrolysis using a quantitative PCR (qPCR) procedure. We selected CYP83A1 as marker gene for the aliphatic GSL biosynthesis and CYP79B2 for the indole GSL biosynthesis (Mathur et al., 2013). We selected GTR1A2 and GTR2A2 expression as markers for the GSL transport activity. Both transporters are involved in the transport of aliphatic and indole GSLs (Jørgensen et al., 2017). We selected TGG2 and PEN2 as marker genes for GSL hydrolysis. TGG2 encodes for myrosinase, a general GSL hydrolase (Xue et al., 1995). PEN2 is specific for indole GSL hydrolysis (Wittstock and Burow, 2010). Using Primer3web version 4.1.0 (Untergasser et al., 2012), we designed primers for PEN2, TGG2, GTR1A2, and GTR2A2. A list of genes and primers is presented in Table S3. RNA was extracted from each of the pooled samples of ground and freeze-dried root material using innuPREP Plant RNA Kit (Analytik Jena, Jena, Germany) according to the manufacturer’s instructions. Qualitative and quantitative RNA identification was done by gel electrophoresis (1% agarose) and a NanoPhotometer® P330 (Implen, Munich, Germany). We treated 5 µg of the extracted RNA with 2 U DNAse I (Thermo Fisher Scientific, Schwerte, Germany) according to the manufacturer’s instructions. We checked whether DNA was completely removed from each RNA extract with gel electrophoresis (1% agarose). cDNA was synthesized from 2 µg RNA by using 400 U Revert Aid H-Reverse transcriptase (Thermo Fisher Scientific, Schwerte, Germany) according to the manufacturer’s instructions. Samples were incubated at 42°C for 60 min, 50°C for 15 min, and finally 70°C for 15 min in a Thermal cycler (Techne, Stone, United Kingdom).

Quantitative real-time PCR (qPCR) was performed on a CFX384 Real-time system (BioRad, Munich, Germany) using a 10 µl reaction volume containing 5 µl SYBR Green qPCR master mix (2X, Thermo Fisher Scientific, Schwerte, Germany), 0.25 µl forward and reverse primer (10 µM), 0.05 µg cDNA, and 3.5 µl H2O. The qPCR run under following conditions: 2 min at 50°C, 5 min at 95°C and 40 cycles of 30 s at 95°C, 30 s at 58°C, and 45 s at 72°C. Thereafter, a melting curve analysis was performed to verify the amplification of a single gene transcript. Two technical replicates of each sample and no template controls were performed. All no template controls showed a Ct value larger than 39. Data were analyzed using BioRad CFX manager 3.1 software (BioRad, Munich, Germany). Expression levels were normalized to the reference gene TIP41.




GSL Analysis

To test GSL responses to root herbivore specialists, we analyzed the qualitative and quantitative composition of GSL profiles in low and high GSL varieties. GSLs were extracted from pooled samples of ground material and detected as described above. This time, we adjusted the HPLC elution gradient in order to improve the separation of the peaks for gluconasturtiin and 4-methoxyglucobrassicin. We used H2O as solvent A and acetonitrile as solvent B. The gradient profile started with an equilibration at 98% A for 4.3 min, followed by a gradient to 35% B within 24.3 min, hold until 29 min at 35% B. Thereafter the gradient went back to the initial 98% of A within 1 min and held the initial conditions for 10 min at 0.6 ml/min flow. The injection volume was 10 µl.





Statistical Analyses

Analyses were performed using R version 3.2.0 (R Core Team, 2015). Data were log transformed to obtain normal distribution of the residuals. QQ- and residual plots were used to visually inspect whether residuals were normally distributed. A three-way ANOVA, with GSL varieties (low vs. high), herbivory (control, D. radicum, and D. floralis), and time point (3, 5, 7 days) as fixed factors was used to test effects on GLS biosynthesis, GSL transport, GSL hydrolysis, GSL classes, and total GSLs. Interactions of GSL varieties and treatments within time points were analyzed using a two-way ANOVA followed by a Tukey HSD post-hoc test. 





Results



Effect of D. radicum and D. floralis Herbivory on GSL Biosynthesis, Transport, and Hydrolysis Gene Expression

To test how low and high GSL varieties respond to D. radicum or D. floralis herbivory, we analyzed GSL biosynthesis, GSL transport, and hydrolysis gene expression in the roots of both high and low GLS varieties harvested after 3, 5, and 7 days of root herbivory. The indole biosynthesis gene CYP79B2 was significantly upregulated in both high (variety D and E) and low (variety A and B) GSL varieties after 3 days of herbivory by D. radicum and reduced to control levels after 7 days in all varieties. (Figure 1 upper row, Table 1, herbivory × time effect, Table S4). The expression of CYP79B2 was only upregulated in low GSL varieties in response to D. floralis feeding after 3 days, and in variety B also after 5 days (Figure 1, Table 1, variety × herbivore × time effect). The high GSL varieties responded less strongly, and if at all later (variety D, 5 days) to D. floralis compared to the low GSL varieties (Figure 1). D. radicum and D. floralis herbivory had no significant effect on the aliphatic biosynthesis gene expression (CYP83A1) in both high and low GSL varieties (Figure 1, lower row).
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Figure 1 | Normalized gene expression ( ± standard deviation) of the indole CYP79B2 (top) and aliphatic CYP83A1 (bottom) glucosinolate (GSL) biosynthesis genes in roots of low (variety A and B, left) and high (variety D and E, right) GSL varieties of Brassica rapa. N = 4 per variety, time point, and treatment. Different letters indicate significant differences in gene expression within that time point (p < 0.05, Tukey HSD). Roots were infested with Delia radicum (dark green) or D. floralis (light green) larvae for 3, 5, or 7 days. Control plants (yellow) were not infested. Please note the different y-axis scaling of individual graphs.





Table 1 | Test values after three-way ANOVA on glucosinolate (GSL) biosynthesis (indole CYP79B2, aliphatic CYP83A1), GSL transporter (GTR1A2, GTR2A2), and GSL hydrolysis (myrosinase TGG2, indole hydrolysis PEN2) gene expression in B. rapa roots of low and high constitutive GSL varieties.
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In general, the GSL transporter gene GTR1A2 was expressed at higher levels in low than in high GSL varieties (Figure 2, note different y-axis values, Table 1). Herbivory by D. radicum affected the expression of GTR1A2 (Table 1) differently in low and high GSL varieties. Whereas GTR1A2 expression was upregulated in low GSL varieties in response to D. radicum feeding after 3 days, no response was observed in high GSL varieties (Figure 2, Table 1, variety × herbivore interaction). Herbivory by D. floralis led to upregulated GTR1A2 expression in the low GSL variety A after 3 days. No effects of herbivory on GTR1A2 expression were found in high GSL varieties. The herbivore response in low GSL varieties showed temporal dynamic; the expression of GTR1A2 was upregulated after 3 days of herbivory and dropped to control levels after 7 days in low GSL varieties (Table 1, herbivore × treatment interaction). The gene expression of the other transporter, GTR2A2, showed the opposite effect. D. radicum feeding only affected expression of GTR2A2 in high GSL varieties. In variety D, D. radicum feeding first upregulated expression after 3 days, after which GTR2A2 expression was downregulated after 7 days, both in high GSL varieties D and E (Figure 2, lower row, Table 1, variety × herbivore × time effect).
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Figure 2 | Normalized gene expression (± standard deviation) of the GSL transporters GTR1A2 (top) and GTR2A2 (bottom) in B. rapa roots of low (variety A and B, left) and high (variety D and E, right) GSL varieties. N = 4 per variety, time point, and treatment. Different letters indicate significant differences in gene expression within that time point (p < 0.05, Tukey HSD). Roots were infested with D. radicum (dark green) or D. floralis (light green) for 3, 5, or 7 days. Control plants (yellow) were not infested. Please note the different y-axis scaling of individual graphs.




The gene TGG2, encoding for myrosinase, showed higher base expression levels in high GSL varieties than in low GSL varieties (Figure 3 and Table 1). D. radicum and D. floralis herbivory upregulated the TGG2 expression in low GSL varieties at later time points (variety A after 5 days, variety B after 7 days). High GSL varieties did not alter TGG2 expression upon root herbivory, through there was non-significant trend toward upregulation of TGG2 at 7 days after D. radicum or D. floralis feeding in variety D and E (Table 1). PEN 2, a gene involved in indole GSL hydrolysis, was upregulated in response to 3 days of D. radicum and D. floralis feeding in low GSL variety A only (Figure 3 lower row).
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Figure 3 | Normalized gene expression (standard deviation) of the GLS hydrolysis pathways; myrosinase gene TGG2 (top) and indole hydrolysis gene PEN2 (bottom) in roots of low (variety A and B, left) and high (variety D and E, right) GSL varieties of B. rapa. N = 4 per variety, time point, and treatment. Different letters indicate significant differences in gene expression within that time point (p < 0.05, Tukey HSD). Roots were infested with D. radicum (dark green) or D. floralis (light green) for 3, 5, or 7 days. Control plants (yellow) were not infested. Please note the different y-axis scaling of individual graphs.






Effect on GSL Levels and Profiles

As expected, high GSL varieties had significantly higher total GSL concentrations in the roots than low GSL varieties at 3 days, except for the D. floralis and D. radicum infested plants of variety D (Figure 4 and Table 2, variety effect, Table S4). Total GSL concentration was not significantly different at 5 and 7 days in low and high GSL varieties, except for variety A and D at 7 days (control and D. floralis treatment; Figures 4 and S2). The high GSL concentration in the high GSL varieties were mainly due to high levels of indole GLSs in varieties D and E. Indole GSLs significantly differed in low and high GSL varieties at 3 and 7 days (Figure 4 and Table 2). Aliphatic GSL levels were significantly lower in herbivore-infested roots of variety B (low GSL variety) than those of the high GSL varieties (variety D and E) at 5 days (Figure S2 and Table 2). Benzyl GSLs showed a significant variety effect only at 3 days; the levels of benzyl GSLs were lowest in variety A (low GSL variety) and the highest in variety D (high GSL variety, Figure S3). Total, indole, and benzyl GSL concentrations fluctuated with time after harvest (Table 2, time effect). Herbivory by D. radicum or D. floralis larvae had no significant effect on total, indole, aliphatic, or benzyl GSL concentration when compared to their control plants (Figures 4, S2 and S3).
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Figure 4 | Total (left) and indole (right) GSL concentrations (micromoles g−1 dry mass ) in B. rapa roots of low (variety A and B) and high (variety D and E) GSL varieties. N = 4 per variety, time point, and treatment. Different letters indicate significant differences in GSL concentration within that time point (p < 0.05, Tukey HSD). Plants were infested with D. radicum (R, dark green) or D. floralis (F, light green) larvae. Control plants (C, yellow) were not infested. GSLs were measured after 3 (first column) and 7 days (second column) of herbivory. Please note the different scales on the y-axis for time points and GSL levels.





Table 2 | Test values after three-way ANOVA on total GSLs and GSL classes in B. rapa roots of low and high GSL varieties.
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Discussion

We studied induced GSL defense responses in low and high GSL containing B. rapa varieties upon root herbivory by D. radicum and D. floralis. Our results show that roots of high and low GSL varieties both responded to D. radicum feeding by upregulating CYP79B2, a marker gene for indole GSL biosynthesis, after 3 days. Low GSL varieties showed a faster response to D. floralis herbivory than high GSL varieties. Expression of CYP83A1, a gene involved in aliphatic GSL biosynthesis, was not induced by root fly feeding. Root fly feeding also altered the expression of two GSL transporter genes; GTR1A2 expression was upregulated particularly in low GSL varieties after 3 days of feeding, whereas, GTR2A2 was downregulated in high GSL varieties after 7 days. TGG2, the gene coding for the enzyme myrosinase, was induced by herbivory only in low GSL varieties after 5 or 7 days, whereas PEN2 expression was only upregulated three days of D. radicum herbivory in variety A. In contrast to the gene expression patterns, D. radicum and D. floralis herbivory had no effect on GSL profiles in either low or high GSL varieties. Combined, our results show that biosynthesis, hydrolysis, and transporter genes are all affected by root herbivory with only minor differences in responses between high and low GSL-containing varieties.

On the gene level, we found that the indole biosynthesis gene CYP79B2 was upregulated in response to D. radicum feeding in all varieties after 3 days, whereas only low GSL varieties responded to D. floralis feeding after 3 days. The late or lack of responses to D. floralis in high GSL varieties may indicate a trade-off between constitutive and induced GSL levels, although this potential trade-off seems to be herbivore-specific. In contrast to the indole biosynthesis upregulation, herbivory did not lead to significant accumulation of indole GSLs in either low or high GSL varieties. Because of the lack of indole GSLs accumulations upon D. radicum or D. floralis feeding, we found no trade-offs between constitutive and induced indole GSLs. Our findings contrast with earlier studies in B. oleracea, B. nigra, and B. napus, reporting that upon D. radicum and D. floralis infestations, both indole and aliphatic GSLs can increase (Birch et al., 1990; Hopkins et al., 1998; van Dam and Raaijmakers, 2006; Tsunoda et al., 2018).

Discrepancies between GSL accumulation and GSL biosynthesis gene expression are not uncommon, as similar observations were reported for A. thaliana shoots damaged by aboveground herbivores (Rasmann et al., 2015). Inconsistencies between gene transcription and final product may be caused by disruptions in downstream processes, including modifications in RNA processing and post-translational protein modifications (Mazzucotelli et al., 2008). A second explanation may be that we did not sample the roots on a fine enough scale, as we harvested whole root systems. This may have diluted the induced GSL signature, in particular of indole GSLs which are rather minor constituents of the total GSL profile. Previous studies showed that only taproots, and not lateral and fine roots respond to root fly feeding by increasing GSL levels (van Dam and Raaijmakers, 2006). Fine roots, on the other hand, do not respond to root fly feeding, but contain relatively high levels of indole GSLs (Tsunoda et al., 2018). By analyzing the entire root, we pooled organ-specific GSL profiles, which may have obscured local responses in the taproot. Moreover, indole GSL levels varied considerably among replicates. By pooling the two replicates from one batch, we may have reduced our statistical power. Lastly, other processes than biosynthesis, such as GSL transport and hydrolysis, may have affected local indole GSL levels. This mismatch between biosynthesis pathway activation and GSL production in our experiment shows that analyzing the biosynthesis pathway, but not the resulting GSLs may result in misleading conclusions. We therefore recommend combining both approaches to obtain ecologically relevant results.

The expression of GTR1A2 and GTR2A2, both transporters with affinity to indole and aliphatic GSLs, responded differently to root fly feeding in low and high GSL varieties (Jørgensen et al., 2017). Expression of GTR1A2 was upregulated after three days of root fly feeding in low GSL varieties, whereas expression of GTR2A2 was downregulated in high GSL varieties after seven days. This observation supports the hypothesis that low GSL varieties show an early and strong defense response potentially to compensate for low constitutive GSL levels. Varieties with high constitutive GSL levels are already well defended and may not need additional GSL transport to the site of herbivore attack (Madsen et al., 2014). However, the direction in which GSL transporters work, or in other words whether the upregulation of GTR genes results in enhanced export or import of GSL to the organ in which the transcriptional changes are observed, is as yet unclear (Touw et al., submitted to same issue).

Enhanced GSL breakdown might also contribute to the observed discrepancy between the enhanced expression of GSL biosynthesis genes and GSL accumulation in herbivore-induced roots. Upon herbivory, GSLs can be hydrolyzed to more effective breakdown products such as isothiocyanates and nitriles (Agrawal and Kurashige, 2003; Bones and Rossiter, 2006). We found that expression of the myrosinase gene TGG2 which hydrolyzes a broad range of GSLs, is only upregulated in low GSL varieties in response to root fly feeding. However, TGG2 upregulation occurred later than the activation of GSL synthesis genes. PEN2, which specifically hydrolyzes indole GSLs, showed hardly any response to root fly feeding. D. radicum feeding enhances (iso)thiocyanate emissions from B. rapa roots (Crespo et al., 2012). Our findings suggest that mainly TGG2 is involved in the hydrolysis of root GSLs in D. radicum and D. floralis infested plants.

GSL defense responses in plants can differ between different herbivore species, depending on host specialization levels (generalist, specialist), and feeding mode (sucking, chewing) (Arany et al., 2008; Bidart-Bouzat and Kliebenstein, 2011; Danner et al., 2018). In our experiment, both herbivores used (D. radicum and D. floralis) are from the same family, specialized on the same host plants, and both mine in the roots (McDonald and Sears, 1992). D. floralis has a larger body size and weight and thus may causes more damage than D. radicum, which potentially can affect plant defense responses. Our results showed that in general, B. rapa varieties responded similar to both Delia species. Species-specific responses were detected only in high GSL varieties: the expression of CYP79B2 was upregulated earlier, whereas GTR2A2 was downregulated mainly upon D. radicum feeding. This suggests that the GSL defense pathways responded partly herbivore-specific.

GSLs play an important role in plant–herbivore interactions. Negative correlations between GSL concentration and aboveground herbivore performance have been found mainly for aboveground generalists (Giamoustaris and Mithen, 1995; Arany et al., 2008). Other studies showed that aboveground generalists and specialists performed similarly on high and low GSL containing plants (Poelman et al., 2008). The production of GSLs may be costly for plants, and plants with high constitutive GSL levels may grow less well than those with low GSLs (Bekaert et al., 2012). Inducing defenses upon herbivore attack is considered a viable strategy to reduce such costs (Backmann et al., 2019). However, to invest in production upon herbivory by well-adapted specialists such as D. radicum or D. floralis larvae, which are able to detoxify GLS and their breakdown products (Welte et al., 2016), may be a waste of resources. A further reason for the lack of GSL induction in our experiment may be that GSLs and their breakdown products also act as oviposition attractants to specialists (de Vos et al., 2008; Pierre et al., 2013). Infestation by D. radicum increased the attractiveness of broccoli plants to ovipositing female flies (Pierre et al., 2013). We suggest that plants recognized the belowground specialist and prevented GSL accumulations that attract more and/or other above- and belowground specialists.

To conclude, low and high GSL varieties of B. rapa responded similarly to D. radicum infestation in terms of activation of indole biosynthesis genes. However, both varieties responded differently to D. floralis infestations in terms of GSL transporter and indole biosynthesis gene expression. Our hypothesis that there might be a trade-off between constitutive and induced GLS defenses in roots, similar to what has been found in shoots (Rasmann et al., 2015), is thus not supported by our experiments. In other words, low GSL varieties did not compensate for lower constitutive GSL concentrations with a higher accumulation of induced GSLs upon D. radicum or D. floralis infestation to attain similar GSL levels as high GSL varieties. Finally, we found that the variation in root GSL levels among B. rapa varieties is larger than that for shoots. Several cultivated B. rapa varieties which are used for human and livestock consumption are selected for low seed or leaf GSL levels. Low GSL levels in the roots are likely non-target side effects of the breeding process, which may result in varieties that are more susceptible to root herbivores and pathogens (Potter et al., 1999; Kabouw et al., 2010). Therefore it is recommended that root GSL levels as well as their induced responses to generalist and specialist root herbivores should be considered when breeding GSL containing crops.
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While the defensive function of glucosinolates is well established, their possible role as a nutrient reservoir is poorly understood and glucosinolate turnover pathways have not been elucidated. Previous research showed that glucosinolate content in germinating seeds of Arabidopsis thaliana Columbia-0 (Col-0) increases within the first two to four days on culture medium and then decreases below the level at day 0. In this study we used previously characterized T-DNA mutants to investigate if enzymes known to be involved in glucosinolate breakdown upon tissue damage affect the time course of glucosinolate content in germinating seeds. Besides dormant seeds, we analyzed seeds subjected to stratification in water for up to 72 h or germination on plates for up to ten days. Although seeds of tgg1 tgg2 (deficient in above-ground classical myrosinases) had higher glucosinolate levels than Col-0, the changes during germination were not different to those in seeds of Col-0. This demonstrates that TGG1/TGG2 are not responsible for the decline in glucosinolate content upon germination and suggests the involvement of other enzymes. Expression data extracted from publically available databases show a number of β-glucosidases of the BGLU18–BGLU33 clade to be expressed at specific time points of seed maturation and germination identifying them as good candidates for a role in glucosinolate turnover. Although nitrile-specifier proteins (NSPs) act downstream of myrosinases upon glucosinolate breakdown in tissue homogenates, mutants deficient in either seed-expressed NSP2 or seedling-expressed NSP1 were affected in glucosinolate content in seeds and during stratification or germination when compared to Col-0 indicating a direct role in turnover. The mutant lines nsp1-1, nsp2-1 and nsp2-2 had significantly higher glucosinolate levels in dry seeds than Col-0. After 24 h of stratification in water, nsp2-2 seeds contained 2.3 fold higher levels of glucosinolate than Col-0 seeds. This might indicate downregulation of hydrolytic enzymes when nitrile formation following glucosinolate hydrolysis is impaired. The time course of total glucosinolate content during ten days of germination depended on functional NSP1. Based on the present data, we propose a number of experiments that might aid in establishing the pathway(s) of glucosinolate turnover in germinating A. thaliana seeds.

Keywords: glucosinolates, turnover, germination, seedling, myrosinase, nitrile-specifier protein



Introduction

A dual role of specialized metabolites as defenses and nutrient deposits has been discussed for more than 50 years due to the frequent observation that specialized metabolite levels decrease upon germination, maturation or nutrient constraints and more recent reports on growth defects in mutants with reduced levels of specialized metabolites. For example, transgenic cassava lines with RNAi supression of the cyanogenic glycoside biosynthetic pathway did not produce roots in vitro, but root growth was restored upon supplementation with nitrogen (Jørgensen et al., 2005). Only in few cases have turnover pathways been elucidated at the molecular level (Rosenthal, 1992; Negi et al., 2014). In addition to serving plant nutrition, turnover of stored specialized metabolites can also contribute to regulation of specialized metabolite levels as in case of flower color changes upon bud opening (Zipor et al., 2015) or diurnal variation of glucosinolate content (Huseby et al., 2013). Thus, “turnover” in the context of specialized metabolism can generally be described as catabolic reactions that yield building blocks (e.g. ammonia, pyruvate, amino acids) for primary metabolism, e.g. under nutrient deficient conditions, or regulate specialized metabolite levels. Although a clear distinction might not always be possible, this differentiates “turnover” from other catabolic reactions, namely “activation” (associated with a gain in biological activity and roles in organismic interactions or signalling) and “detoxification” (conversion to less harmful compounds).

Glucosinolates (Figure 1) are characteristic specialized metabolites of the Brassicales with a well-established role in plant defense against both herbivores and pathogens (e.g. Schlaeppi et al., 2008; Bednarek et al., 2009; Clay et al., 2009; Müller et al., 2010; Stotz et al., 2011; Nakazaki et al., 2019). Due to their unusual structure that includes a sulfate group and a thioglucosidic linkage and may comprise an additional sulfur in the variable side chain (Figure 1), glucosinolates have long been proposed to serve as sulfur storage compounds in addition to their roles as chemical defenses (reviewed in Falk et al., 2007; Sugiyama and Hirai, 2019). In several different species, glucosinolate content has been reported to rise with sulfur supply and to decrease under sulfur deficiency (reviewed in Hirai et al., 2004; Falk et al., 2007). Moreover, glucosinolate content may decline in certain developmental stages or in response to prolonged darkness and varies diurnally (Brown et al., 2003; Falk et al., 2007; Huseby et al., 2013; Brandt et al., 2018). In support of a role in sulfur supply, seedlings of Arabidopsis thaliana gtr1 gtr2 are smaller than wildtype seedlings when grown on medium lacking a sulfur source (Nour-Eldin et al., 2012). This mutant is deficient in the glucosinolate transporters which are, among others, responsible for transferring glucosinolates from maternal tissue to the embryo, and the seeds are devoid of glucosinolates, a potential sulfur source (Nour-Eldin et al., 2012).






[image: ]

Figure 1 | Glucosinolate structures and breakdown pathways. Reactions are shown using the most abundant seed glucosinolate 4-methylthiobutylglucosinolate (4mtb) as an example. Hydrolysis is catalyzed by β-glucosidases with thioglucosidase (myrosinase) activity. In A. thaliana, the above ground myrosinases TGG1 and TGG2 are known to hydrolyze glucosinolates upon tissue damage. In the presence of nitrile-specifier proteins (NSPs; left side) the unstable aglucone is converted to a nitrile, a potential substrate of nitrilases. In the absence of specifier proteins (right side), the aglucone rearranges spontaneously yielding an isothiocyanate. Isothiocyanate formation is associated with herbivore and pathogen defense while the NSP-mediated pathway has been proposed as a possible route of safe glucosinolate turnover in intact tissue. Oxidation of 4mtb catalyzed by FMO(GS-OX1) yields 4-methylsulfinylbutylglucosinolate (4msob), the most abundant leaf glucosinolate.







Glucosinolate turnover during seed germination and seedling development has also been observed under nutrient-sufficient conditions. Inspired by the markedly different glucosinolate profiles of A. thaliana Col-0 seeds and plants in the rosette stage, two studies described changes of glucosinolate content and profile throughout the life cycle of A. thaliana Col-0 (Petersen et al., 2002; Brown et al., 2003). This showed that seeds have the highest total glucosinolate concentration among all organs of the plant (Petersen et al., 2002; Brown et al., 2003). Upon seedling development, total glucosinolate concentration decreases dramatically followed by a slight increase upon emergence and growth of the rosette leaves (Petersen et al., 2002; Brown et al., 2003; Barth and Jander, 2006). The initial decline in glucosinolate concentration could be the result of biomass gain (‘dilution’), but could also indicate a surplus of glucosinolate turnover relative to biosynthesis. In order to distinguish between these possibilities, Brown et al. (2003) determined glucosinolate content per individual during seed-seedling transition and found a net gain of glucosinolate content per individual in the first two to four days of development followed by a net decrease during the next four days (Brown et al., 2003). Together with the observed changes in glucosinolate profiles, this indicated simultaneous functioning of biosynthesis and turnover reactions with an intial surplus of biosynthesis followed by a period in which turnover outweighs total biosynthesis (Brown et al., 2003).

The defensive role of glucosinolates requires, in most cases, activation through hydrolysis by co-occuring enzymes named myrosinases (Figure 1). To prevent premature hydrolysis, enzyme and substrate are usually stored in separate compartments and get mixed to initiate hydrolysis. This happens either upon tissue damage (classical “mustard oil bomb”) or in intact tissue by mechanisms that are presently poorly understood (reviewed in Wittstock et al., 2016a). Classical myrosinases can be distinguished from O-glycosidases by the substitution of a catalytic Glu residue in the active site by Gln and are therefore also termed “QE-type” myrosinases (Burmeister et al., 1997). A. thaliana possesses six genes (TGG1-TGG6) encoding such myrosinases of which two are expressed in the above-ground parts (TGG1, TGG2) and two in the below-ground parts (TGG4, TGG5) of the Columbia-0 (Col-0) accession (Wittstock and Burow, 2010). Additionally, the genome of A. thaliana harbours a sister clade to TGG1-TGG6 composed of sixteen genes encoding β-glucosidases (BGLU18-BGLU33), three of which have recently been demonstrated to be functional myrosinases (Bednarek et al., 2009; Clay et al., 2009; Nakano et al., 2017; Nakazaki et al., 2019). These proteins lack the amino acid substitution in the active site and are therefore also refered to as “atypical” or “EE-type” myrosinases (Nakano et al., 2017). Most members of the BGLU18–BGLU33 clade have not been characterized with respect to their activity and specificity with diverse glucosinolates as substrates. In addition, biological roles of BGLU18–BGLU33 that might be associated with activity on glucosinolates are largely unexplored with few exceptions including a role of BGLU18 in herbivore defense and a role of BGLU26 in plant innate immunity (Bednarek et al., 2009; Clay et al., 2009; Nakazaki et al., 2019; Sugiyama and Hirai, 2019).

Pathways of glucosinolate turnover have not been established, and it is unclear how stored glucosinolates would get in contact with breakdown enzymes during turnover in intact tissue. It is generally believed that turnover is initiated by hydrolysis catalyzed by myrosinases/thioglucosidases, but the responsible enzymes have not been identified. Although above-ground parts of the tgg1 tgg2 mutant had increased concentrations of aliphatic and indolic glucosinolates two weeks after planting, a direct involvement of TGG1 and TGG2 in turnover was considered unlikely (Barth and Jander, 2006). Formation of isothiocyanates upon hydrolysis would potentially be unfavorable for the plant (Urbancsok et al., 2017). A potentially “safe” route of turnover without formation of toxic isothiocyanates would involve nitrile-specifier proteins (NSPs; Burow et al., 2009; Kissen and Bones, 2009) and nitrilases (Janowitz et al., 2009) (Figure 1). This would allow complete turnover of glucosinolates to building blocks for primary metabolism (glucose, sulfate, sulfur, ammonia, carboxylic acid; Figure 1). A. thaliana Col-0 expresses five NSP genes in different organs and developmental stages (Kissen and Bones, 2009; Wittstock et al., 2016b). Characterization of T-DNA insertion mutants of each of these genes demonstrated that simple nitrile formation depends entirely on NSP2 in seed homogenates and mostly on NSP1 in seedling homogenates (Wittstock et al., 2016b).

In this study, we tested the effects of deficiency in above-ground myrosinases (TGG1 and TGG2) and seed- or seedling-expressed NSPs (NSP1, NSP2) on glucosinolate levels in germinating seeds and developing seedlings in order to evaluate their possible contribution to glucosinolate turnover during seed-seedling transition. We made use of mutant lines that had been characterized previously (Barth and Jander, 2006; Wittstock et al., 2016b) and analyzed their glucosinolate content at different time points during stratification and germination in comparison to Col-0. Following the considerations by Brown et al. (2003), we determined glucosinolate content per individual (as opposed to concentrations relative to dry weight). This enabled us to identify periods in which turnover dominates (relative to de-novo biosynthesis) and to rule out reallocation within the plant as a possible cause of changed glucosinolate levels in a particular organ.




Material and Methods



Plant Material

A. thaliana Columbia-0, nsp1-1 (Burow et al., 2009), nsp2-1 and nsp2-2 (Burow et al., 2009; Wittstock et al., 2016b) and tgg1 tgg2 (Barth and Jander, 2006) were grown in parallel in controlled environment chambers (Percival) at 22°C, 60–70% relative humidity; 300 µmol m−2 s−1 photosynthetically active radiation (photoperiod 16 h) in several rounds between Spring 2018 and Spring 2019. After harvest, seeds were stored for six to twelve months before analysis. Each mutant-wildtype comparison was done between seed batches harvested and stored in parallel. For glucosinolate analysis, a known number of seeds (100–200) was frozen in liquid nitrogen and freeze-dried. Glucosinolate content was determined and expressed as content [nmol] per individual.




Stratification Time Course

A known number of seeds (100–200) was incubated with 500 µl autoclaved tap water at 4°C in the dark with three replicates (randomly assigned as 1–3) for each time point. After 2, 4, 8, or 24, water was removed, samples were frozen in liquid nitrogen and freeze-dried. Glucosinolate content was determined and expressed as content (nmol) per individual. To quantify changes of glucosinolate content during imbibition, the ratio of glucosinolate content at two time points of interest was calculated for paired replicates (e.g. 8 h-replicate-1 vs. 2 h-replicate-1).




Germination Time Course

A known number of seeds (100–200) was surface sterilized by incubation with 70% (v/v) ethanol for 2 min and 3% (v/v) sodium hypochlorite for 5 min followed by three washes with sterile water. The duration of this procedure was kept between 45 and 60 min for all samples. Seeds were plated on Murashige & Skoog (MS) medium (Murashige and Skoog, 1962) (0.9% (w/v) agar) and stratified at 4°C in the dark for 48 h. The plates were then kept in a controlled environment chamber (Percival; 22°C, 60–70% relative humidity; 300 μmol m−2 s−1 photosynthetically active radiation, photoperiod of 16 h). Plant material was harvested 4, 8, or 10 days after plating. In each of three independent experiments, three plates were generated as biological replicates (randomly assigned as 1–3) per genotype and time point. The seedlings of one plate were carefully harvested with tweezers, pooled, frozen in liquid nitrogen, and freeze-dried. Day 0 samples were frozen after sterilization without plating on MS medium. Glucosinolate content was determined and expressed as content [nmol] per individual. To quantify changes of glucosinolate content during germination, the ratio of glucosinolate content at two time points of interest was calculated for paired replicates (e.g. 10 day-replicate-1 vs. 4 day-replicate-1). Dry weight was recorded in two of the three experiments.




Glucosinolate Analysis

Glucosinolates were quantified by HPLC of the corresponding desulfoglucosinolates (Thies, 1979) as described previously (Wittstock et al., 2016b). Desulfoglucosinolates were identified based on comparison of retention times and UV absorption spectra with those of known standards (Reichelt et al., 2002) and quantified based on peak areas at 229 nm relative to the peak area of the internal standard (4-hydroxybenzylglucosinolate; relative response factor 2.0 for aliphatic glucosinolates and 0.5 for indole glucosinolates (Burow et al., 2006; Sarosh et al., 2010). Total glucosinolate content was calculated as the sum of all detected glucosinolates (4-methylthiobutyl-(4mtb), 4-methylsulfinylbutyl-(4msob), 5-methylthiopentyl-(5mtp), 7-methylthioheptyl-(7mth), 7-methylsulfinylheptyl-(7msoh),8-methylthiooctyl-(8mto), 8-methylsulfinyloctyl-(8msoo), 3-hydroxypropyl-(3OHp), 3-benzoyloxypropyl-(3bzo), 4-benzoyloxybutyl-(4bzo), indol-3-ylmethylglucosinolate (i3m), Table 1). Two glucosinolates (5mtp, 3OHp) were present in traces and/or inconsistently and were therefore excluded from more detailed analyses of contents of individual glucosinolates and corresponding figures. Plant material did not contain detectable levels of 4-hydroxybutyl glucosinolate.




Table 1 | Glucosinolates detected in seeds and germinating seedlings of A. thaliana and their abbreviations.
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Statistics

Statistical analyses were done with OriginPro8. Normal distribution was assumed based on Shapiro–Wilk Test. Homogeneity of variance was assessed using ANOVA with Brown–Forsythe Test. Significant differences in pairwise comparisons between wildtype and each mutant were identified using Two-Sample-t-Test (in case of normal distribution) and Mann–Whitney Test (when normal distribution was not confirmed). Multiple comparisons were done with ANOVA followed by Tukey’s test when normal distribution had been confirmed.





Results

To investigate if deficiency in above-ground myrosinases affects glucosinolate content in seeds, we determined glucosinolate levels in tgg1 tgg2 seeds in comparison to Col-0 wildtype. Although tgg1 tgg2 seeds had, on average, slightly higher total glucosinolate levels per individual than Col-0 and tended to weight more than Col-0 seeds, these difference were not significant (Figure 2, Figure S1). With the exception of 4bzo, the four major seed glucosinolates (4mtb, 4bzo, 3bzo, and 8msoo; 75% of the total glucosinolate content) all contributed to the overall increase in glucosinolate content in tgg1 tgg2 relative to Col-0 (Figure S2; compound abbreviations are listed in Table 1). Minor glucosinolates (4msob, 7mth, 7msoh, 8mto, i3m) were slightly, but not significantly increased in tgg1 tgg2 relative to Col-0 (Figure S2). As glucosinolates with methylthioalkyl side chain (4mtb, 7mth, 8mto) are biosynthetic precursors of those with methylsulfinylalkyl side chain (4msob, 7msoh, 8msoo) (Figure 1), we also considered the total content of each of these pairs and found the level of 4mtb + 4msob to be significantly increased in tgg1 tgg2 relative to Col-0 (Figure S2).
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Figure 2 | Glucosinolate content in dry seeds of A. thaliana Col-0 and breakdown pathway mutants. Total glucosinolate content was determined as nmol per individual in seeds of tgg1 tgg2 (A), nsp1-1 (B), as well as nsp2-1 and nsp2-2 (C) in comparison to seeds of Col-0. Means ± SD of N = 3 biological replicates. Significant differences between mutant and Col-0 are indicated by asterisks (*, p < 0.05; **, p < 0.01; Two-Sample-t-Test; ***, p < 0.001).






Next we studied the effect of non-functional genes of seed/seedling-expressed NSPs by assessing glucosinolate content in seeds of nsp1-1 and two independent nsp2 lines (nsp2-1, nsp2-2). Seeds of nsp1-1 and both nsp2 lines accumulated significantly higher glucosinolate levels per individual than Col-0 seeds (Figure 2), but their weight did not differ significantly from that of Col-0 seeds (Figure S1). In nsp1-1 seeds, all glucosinolates except of 4mtb (a major glucosinolate) and 4msob were increased, on average, relative to Col-0 (Figure S2). The increase was significant for 7msoh 3bzo, 4bzo, and i3m (Figure S2). In case of nsp2-1, each of the methylthioalkyl/methylsulfinylalkyl pairs (4mtb + 4msob, 7mth + 7msoh, 8mto + 8msoo) as well as 4bzo, 3bzo, and i3m contributed to the overall increase (Figure S2). However, in case of 7mth + 7msoh and 8mto + 8msoo the increase was entirely due to a higher level of the oxidized form (methylsulfinyl-) relative to Col-0 (Figure S2). Seeds of nsp2-2 showed largely the same trend as nsp2-1, with the exception of 8mto + 8msoo which accumulated to a lower mean total level as in Col-0 seeds (Figure S2).

To investigate the effect of glucosinolate breakdown pathway genes on glucosinolate levels during germination, we conducted two different treatments. Treatment 1 addressed early timepoints within up to 72 h of stratification and germination. Therefore, the procedure was kept simple. We subjected seeds to imbibition in water at 4°C in the dark and measured glucosinolate content per individual after 2, 6, 8, 12, 24, 48, and (in some experiments) 72 h. We conducted different sets of experiments with either tgg1 tgg2 and Col-0 or both nsp2 lines and Col-0. The nsp2 lines were chosen as NSP2 is expressed in seeds and during stratification (Figure 3), and as simple nitrile formation in seed homogenates depends entirely on NSP2 (Wittstock et al., 2016b). Treatment 2 considered changes in glucosinolate content during the standard procedure for germination of A. thaliana seeds on MS medium under sterile conditions over a total of ten days and included sterilization, plating, stratification for two days and incubation at 22°C and with 16 h photoperiod for another eight days. In these experiments, we analyzed tgg1 tgg2 and nsp1-1 in comparison to Col-0. The nsp1-1 line was chosen as the transfer from stratification to normal growth conditions is associated with a switch from NSP2 to NSP1/3/4 expression (Figure 3) and NSP1 is expressed in seedlings (in contrast to NSP3 and NSP4) (Wittstock et al., 2016b).
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Figure 3 | Expression of NSP genes during maturation and germination of A. thaliana Col-0 seeds. Microarray data (ATH1) from (A) (Kleindt et al., 2010) (GEO accession: GSE5634) and (B) (Narsai et al., 2011) (GEO accession: GSE30223) for NSP1/3/4 and NSP2 were extracted from Genevestigator (Hruz et al., 2008). Each data point represents the mean of three replicates. (A): Seed maturation, samples consisted of siliques with seeds (stages 3–5) or seeds (stages 6–10). Stages are defined by embryo development according to (Kleindt et al., 2010): glob, globular to early heart; heart, early to late heart; triang, triangular (late heart to mid torpedo); torp, mid to late torpedo; walk, late torpedo to early walking stick; eccot, walking stick to early curled cotyledons; egcot, curled cotyledons to early green cotyledons; gcot, green cotyledons. (B): Germination. Stages/treatments are as follows (with numbers indicating the duration of the treatment in hours): H, freshly harvested; D, dried (15 days in darkness); S, stratification (on MS plates, 4°C in the dark); G, germination (22°C, continuous light). NSP1, NSP3 and NSP4 are represented by the same probe (259381_s_at).







Based on the overall time course in Treatment 1 (Figure S3), we selected three time points (2, 8 and 24 h) for comparison between Col-0 and mutants. To quantify changes, we calculated the ratio (fold change) between the content at a later and an earlier time point (Figure 4). Thus, values >1 indicate an increase of glucosinolate content over time, and values <1 a decrease. In tgg1 tgg2 seeds, glucosinolate content after 8 h was, on average, about 1.2-fold higher than after 2 h of incubation (Figure 4), but this difference was not significant (p > 0.05, Mann–Whitney Test). Glucosinolate content in seeds of Col-0 and both nsp2 lines did not change significantly from 2 to 8 h of incubation (Figure 4). The 8h/2h ratio did not differ significantly between Col-0 and the mutant lines (Figure 4). Between 8 and 24 h of incubation, glucosinolate content of nsp2-2 seeds increased about 1.2-fold (p < 0.05, Two-Sample-t-Test) while the content in seeds of the other tested genotypes decreased on average (Figure 4). The 24 h/8 h ratio differed significantly between nsp2-2 and Col-0 (p < 0.05, Two-Sample-t-Test) (Figure 4).
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Figure 4 | Changes of seed glucosinolate content during stratification. Seeds of Col-0 and tgg1 tgg2 (A, C) or Col-0, nsp2-1, and nsp2-2 (B, D) were incubated in autoclaved tap water at 4°C in the dark for 2, 8, or 24 h. Total glucosinolate content was determined as nmol per individual. Fold change from 2 h to 8 h (A, B) and from 8 h to 24 h (C, D) is given. Ratio of 1 (no change) is highlighted by the dashed line. Means ± SD of N = 3 biological replicates. Significant differences between mutant and Col-0 are indicated by asterisks (*, p < 0.05, Two-Sample-t-Test).








As a consequence of these changes, tgg1 tgg2 seeds contained significantly higher total glucosinolate levels per individual than Col-0 after 24 h of stratification (Figure 5). On average, individual glucosinolates were all increased in tgg1 tgg2 relative to Col-0 with the exception of 4bzo (Figure 6), similar to the results with dry seeds (Figure S2). Seeds of nsp2-2 had the highest glucosinolate content among the tested genotypes at this time point and contained, on average, >2.3-fold higher levels per individual than Col-0 seeds after the same treatment (Figure 6). All individual glucosinolates were increased, on average, in nsp2-2 seeds compared to Col-0 (Figure 6) with the exception of 7mth which was replaced by 7msoh in nsp2-2 seeds, i.e. the level of 7msoh in nsp2-2 was higher than the level of 7mth + 7msoh in Col-0 (Figure 6B). The proportion of reduced and oxidized form (7mth/7msoh, 8mto/8msoo) also varied in Col-0 seeds (Figures 6B, C). These four glucosinolates were of low abundance. Together with differences between seed batches, this might explain the large variation. Seeds of nsp2-1 showed the same trend as those of nsp2-2 with respect to total glucosinolate content (Figure 5) and individual glucosinolates (Figure 6). Taken together, the differences of total glucosinolate content in seeds between Col-0, tgg1 tgg2 and both nsp2 lines determined with dry seeds became more pronounced when seeds were stratified in water at 4°C in the dark for 24 h.
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Figure 5 | Seed glucosinolate content after 24 h of stratification. Seeds were incubated in autoclaved tap water at 4°C in the dark for 24 h. Total glucosinolate content was determined as nmol per individual in seeds of tgg1 tgg2 (A) and nsp2-1 and nsp2-2 (B) in comparison to seeds of Col-0. Means ± SD of N = 3 biological replicates. An asterisk next to a bar indicates a significant difference to Col-0. Asterisks at a horizontal bracket denote a significant difference between the bars. *, p < 0.05; **, p < 0.01 (Two-Sample-t-Test).
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Figure 6 | Seed content of individual glucosinolates after 24 h of stratification. Seeds were incubated in autoclaved tap water at 4°C in the dark for 24 h. Glucosinolate content is expressed as nmol per individual. (A–C) depict methylthioalkylglucosinolates together with the derived methylsulfinylalkyl derivative. (D, E) depict individual benzoylated glucosinolates and (F) indol-3-ylmethylglucosinolate. The left graph of each panel shows results of experiments with tgg1 tgg2 in comparison with Col-0, the right graph in each panel those with two independent nsp2 lines in comparison with Col-0. Means ± SD from N = 3 biological replicates. Asterisks indicate significant differences for individual glucosinolates relative to Col-0 (*, p < 0.05; **, p < 0.01; ***, p < 0.001) while hashs on top of a bar in (A–C) indicate significant differences for the sum of a biosynthetically linked pair relative to wildtype (#, p < 0.05; ###, p < 0.001). Significant differences were identified by pairwise comparisons using Two-Sample-t-Test with the exception of 4mtb in Col-0 vs. both nsp2 mutants (A, right graph). In the latter case, Mann–Whitney Test was applied. Levels of 7mth (B) and 8mto (C) were low, varied strongly and could not be detected in some samples of Col-0 as well as nsp2-1 and nsp2-2. ns, not significant.








Changes of seed glucosinolate content during germination (Treatment 2) were assessed at four time points after sterilization during up to ten days of growth on MS medium. For Col-0 seeds, we were able to reproduce, in principle, the previously published time course (Brown et al., 2003) with a peak in total glucosinolate content per individual at day 4 and, in our study, no significant difference between total glucosinolate content at days 0 and 10 (Figure 7A). The content of most individual glucosinolates or biosynthetically linked pairs (7mth + 7msoh, 8mto + 8msoo, i3m), respectively, showed the same trend (Figure 8, top row from left to right), similar to a previous report (Brown et al., 2003). However, the major glucosinolate 3bzo increased steadily over the investigated time period to reach an almost twofold higher level at day 10 when compared with day 0 (Figure 8D). The content of the major seed glucosinolate 4mtb and the sum of 4mtb and its derivative 4msob declined below the level at day 0, in our study to about 70% (4mtb) and 80% (4mtb + 4msob) of the content at day 0 indicating turnover (Figure 8A). In case of the other two methylthio-/sulfinylalkylglucosinolate pairs, we found increased levels of the methylthioalkyl compounds (7mth, 8mto) at days 8 and 10 relative to day 4, but decreased levels of their oxidized derivatives (7msoh, 8msoo) (Figures 8B, C). Thus, the oxidized forms might undergo turnover or are converted back to the methylthioalkyl precursors.
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Figure 7 | Changes of glucosinolate content in sterilized seeds plated on MS medium. Seeds were sterilized (day 0), plated on MS medium, stratified at 4°C in the dark for two days and then grown at 22°C with 16 h photoperiod. Total glucosinolate content was determined as nmol per individual in seeds of Col-0 (A), tgg1 tgg2 (B), as well as nsp1-1 (C). Means ± SD (N = 8 – 9). Different letters above bars indicate a significant difference (p < 0.05, ANOVA with Tukey’s test; data for day 8 in (B) and (C) were not included as normal distribution was not confirmed).
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Figure 8 | Changes of content of individual glucosinolates in sterilized A. thaliana Col-0 seeds plated on MS medium. Seeds were sterilized (day 0), plated on MS medium, stratified at 4°C in the dark for two days and then grown at 22°C with 16 h photoperiod. Glucosinolate content was determined as nmol per individual. (A–C) depict methylthioalkylglucosinolates together with the derived methylsulfinylalkyl derivatives. (D, E) depict individual benzoylated glucosinolates and (F) indol-3-yl-methylglucosinolate. Each panel shows a comparison of Col-0 (top), tgg1 tgg2 (middle), and nsp1-1 (bottom). Means ± SD from N = 8–9 biological replicates. Different letters next to error bars indicate a significant difference for individual glucosinolates between time points while those at the base of bars indicate significant differences for the sum of biosynthetically linked pairs (p < 0.05, ANOVA with Tukey’s test; samples without a label were not included in the analysis as normal distribution could not be assumed).






The analysis of germinating seeds of tgg1 tgg2 resulted in a similar time course of glucosinolate content as that obtained for Col-0 seeds (Figure 7B). There was no significant difference between tgg1 tgg2 and Col-0 with respect to the ratio (fold change) between days 0 and 4 as well as between days 4 and 10 (p > 0.05, Two-sample-t-Test, Figure S4). The time course of each individual glucosinolate (Figure 8, middle row from left to right) largely mirrored that found with Col-0 seeds This indicates that TGG1 and TGG2 are not involved in the reactions that determine the time course of glucosinolate content in germinating A. thaliana seeds within 10 days of incubation on MS medium.

In contrast to Col-0 and tgg1 tgg2, germinating seeds of nsp1-1 did not contain higher total glucosinolate levels on day 4 relative to days 0 and 10 (Figure 7C). Fold change between days 0 and 4 was significantly different from that obtained with Col-0 (p <0.05, Two-sample-t-Test, Figure S4). On average, total glucosinolate content of nsp1-1 seeds decreased slightly and steadily over 10 days of incubation on MS medium, but these changes were not significant (p > 0.05, ANOVA; Figure 7C). Among individual glucosinolates, time courses of 3bzo and i3m were similar to those found with Col-0 while time courses of all other glucosinolates lacked the peak at day 4 (Figure 8, bottom row from left to right). Our results indicate that the time course of glucosinolate content in A. thaliana Col-0 seeds upon 10 days of growth on MS medium depends on functional NSP1.

To assess if the observed differences between the genotypes can be explained by a developmental defect, we inspected the developing seedlings of Col-0, tgg1 tgg2, and nsp1-1 visually and determined their dry weight over ten days of growth on MS medium (Figures S5 and S6). At day 4, seedlings of all genotypes had emerged with light-green cotyledons and a primary root, and cotyledons had started to open (Figure S5). At day 8, seedlings possessed opened, green cotyledons (Figure S5). The plumule started to become visible with the naked eye. Cotyledons and plumule tended to appear slightly larger in seedlings of tgg1 tgg2 than in the other genotypes (Figure S5). At day 10, tgg1 tgg2 seedlings were larger than seedlings of the other genotypes and had typically developed the first pair of true leaves while only few seedlings of the other genotypes had reached this stage (Figure S5). Thus, tgg1 tgg2 developed slightly faster than the other genotypes. In agreement with this, tgg1 tgg2 had, on average, the highest dry weight among the tested genotypes throughout days 4 to 10 (Figure S6). Col-0 seedlings had the lowest dry weight and nsp1-1 seedlings reached intermediate levels (Figure S6) with the exception of day 8 where dry weight of nsp1-1 was the same as that of tgg1 tgg2. Taken together, we found tgg1 tgg2 to gain weight and develop slightly faster than Col-0 and nsp1-1, but we did not find developmental differences among the genotypes that could explain the changed time course of glucosinolate content in nsp1-1 relative to Col-0 and tgg1 tgg2.




Discussion

While turnover of seed glucosinolates during germination and seedling development of A. thaliana has been described previously based on different experimental approaches (Petersen et al., 2002; Brown et al., 2003; Barth and Jander, 2006) and was confirmed here (Figure 7), pathways of glucosinolate turnover have remained unresolved. The present study was set up to evaluate the time course of glucosinolate content during stratification and germination in dependency of enzymes known to be involved in glucosinolate breakdown upon tissue damage, namely TGG1, TGG2, NSP1 and NSP2, using previously characterized T-DNA mutants. The tgg1 tgg2 mutant lacked myrosinase activity in the above-ground parts of plants in the vegetative as well as generative stages when myrosinase activity of plant extracts was determined with allylglucosinolate as substrate but had residual myrosinase activity on indolic glucosinolates (Barth and Jander, 2006). TGG1 seems to be the major myrosinase of the above-ground organs because the single mutant tgg1 gave similar results as the double mutant while results for tgg2 were similar to wildtype (Barth and Jander, 2006). NSP2 is expressed only in seeds and solely responsible for simple nitrile formation in Col-0 seed homogenates without contributions from other NSPs (Wittstock et al., 2016b). Under laboratory conditions, the switch from NSP2 to NSP1 expression coincides with the transfer from stratification to germination (Figure 3). However, NSP2 expression seems to be confined to late stages of seed maturation and to the mature seed until the onset of germination (Figure 3). Among non-functional alleles of NSP1–NSP5, only the nsp1-1 allele caused a significant decrease of absolute and relative levels of the simple nitrile and a significant increase of the corresponding isothiocyanate derived from 4mtb (the most abundant aliphatic glucosinolate) in seedling homogenates, but did not result in a complete lack of simple nitrile formation (Wittstock et al., 2016b). Hence, other NSPs are likely to contribute, albeit to a low extent. It would, therefore, be interesting to include mutants with multiple non-functional NSP alleles in future studies on glucosinolate turnover. As NSP1, NSP3, and NSP4 are tandem genes, a triple mutant cannot be obtained by crossing of the existing genotypes but has to be generated by alternative methods, e.g. gene editing. In nsp5-1, NSP5 expression was downregulated, but not lacking (Wittstock et al., 2016b). Once a real knockout has been obtained, it should also be studied in a background with other non-functional NSPs.

We did not find differences between tgg1 tgg2 and Col-0 with respect to the time course of total glucosinolate content over 10 days of incubation on MS medium (Figure 7, Figure S4). Thus, TGG1/TGG2 are not responsible for the decline of glucosinolate content between days 4 and 10 of the germination time course in agreement with the conclusions drawn by Barth and Jander (2006). However, glucosinolate content in dry seeds of tgg1 tgg2 was, on average, higher than that of Col-0, and after 24 h of stratification this difference was larger and significant (Figures 2A and 5A). As a possible explanation, TGG1/TGG2 could be involved in breakdown of glucosinolates in developing siliques/seeds, for example for the release of volatile breakdown products. In fact, TGG1/TGG2 are expressed in early stages of silique development (stages 3–6, Kleindt et al., 2010) according to microarray data (GEO: GSE5634; TGG1 and TGG2 are represented by the same probe). Lacking TGG1/TGG2 expression could also have an effect on glucosinolate import into the developing seed or biosynthesis. Even though we did not observe higher herbivore or pathogen infestation rates of tgg1 tgg2 plants as compared to simultaneously grown Col-0 plants, defense pathways could have been induced in the mutant relative to Col-0 leading to enhanced glucosinolate biosynthesis in the parent plants of the analyzed tgg1 tgg2 seeds. Upon stratification in water, we observed a steep increase of glucosinolate content in tgg1 tgg2 between 6 and 10 h of incubation, and the resulting difference in content relative to Col-0 remained largely unchanged for the following 40 h (Figure S3). This might indicate that glucosinolate breakdown by TGG1/TGG2 happens only within a small time window during stratification (maybe due to reorganization of tissues upon onset of imbibition), but is normally compensated by biosynthesis. Further experiments will need to be performed to investigate this possibility in more detail. Seedlings of tgg1 tgg2 grew faster than Col-0 seedlings. It is tempting to speculate that this could be due to the benefit provided by increased levels of glucosinolates as substrates fed into TGG1/TGG2-independent turnover pathways for nutrient release. As an alternative explanation, lack of expression of TGG1, a highly abundant protein in wildtype plants, might safe considerable resources which tgg1 tgg2 plants can invest in growth.

If TGG1/TGG2 are not responsible for the observed decline in glucosinolate content between days 4 and 10 of the germination time course, as our data suggest, other enzymes must initiate glucosinolate turnover. To test if any of the genes of the BGLU18-BGLU33 cluster are expressed in germinating seeds, we analyzed microarray data using Genevestigator (Hruz et al., 2008) (Figures 9C, D). This identified BGLU21/BGLU22, BGLU23, BGLU26, and BGLU28 to be induced upon transfer to light. All of these genes except for BGLU28 reached the highest expression level at 24–48 h of incubation in light, i.e. days 3 to 4 of incubation on medium, and are therefore candidates for future studies on glucosinolate turnover in germinating seeds of A. thaliana. Based on the present knowledge, BGLU23 and BGLU26 are active on indolic glucosinolates, and BGLU23 is unable to hydrolyze allylglucosinolate (Bednarek et al., 2009; Clay et al., 2009; Ahn et al., 2010; Nakano et al., 2017). However, a broad spectrum of structurally diverse glucosinolates needs to be tested to evaluate possible roles of these and other atypical myrosinases in processes such as glucosinolate turnover during seedling development.
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Figure 9 | Expression of BGLU genes during maturation and germination of A. thaliana Col-0 seeds. Microarray data (ATH1) from (Kleindt et al., 2010) (GEO accession: GSE5634) (A, B) and (Narsai et al., 2011) (GEO accession: GSE30223) (C, D) for BGLU18-25 (A, C) and BGLU26-BGLU33 (B, D) were extracted from Genevestigator (Hruz et al., 2008). Each data point represents the mean of three replicates. (A, B) Seed maturation, samples consisted of siliques with seeds (stages 3–5) or seeds (stages 6–10). Stages are defined by embryo development according to (Kleindt et al., 2010): glob, globular to early heart; heart, early to late heart; triang, triangular (late heart to mid torpedo); torp, mid to late torpedo; walk, late torpedo to early walking stick; eccot, walking stick to early curled cotyledons; egcot, curled cotyledons to early green cotyledons; gcot, green cotyledons. (C, D) Germination. Stages/treatments are as follows (with numbers indicating the duration of the treatment in hours): H, freshly harvested; D, dried (15 days in darkness); S, stratification (on MS plates, 4°C in the dark); G, germination (22°C, continuous light). BGLU21 and BGLU22 are represented by the same probe (260130_s_at).







As NSPs act downstream of glucosinolate hydrolysis (Figure 1; (Eisenschmidt-Bönn et al., 2019), we did not expect large effects of mutations in NSP genes on glucosinolate content and its time course during germination. Surprisingly, we found non-functional alleles of NSP1 and NSP2 to have significant effects on glucosinolate content in dry seeds, seeds stratified in water and germinating seeds, respectively. Mutant lines deficient in NSP1 or NSP2 had significantly higher glucosinolate contents in seeds than Col-0 (Figures 2B, C), but did not differ from Col-0 seeds in weight (Figure S1). As the two NSPs are expressed at different time points during seed development (Figure 3), we assume that the high glucosinolate content is due to effects exerted at different stages of seed development including effects on the mother plant. For example, NSP1 could be involved in turnover reactions that take place during early silique development, while NSP2 would act at later time points of seed maturation. If these NSPs are involved in turnover pathways by converting the glucosinolate aglucone to a nitrile (Figure 1), our results could indicate downregulation of glucosinolate hydrolysis in response to accumulation of undesirable breakdown products, e.g. isothiocyanates. Besides TGG1/TGG2, several BGLUs of the BGLU18–BGLU33 clade are expressed in early stages of silique development (BGLU18, BGLU26, BGLU28, BGLU29, BGLU30, BGLU33; Figure 9) and could be affected by NSP1 deficiency. At the later stages of seed maturation, when NSP2 is expressed, BGLU19 and BGLU30 are induced in Col-0 (Figure 9). Future experiments will have to show if these genes are downregulated in developing seeds of the nsp2 mutant lines. There is presently no experimental support for a regulatory role of NSP1 and NSP2 that is independent of their enzymatic activity, but we cannot rule out alternative mechanisms of action based on current knowledge.






In our stratification time course experiments with nsp2 mutants, we found elevated glucosinolate levels in both nsp2 lines relative to Col-0 at 24 h of incubation in water at 4°C in the dark (Figure 5). This was, on one hand, a consequence of the increased content in the seeds. On the other hand, we found glucosinolates to increase in nsp2-2 especially between 8 and 24 h of incubation while glucosinolate content decreased in Col-0. Although only one of the nsp2 lines showed this increase, this result might again indicate that a non-functional pathway of nitrile formation may result in downregulation of hydrolysis. At 24 h of stratification, TGG1/TGG2 as well as BGLU19, BGLU28 and BGLU30 could be involved (Figure 9).

The germination time course experiments with nsp1-1 showed that NSP1 deficiency affects the time course significantly (Figure 7, Figure S4). While total glucosinolate content increased in Col-0 seeds between days 0 and 4 of germination on MS medium and then decreased, the content in nsp1-1 seeds did not increase or decrease over the entire observation period (Figure 7). If NSP1 is involved in turnover during germination, its lacking expression appears to have a different effect at this stage when compared to seeds or lacking NSP2 expression during stratification. But as indicated above and illustrated in Figure 9, other BGLUs might be involved in glucosinolate turnover during germination than during seed maturation and stratification, and maybe they react differently to the inability to form nitriles. Additionally, genes/enzymes involved in biosynthesis could be affected as well, and biosynthesis could be downregulated as a consequence of NSP1 deficiency. Of note, accumulation of isothiocyanates (instead of nitriles) would likely reduce the amount of glutathione available for glucosinolate biosynthesis as isothiocyanates readily react with glutathione, either spontaneously or enzymatically catalyzed (Czerniawski and Bednarek, 2018; Urbancsok et al., 2018).

In addition to the evaluation of total glucosinolate contents, we have also recorded the levels of the most abundant individual glucosinolates and compared them between different time points and the different genotypes analyzed. Although we found individual glucosinolates or biosynthetically linked pairs of glucosinolates to largely mirror the trends found for total glucosinolate content in mutants vs. Col-0, we noticed some interesting exceptions. For example, tgg1 tgg2 had increased total glucosinolate contents in dry seeds and after 24 h of stratification in water compared to Col-0, but the level of 4bzo did not differ between the two genotypes (Figure S2, Figure 6). In case of nsp1-1, 4mtb+4msob did not contribute to the increased glucosinolate content in dry seeds relative to Col-0, but 3bzo and 4bzo were increased overproportionally in nsp1-1 relative to Col-0 (Figure S2). During germination, the levels of 3bzo and i3m in nsp1-1 underwent a time course similar to Col-0 while all other glucosinolates and the total glucosinolate content did not change in nsp1-1 (Figure 8). At present, we can only speculate that these observations might be explained by different substrate specificities of the hydrolytic enzymes involved in turnover pathways or by specific localization of certain glucosinolates in some stages of development.

Although our data confirm glucosinolate turnover during seed-seedling transition and provide some indication for involvement of NSPs, more experiments are required to establish a direct participation of NSPs in turnover pathways. For example, experiments should be directed at capturing metabolites formed specifically in developing and germinating seeds of mutants impaired in nitrile formation, but not or to lesser extent in Col-0. Furthermore, the effects of non-functional NSP alleles on expression of other genes involved in glucosinolate breakdown and glucosinolate biosynthesis should be studied in detail in these stages. In order to establish pathways of glucosinolate turnover, it would also be essential to biochemically characterize more BGLUs of the BGLU18–BGLU33 cluster to find out if they accept glucosinolates as substrates. It has to be clarified how substrate and enzyme(s) come together in intact tissue to allow hydrolysis of glucosinolates to occur with a high level of spacial and temporal control. Although the analysis of whole individuals allowed us to rule out reallocation between organs as a possible course of changed glucosinolate content, we might have missed tissue-specific effects (e.g. a surplus of turnover in one tissue balanced out by a surplus of biosynthesis in another tissue) in this setup. The design of experiments directed at tissue specific variation will be facilitated by a better knowledge of genes and enzymes involved in turnover pathways. Last but not least, the physiological roles of glucosinolate turnover in germinating seeds deserves more attention. Apart from a role in nutrient supply [which has been discussed controversially (Aghajanzadeh et al., 2014)], turnover could represent a mechanism of regulating glucosinolate levels or it could generate signals upon which biosynthesis rates are adjusted. Interestingly, glucosinolate concentrations per unit dry weight differed significantly between Col-0, tgg1 tgg2 and nsp1-1 at day 0 of the germination time course, but were equal at day 10 (Figure S7). This would be in agreement with mechanisms that allow the plant to sense glucosinolate concentration and to maintain it at a fixed level as suggested previously (Brown et al., 2003).

The presence and abundance of different glucosinolate types and the structural outcome of glucosinolate hydrolysis in tissue homogenates are subject to an enormous natural variation (Lambrix et al., 2001; Witzel et al., 2015; Wentzell and Kliebenstein, 2008). It would, therefore, be worthwhile to extend investigations on glucosinolate turnover during seed-seedling transition to other accessions of A. thaliana and to other species of the Brassicaceae as well as other families of the Brassicales. To our knowledge, natural variation of the NSP genes in A. thaliana or other Brassicaceae has not been assessed systematically yet. In case of the epithiospecifier protein (ESP), a large proportion of the A. thaliana accessions analyzed so far (including Col-0) does not possess a functional allele at the ESP locus. The presence of a functional allele seems to correlate with the presence of alkenyl glucosinolates (Lambrix et al., 2001) which give rise to formation of epithionitriles upon hydrolysis in the presence of ESP. It remains to be tested if both NSPs and ESP affect glucosinolate turnover in A. thaliana accessions with alkenyl glucosinolates as predominant glucosinolates. Interestingly, there is presently no indication for the presence of functional specifier proteins in other families than the Brassicaceae (Kuchernig et al., 2012). This raises the question if turnover of seed glucosinolates during germination is a general phenomenon of glucosinolate-producing plants and if so, if the mechanisms are evolutionarily conserved. In the absence of specifier proteins, isothiocyanates are likely to be formed as initial hydrolysis products upon turnover. The ability to generate nitriles instead and to recycle them into primary metabolism could potentially represent an innovation that contributed to the evolutionary success of the Brassicaceae.

In conclusion, our study demonstrates that the decline of glucosinolate content in A. thaliana Col-0 seeds during germination (days 4 to 10) does not depend on functional TGG1 and TGG2. This indicates involvement of other enzymes, e.g. members of the BGLU18–BGLU33 clade of β-glucosidases, in glucosinolate turnover at this stage of development. Furthermore, the observed time course with highest glucosinolate content at day 4 of germination requires functional NSP1. Increased glucosinolate levels in dormant and stratified seeds deficient in TGG1/TGG2, NSP1 or NSP2 suggest turnover to take place during seed maturation and stratification and to depend on these enzymes. However, more research is required to provide evidence for a direct participation of TGG1/TGG2, NSP1 and NSP2 in corresponding turnover pathways. Based on our study, we hypothesize that different enzymes are involved in such pathways at different stages of seed maturation and germination.
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Dynamically changing environmental conditions promote a complex regulation of plant metabolism and balanced resource investments to development and defense. Plants of the Brassicales order constitutively allocate carbon, nitrogen, and sulfur to synthesize glucosinolates as their primary defense metabolites. Previous findings support a model in which steady-state levels of glucosinolates in intact tissues are determined by biosynthesis and turnover through a yet uncharacterized turnover pathway. To investigate glucosinolate turnover in the absence of tissue damage, we quantified exogenously applied allyl glucosinolate and endogenous glucosinolates under different nutrient conditions. Our data shows that, in seedlings of Arabidopsis thaliana accession Columbia-0, glucosinolate biosynthesis and turnover are coordinated according to nutrient availability. Whereas exogenous carbon sources had general quantitative effects on glucosinolate accumulation, sulfur or nitrogen limitation resulted in distinct changes in glucosinolate profiles, indicating that these macronutrients provide different regulatory inputs. Raphanusamic acid, a breakdown product that can potentially be formed from all glucosinolate structures appears not to reflect in planta turnover rates, but instead correlates with increased accumulation of endogenous glucosinolates. Thus, raphanusamic acid could represent a metabolic checkpoint that allows glucosinolate-producing plants to measure the flux through the biosynthetic and/or turnover pathways and thereby to dynamically adjust glucosinolate accumulation in response to internal and external signals.
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Introduction

Plants rely on a multitude of constitutive and inducible specialized metabolites that mediate interactions with the environment. These range from deterring pathogen and herbivores, over attracting beneficial organisms and enemies, to providing protection from, for example, UV radiation or drought. The chemodiversity of specialized metabolites and their regulation in terms of quantity and composition across tissues and developmental stages is beyond comparison (Moore et al., 2014). Arabidopsis thaliana, a small herbaceous plant of the Brassicaceae family, is a widely used and well-studied model organism for plant specialized metabolism, particularly the metabolism of glucosinolates (D’Auria and Gershenzon, 2005; Jensen et al., 2014; Burow and Halkier, 2017). Glucosinolates are chemically diverse amino acid-derived, sulfur- and nitrogen-containing thioglucosides almost solely found in plants of the order Brassicales with more than 130 identified structures to date (Blažević et al., 2019). The activation of glucosinolates has been intensively studied, both for their defensive roles against pathogens and herbivores and for their health beneficial roles for humans (Burow et al., 2010; Pastorczyk and Bednarek, 2016; Traka, 2016; Wittstock et al., 2016a). In recent years, more and more studies uncovering additional roles of glucosinolates and glucosinolate-derived metabolites in feedback regulation of plant metabolism, growth and defense emerged (Zhao et al., 2008; Kerwin et al., 2011; Burow et al., 2015; Jensen et al., 2015; Katz et al., 2015; Francisco et al., 2016a; Malinovsky et al., 2017; Urbancsok et al., 2017; Urbancsok et al., 2018). These studies have connected primary and specialized metabolism via glucosinolate-mediated signaling networks, and provided first insights into the regulatory interplay between glucosinolate metabolism and plant development.

As precursors of defensive metabolites, glucosinolates are constitutively biosynthesized in almost all tissues of A. thaliana throughout all developmental stages of the plant. Sufficient amounts of glucosinolates must be present in a given tissue for the glucosinolate-myrosinase system to function as defense. In the flower stalk, S-cells store glucosinolates accounting for 40% of the total sulfur in that tissue and these have also been identified in petioles (Koroleva et al., 2000; Koroleva et al., 2010). A considerable proportion of glucosinolates thus seems to be stored in these idioblasts. Nevertheless, glucosinolate quantity and composition vary dynamically depending on the age of the plant, the tissue studied and the environmental conditions (Petersen et al., 2002; Brown et al., 2003; Kliebenstein et al., 2005; Mewis et al., 2005; Gigolashvili et al., 2009; Textor and Gershenzon, 2009; Mewis et al., 2012; Züst et al., 2012; Huseby et al., 2013; Augustine and Bisht, 2016; Burow, 2016). Furthermore, a growing number of studies have identified additional functions of glucosinolates; often of distinct of glucosinolate structures, that are not directly linked to plant defense, but instead to hormone signaling, stomatal aperture, the circadian clock, root growth, biomass, and the onset of flowering (Zhao et al., 2008; Kerwin et al., 2011; Burow et al., 2015; Jensen et al., 2015; Katz et al., 2015; Francisco et al., 2016a; Francisco et al., 2016b; Malinovsky et al., 2017; Urbancsok et al., 2017; Urbancsok et al., 2018). These observations illustrate how intricately glucosinolate metabolism connects to a multitude of metabolic and developmental processes; and they may explain the dynamic nature of glucosinolate profiles, also in the absence of a biotic attacker.

Glucosinolate content reaches levels of up to 3% of the dry weight (Brown et al., 2003; Falk et al., 2007) making it a potentially costly investment for the plant (Bekaert et al., 2012; Züst and Agrawal, 2017). Because glucosinolates contain sulfur and nitrogen, their metabolism is tightly linked with sulfur and nitrogen assimilation and metabolism (Kopriva and Gigolashvili, 2016; Marino et al., 2016). Changes in abundance and composition depending on sulfur and nitrogen availability has been intensely studied in A. thaliana and glucosinolate-producing vegetables. Generally, sulfur availability and assimilation is positively correlated with aliphatic glucosinolate levels, while nitrogen availability is positively correlated with indolic glucosinolate levels [for example: (Booth et al., 1991; Withers and O’Donnell, 1994; Koprivova et al., 2000; Krumbein et al., 2001; Kopsell et al., 2007; Omirou et al., 2009; Frerigmann and Gigolashvili, 2014)]. However, increasing nitrogen concentrations have also been shown to have negative effects on total and aliphatic glucosinolate levels depending on the proportion of other macronutrients present such as sulfur, potassium and phosphorous (Li et al., 2007; Schonhof et al., 2007; Chun et al., 2017). Further, the type of nitrogen source (nitrate versus ammonium) can affect glucosinolate levels (Marino et al., 2016). Besides aforementioned inorganic macronutrients, different sugars have been shown to have a positive effect on glucosinolate levels in broccoli sprouts (Guo et al., 2011). Up to 30% of the total sulfur pool are bound in glucosinolates, which were therefore discussed as potential sulfur storage that can be remobilized under conditions of sulfur deficiency or starvation (Falk et al., 2007). The general ability of A. thaliana to metabolize glucosinolates has been directly demonstrated. When p-hydroxybenzyl glucosinolate (sinalbin) was provided as the only sulfur source, seedlings accumulated higher levels of sulfur-containing metabolites, including glucosinolates, than seedlings on glucosinolate-free, sulfur-deficient medium (Zhang et al., 2011). However, endogenous glucosinolates were shown not to be a sulfur source in Brassica seedlings when other sources of organic sulfur were present (Aghajanzadeh et al., 2014). This suggests that seedlings are capable of utilizing glucosinolates as a nutrient under conditions of deficiency, but glucosinolates are not a preferred source for sulfur remobilization. Unlike cyanogenic glycosides (Pičmanová et al., 2015), glucosinolates have not been investigated for a potential function as storage form of nitrogen.

Studies on glucosinolate breakdown have traditionally focused on the enzymatic activation of glucosinolates to bioactive compounds initiated by myrosinases upon tissue damage, i.e. caused by feeding insects (Matile, 1980; Kissen et al., 2009; Wittstock and Burow, 2010). Turnover in intact tissue (i.e. their in planta metabolization in absence of tissue-damage induced breakdown) is less well understood and the pathways and their regulation are yet to be uncovered (Figure 1). Earlier studies that investigated the dynamics of glucosinolates in A. thaliana during plant development or in adult rosettes at different times of day suggested turnover processes in concurrence with de novo biosynthesis (Petersen et al., 2002; Brown et al., 2003; Huseby et al., 2013). For example, relative and absolute amounts of glucosinolates change considerably during the transitions from seeds to seedlings and from seedlings to adult rosette (Brown et al., 2003). Furthermore, in A. thaliana Col-0, some methionine-derived glucosinolates (embryo-synthesized glucosinolates, Supplementary Figure 1) are only present in seeds and seedlings but not in vegetative rosette tissue of young plants indicative of in planta turnover of glucosinolates in seedlings (Petersen et al., 2002; Brown et al., 2003). Indeed, labeled [14C]p-hydroxybenzyl glucosinolate fed to rosette leaves of flowering plants accumulated in the seeds and subsequently showed a decline to 70% within the first weeks of plant development in the next generation (Petersen et al., 2002).



[image: ]

Figure 1 | A proposed metabolic pathway connecting primary and specialized metabolism in intact A. thaliana Col-0 seedlings. In planta turnover of glucosinolates may proceed via hydrolytic cleavage of the glucose (Glc) moiety by a ß-glucosidase to form an aglucone, which is either metabolized to the corresponding nitrile in dependency of nitrile-specifier proteins (NSPs) or rearranged to the isothiocyanate. Nitriles can be further metabolized by nitrilases (NIT) to carboxylic acids, while isothiocyanates can be conjugated to glutathione (GSH) and metabolized to the corresponding amine and raphanusamic acid. Further downstream metabolization of those metabolites is not yet elucidated (dotted arrows).




It is currently unknown which enzymes and pathways are involved in in planta turnover of glucosinolates. Hydrolysis of the thioglucosidic bond by a β-glucosidase has been proposed as the first step (Figure 1). Experimental evidence suggests that the classical myrosinases TGG1 and TGG2 are not involved in glucosinolate turnover in the absence of tissue damage (Barth and Jander, 2006), but in total, 40 family 1 β-glucosidases are encoded in the A. thaliana Col-0 genome (Xu et al., 2004). For three of these enzymes besides classical myrosinases, it has been shown that they can hydrolyze glucosinolates under certain conditions and in certain tissues (Bednarek et al., 2009; Nakano et al., 2017; Nakazaki et al., 2019). In A. thaliana Col-0, damage-induced glucosinolate activation by myrosinases results in the formation of aglucones that can either arrange to isothiocyanates or be converted into simple nitriles (Figure 1) (Wittstock and Burow, 2007; Wittstock and Burow, 2010; Wittstock et al., 2016a). Nitrile-formation is dependent on action of nitrile-specifier proteins (NSPs), which are expressed in seeds, seedlings, leaves, and roots with an organ-specific regulation in A. thaliana Col-0 (Burow et al., 2009; Wittstock et al., 2016b). Glucosinolate-derived nitriles were suggested to be further converted to the corresponding carboxylic acids by nitrilases (NITs), yet these conversions were not considered to contribute to growth regulation via auxin signaling (Piotrowski, 2008; Janowitz et al., 2009). More recently, in silico modelling did, however, not hint to a major impact of nitrilase activity on auxin signaling (Vik et al., 2018). Spontaneous rearrangement of the aglucones yields isothiocyanates, which are highly reactive electrophiles (Brown and Hampton, 2011). Upon activation of 4-methoxyindol-3-ylmethyl glucosinolate (4MOI3M) by the atypical myrosinase PEN2, the resulting isothiocyanate is conjugated with glutathione and undergoes further metabolization to the corresponding amine bearing the indolic side-chain, a reaction that also yields the sulfur-containing raphanusamic acid (Figure 1) (Bednarek et al., 2009; Piślewska-Bednarek et al., 2018). Raphanusamic acid has been reported to have inhibitory properties on plant growth (Inamori et al., 1992) and to be involved in plant immunity (Bednarek, 2012), but the in planta mode of action remained elusive.

Here, to investigate the dynamics of glucosinolate biosynthesis and turnover in seedlings of A. thaliana Col-0 in the absence of tissue damage, we quantitatively analyzed the profiles of endogenous glucosinolates and the dynamics of the exogenous allyl glucosinolate under different nutrient conditions, specifically sulfur and nitrogen limitation as well as availability of exogenous sugars. Our data shows that glucosinolate biosynthesis and its downstream in planta turnover are coordinated according to nutrient availability. Under our experimental conditions, raphanusamic acid accumulation correlated with glucosinolate accumulation, suggesting that this turnover pathway intermediate can provide the plant with information on total glucosinolate levels.




Materials and Methods



Plant Treatments

A. thaliana seedling Col-0 (NASC, N1093) were sterilized with chlorine gas (generated by mixing 100 ml 14% sodium hypochlorite and 3 ml 37% HCL) for 3h. Growth medium was prepared as described in a published protocol (dx.doi.org/10.17504/protocols.io.5q6g5ze). Total nitrogen concentrations were 3 mM (+N) and 0.3 mM (−N) and total sulfur concentrations 1.68 mM (+S) and 0.015 mM (−S). ½ MS medium (Figure 3B) was purchased from Duchefa Biochemie (product no. M0222) and had a total sulfur concentration of 0.82 mM and total nitrogen concentration of 30 mM. Sugars were added to the growth medium solution prior to autoclaving. The concentrations of sugars used correspond to 1% (w/v, 29.2 mM) and 2% (w/v, 58.4 mM) for the monosaccharides glucose and fructose and the sugar alcohols mannitol and sorbitol, and 1.9% (w/v, 29.2 mM) and 3.8% (w/v, 58.4 mM) for the disaccharide sucrose. To study allyl glucosinolate accumulation and turnover, 100 mM allyl glucosinolate (Sinigrin, Sigma-Aldrich, No. S1647) stock solution in water was added to 50 ml of the autoclaved hand warm medium to the final concentrations indicated in the figures and carefully mixed by inversion. For all media treatments, 50 ml medium was poured into a square plate (120 ×120 × 16 mm, Frisenette, Denmark) and the medium was allowed to cool. After plating of the seeds, plates were placed for four days in the dark at 4°C for stratification and subsequently moved to a growth chamber (16 h light/8 h dark, 22/21°C, average light intensity 160 μE), in a vertical orientation. Germination was scored daily as the emergence of the radicle. Only seedlings that germinated one day after stratification were considered for further analysis. To investigate turnover of glucosinolates under different nutrient conditions, seedlings were carefully transferred after phase 1 (accumulation of exogenously applied allyl glucosinolate) using soft forceps onto plates containing different media compositions but no allyl glucosinolate (phase 2) (Supplementary Figure 3). Seedling weight was recorded for a single seedling using a fine-balance prior to metabolite sampling if indicated.




Metabolite Analyses

For glucosinolate and raphanusamic acid analysis, seedlings were harvested into 300 μl 85% (v/v) methanol (HPLC grade) containing 10 µM p-hydroxybenzyl glucosinolate (pOHb; PhytoLab, cat. No. 89793) as internal standard and subsequently homogenized in a bead mill (3 mm bearing balls, 2 × 30 s at 30 Hz). After centrifugation (5 min, 4,700×g, 4°C), 20 µl of the supernatant was diluted with 180 µL MilliQ-grade water (1:10) and filtered (Durapore® 0.22 µm PVDF filters, Merck Millipore, Tullagreen, Ireland) for the analysis of raphanusamic acid. For glucosinolate analysis, samples were prepared as desulfo-glucosinolates as previously described (alternate protocol 2, Crocoll et al., 2016) and analysed with LC-MS/MS. LC-MS/MS analysis was carried out on an Advance UHPLC system (Bruker, Bremen, Germany) equipped with a Kinetex® XB-C18 column (100 × 2.1 mm, 1.7 µm, 100 Å, Phenomenex, USA) coupled to an EVOQ Elite TripleQuad mass spectrometer (Bruker, Bremen, Germany) equipped with an electrospray ionization source (ESI). The injection volume was 1 µL. Separation was achieved with a gradient of water/0.05% (v/v) formic acid (solvent A)–acetonitrile (solvent B) at a flow rate of 0.4 ml/min at 40°C (formic acid, Sigma-Aldrich, cat. no. F0507, reagent grade; acetonitrile, HPLC grade). The elution profile was: 0–0.5 min 2% B; 0.5–1.2 min 2-30% B; 1.2–2.0 min 30–100% B; 2.0–2.5 min 100% B; 2.5–2.6 min 100–2% B; 2.6–4.0 min 2% B. For raphanusamic acid the instrument parameters were optimized by infusion with the pure standard (Sigma-Aldrich, No. 273449). The mass spectrometer parameters were as follows: ionspray voltage was maintained at 3,500 V, cone temperature was set to 300°C and heated probe temperature to 400°C, cone gas flow was set to 20 psi, probe gas flow to 40 psi, nebulizer gas 60 psi, and collision gas to 1.5 mTorr. Nitrogen was used as cone and nebulizer gas, and argon as collision gas. Multiple reaction monitoring (MRM) was used to monitor analyte parent ion > product ion transitions [collision energy]: (pos) 164 > 118 [15 V] (quantifier) and 164 > 59 [15 V] (qualifier). Both Q1 and Q3 quadrupoles were maintained at unit resolution. Glucosinolates were quantified relative pOHb using experimentally determined response factors with commercially available standards in a representative plant matrix. Raphanusamic acid was quantified based on external calibration using a dilution series of an authentic standard.




Statistical Analysis

Statistical analyses (parametric and non-parametric standard tests) were performed using the software R (version 3.3.2, R Core Team, 2017) after checking the suitability of the model for scedasticity and distribution of the data. Models used for analysis are indicated in the figure and supplementary table legends. Figures were generated using the package "ggplot2." MFA (multiple factor analysis) was performed and visualized using the packages "FactoMineR" and "factoextra."





Results



Exogenous Carbon Sources Affect Total Amounts of Glucosinolates During Seedling Development

Glucosinolate profiles differ markedly between seeds and seedlings of A. thaliana (Haughn et al., 1991; Brown et al., 2003). In the accession Col-0, glucosinolates with hydroxyalkyl and benzoyloxyalkyl side chains are synthesized in the developing seeds and still present in seedlings but not at later developmental stages (Supplementary Figure 2) (Kliebenstein et al., 2001; Brown et al., 2003; Kliebenstein et al., 2007). We refer here to these structures as embryo-synthesized glucosinolates. During the transition from seed to seedling, the total glucosinolate content transiently increases, but then drops again to seed level within two to six days after planting. Interestingly, the content of embryo-synthesized glucosinolates is stable during germination (Brown et al., 2003), suggesting that they are not yet catabolized at this early stage of seed-to-seedling transition. To study glucosinolate turnover kinetics, we therefore focused on seedling development after germination.

We analyzed glucosinolates in individual seedlings, starting three days after germination. Overall glucosinolate content continuously increased by 4-fold within six days (P < 0.001, Figure 2A) and more than 30-fold within 20 days after germination (P < 0.001, Figure 3A). This increase affects all three main glucosinolate classes of short- and long-chain aliphatic and indolic glucosinolates but is initially mainly driven by indolic glucosinolates (most dominantly NMOI3M; Supplementary Tables 1 and 2) and then later also by long-chain aliphatic glucosinolates (Supplementary Table 3). The group of embryo-synthesized glucosinolates (Supplementary Figure 1), herein 3bzo and 4bzo glucosinolates, slightly decrease with seedling development (P = 0.062) until they are not detected at nine days after germination (Figure 2B). Interestingly, we detected relatively high levels of embryo-synthesized glucosinolates decreasing at later developmental stages in a different developmental setup (see below).



[image: ]

Figure 2 | Glucosinolate accumulation during A. thaliana Col-0 seedling development. (A) Plotted are means (N = 6–18, one experimental round) of glucosinolate classes: IG, indolic glucosinolates; SC, short-chain aliphatic glucosinolates; LC, long-chain aliphatic glucosinolates; BG, benzenic glucosinolates; ES, embryo-synthesized glucosinolates. Letters denote significant differences at the level on total glucosinolate levels (P < 0.05). (B) Levels of embryo-synthesized glucosinolates (ES; P = 0.62) and raphanusamic acid (RA; P < 0.001). Embryo-synthesized glucosinolates were not detected (nd) in nine-day-old seedlings and raphanusamic acid was not detected in three- and four-day-old seedlings. Depicted are means ± SE, N = 6–18. Statistical testing was performed with Kruskal–Wallis rank sum test followed by pairwise comparisons using Wilcoxon rank sum test (P-value adjustment method: Benjamini & Hochberg). Details on the statistical analysis including means and standard deviations are provided in Supplementary Table 1 for glucosinolate groups and Supplementary Table 2 for individual glucosinolates.
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Figure 3 | Glucosinolate accumulation in A. thaliana Col-0 seedlings depending on the presence and concentration of different sugars in the growth media. Plotted are the means of glucosinolate classes: IG, indolic glucosinolates; SC, short-chain aliphatic glucosinolates; LC, long-chain aliphatic glucosinolates; BG, benzenic glucosinolates; ES, embryo-synthesized glucosinolates. Letters denote significant differences at the 0.05 level on total glucosinolate levels. (A) Seedlings were grown on medium (1.68 mM S, 3 mM N) with three different sucrose concentrations and harvested 1–20 days after germination, (N = 6–8, one experimental round). Different letters indicate statistical differences across all treatments and days. Statistical details including means and standard deviations are in Supplementary Table 3 for glucosinolate groups and Supplementary Table 4 for individual glucosinolates. (B) Seedlings grew for twelve days after germination on ½ MS medium (0.82 mM S, 30 mM N) supplemented with different sugars, before shoot and root tissue were separately harvested per individual seedling. Letters denote significant differences of total glucosinolates levels within a tissue determined by pairwise comparison using Wilcoxon rank sum test (P-value adjustment method: Benjamini & Hochberg) (N = 12, one experimental round). Details on the statistical analysis including means and standard deviations are provided in Supplementary Table 5 for glucosinolate groups and Supplementary Table 6 for individual glucosinolates. Growth phenotypes are depicted in Supplementary Figure 4. ½ MS, half strength Murashige & Skoog medium.




Noticeable increases of glucosinolate content between five and seven days after germination correlated with the development of the first lateral roots and the expansion of the first true leaves, respectively. Concurrent with these physiological changes in seedling development and the pattern of glucosinolate accumulation, levels of raphanusamic acid show increases at five and seven days after germination (P < 0.001, Figure 2B).

The addition of exogenous carbon sources to the growth medium, as frequently done in studies on A. thaliana seedlings, had several effects on the dynamics of glucosinolate accumulation (Figure 3) and seedling development (Supplementary Figure 4). Exogenously supplied sucrose affected the rate and timing of the accumulation of all individual glucosinolates in whole seedlings (Figures 3A, B, top panel, Supplementary Table 3). Most dominantly affected by 29.2 mM sucrose treatment were the dynamics of long-chain aliphatic and indolic glucosinolate accumulation while the changes in short-chain aliphatic glucosinolates over time seemed unaffected (Supplementary Table 3). Compared to sucrose treatment, the effects of glucose treatment on glucosinolate levels was similar, while that of fructose was weaker (Figure 3B). Twelve-day-old seedlings showed a clear distribution of short-chain aliphatic glucosinolates predominantly in shoots and long-chain aliphatic glucosinolates mostly in roots. This tissue-specific distribution remained unaffected by all sugar treatments, albeit the absolute levels and ratios between all glucosinolate groups changed depending on the sugar applied (Figure 3B and Supplementary Table 5). The tested sugars additionally had considerable growth and developmental effects (Supplementary Figure 4). While seedlings grown in the presence of sucrose or glucose show an increase in lateral root formation and shoot size, fructose and mannitol caused an overall stunted growth phenotype. This suggests that the increase in glucosinolates in sucrose and glucose treated seedlings relates to the increased seedling size, while fructose treated seedlings accumulate considerably lower glucosinolate contents, possibly due to their smaller size (Figure 3B and Supplementary Figure 4).




Sulfur and Nitrogen Limitation Differentially Affects Total and Relative Glucosinolate Levels

Next, we tested the effect of sulfur and nitrogen limitation, alone and in combination, on glucosinolate accumulation and growth of A. thaliana Col-0 seedlings for several days. Before the seedlings were exposed to different nutrient regimes, seeds were germinated and grown for six days on control medium containing sufficient amounts of sulfur and nitrogen. Seedlings were then transferred to different media limited in sulfur and/or nitrogen (Supplementary Figure 3) and their development and glucosinolate profile was followed for several days. Nitrogen limitation led to reduced seedling weight (Supplementary Figure 5) and significantly affected accumulation of all de novo synthesized glucosinolate classes (indolic, short- and long-chain aliphatic glucosinolates) within ten to 13 days after transfer (16 to 19 day-old seedlings) and caused stagnation in glucosinolate accumulation (Figure 4A and Supplementary Table 7). After 13 days, nitrogen limitation alone (+S/−N medium) reduces short-chain aliphatic glucosinolate levels to 8%, long-chain aliphatic glucosinolate levels to 20% and indolic glucosinolate levels to 15% compared to the nutrient-sufficient control group (+S/+N medium). Within the long-chain aliphatic glucosinolates, this reduction was more pronounced for methylthioalkyl glucosinolates (7MTH, 8MTO) than for methylsulfinylalkyl glucosinolates (7MSH, 8MSO) (Supplementary Table 7).
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Figure 4 | Accumulation of glucosinolates and raphanusamic acid in A. thaliana Col-0 seedlings under different sulfur (S) and nitrogen (N) regimes. Seeds were germinated on control medium containing sufficient amounts of sulfur (+S) and nitrogen (+N) and seedlings were grown for six days (phase 1) before they were transferred to media with varying sulfur and nitrogen nutrition (phase 2, Supplementary Figure 3). Day 0 describes the day of transfer and reflects the metabolite levels of six-day-old seedlings grown on +S/+N medium. The dashed grey line indicates that seedlings had a change to a limiting medium condition. (A) Total glucosinolate levels and (B) levels of embryo-synthesized glucosinolates (ES) and accumulation of raphanusamic acid (RA) under sufficient and limiting sulfur and nitrogen nutrition. Plotted are (A) means of the glucosinolate classes: IG, indolic glucosinolates; SC, short-chain aliphatic glucosinolates; LC, long-chain aliphatic glucosinolates; BG, benzenic glucosinolates; ES, embryo-synthesized glucosinolates, and (B) means ± SE (N = 5–16, two independent experiments pooled). Letters denote significant difference at the 0.05 level determined by pairwise comparison using Wilcoxon rank sum test (P-value adjustment method: Benjamini & Hochberg). Details on the statistical analysis including means and standard deviations are provided in Supplementary Table 7 for glucosinolate groups and Supplementary Table 8 for individual glucosinolates. Seedling fresh weight in nitrogen and/or sulfur sufficient and limiting conditions is plotted in Supplementary Figure 5. (C) Correlation between total levels of glucosinolates and raphanusamic acid for seedlings grown on sulfur and nitrogen sufficient medium harvested daily three to nine days after germination. Slope = 0.667 ± 0.066, P < 0.001 (F = 103.30), adj. R2 = 0.521 of the linear model lm(logRA~logGLS). Correlations of raphanusamic acid to levels of indolic, short-chain aliphatic and long-chain aliphatic glucosinolates for seedlings grown on glucosinolate-free medium are depicted in Supplementary Figures 5A–C, correlations of raphanusamic acid to total glucosinolate levels and accumulated allyl glucosinolate for seedlings grown on medium supplemented with 50 μM allyl glucosinolate are depicted in Supplementary Figures 5D–E.




Sulfur limitation resulted in an overall reduced accumulation of glucosinolates, but when looking at the three main classes, only the reduced levels of aliphatic glucosinolates were statistically significant. Long-chain aliphatic glucosinolate levels were reduced to 14% and short-chain aliphatic glucosinolate levels to 40% of the nutrient-sufficient control group with similar effects on the individual structures within these classes. Although the levels of total indolic glucosinolates and the levels of NMOI3M were not affected by sulfur limitation, the levels of I3M and 4MOI3M were significantly reduced (Supplementary Tables 7 and 8). Almost exclusively for long-chain aliphatic glucosinolates, we observed synergistic effects of sulfur and nitrogen limitation (Supplementary Table 8).

Levels of embryo-synthesized glucosinolates decreased over time after transfer, but their turnover rate was not affected by nitrogen or sulfur limitation or the combination thereof (Figure 4B and Supplementary Table 7). Accumulation of the general turnover metabolite raphanusamic acid was highest under nitrogen sufficient conditions and thus did not follow the turnover of embryo-synthesized glucosinolates (Figure 4B). Instead, we found the levels of raphanusamic acid to be positively correlated with total glucosinolate accumulation (Figure 4C and Supplementary Figure 5). Availability of nitrogen and sulfur significantly affected seedling growth (Supplementary Figure 6). Nitrogen limitation showed the strongest negative effect on seedling growth (P < 0.001), resulting in stagnation of growth after eight days. The seedling weight was reduced to 13% compared to the nutrient-sufficient group after 13 days under limiting conditions irrespective of the availability of sulfur, which had a smaller negative effect on seedling weight (P = 0.047; Supplementary Table 9). Thus, total endogenous glucosinolate accumulation followed the pattern of seedling growth under nutrient limiting conditions.




Allyl Glucosinolate Accumulation Is Time- and Dose-Dependent and Promotes the Accumulation of Raphanusamic Acid

A. thaliana Col-0 does not biosynthesize allyl glucosinolate at any developmental stage (Kliebenstein et al., 2001; Li and Quiros, 2003; Wentzell et al., 2007; Burow et al., 2015). Accordingly, we did not detect allyl glucosinolate in this study unless it had been applied exogenously. Feeding this glucosinolate to Col-0 seedlings therefore makes it possible to experimentally uncouple biosynthesis and turnover (Francisco et al., 2016a). Seedlings grown on medium containing 50 µM allyl glucosinolate steadily accumulated increasing amounts of allyl glucosinolate (Figure 5A) and reached levels corresponding to approx. 5% of the total endogenous glucosinolates (Figure 5B and Supplementary Tables 10 and 11). Notably, raphanusamic acid levels were considerably higher in allyl glucosinolate-treated seedlings. Nine days after germination, seedlings that had grown on allyl glucosinolate-containing medium accumulated 1.3 nmol raphanusamic acid, whereas the control seedlings only accumulated less than 0.02 nmol (Figures 2B and 5C). Feeding of allyl glucosinolate moreover coincided with accumulation of 0.56 nmol allyl glucosinolate per seedling and increased levels of total endogenous glucosinolates (11 nmol/seedling compared to 8 nmol/seedling grown on control medium) nine days after germination, indicating that the turnover of endogenous glucosinolates might contribute to the accumulation of raphanusamic acid at this developmental stage.
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Figure 5 | Accumulation of allyl glucosinolate (A), total endogenous glucosinolates (B) and raphanusamic acid, (C) in A. thaliana Col-0 seedlings grown continuously on media containing 50 µM allyl glucosinolate. Depicted are means ± SE (N = 17–19, one experimental round) and letters denote significant difference at the 0.05 level. Details on the statistical analysis including means and standard deviation are provided in Supplementary Table 10 for allyl glucosinolate, glucosinolate groups and raphanusamic acid.




Furthermore, allyl glucosinolate accumulated to higher levels with increasing concentrations of allyl glucosinolate in sucrose-free growth medium (Figure 6). The presence of 29.2 mM sucrose in the growth medium decreased the accumulation in seedlings grown on high relative to low allyl glucosinolate concentrations six days after germination (white diamonds, Figure 6) and allyl glucosinolate accumulation remained sucrose-dependent over time (Supplementary Figure 7 and Supplementary Table 12). To investigate the turnover of allyl glucosinolate, allyl glucosinolate-containing seedlings were transferred to glucosinolate-free medium with the same sucrose concentration and grown for another seven days (Figure 6). Allyl glucosinolate levels were reduced by 54%, 58% and 72% for seedlings treated with 10 µM, 50 µM and 200 µM allyl glucosinolate, respectively, after growing on 0 mM sucrose compared to the levels on the day of transfer (black diamonds, Figure 6). In comparison, allyl glucosinolate levels were reduced only by up to 20% for seedlings grown on 29.2 mM sucrose (Figure 6) suggesting a reduced rate of allyl glucosinolate turnover. We further investigated the effect of nitrogen and sulfur limitation on allyl glucosinolate turnover, which had only a minor effect within our time frame of investigation depending on the initial allyl glucosinolate concentration applied in the medium (Supplementary Figure 8 and Supplementary Table 12). Seedling weight, however, was significantly affected by both, the concentration of allyl glucosinolate supplied in the accumulation phase (Phase 1, P < 0.001) and nitrogen limitation in the turnover phase (Phase 2, P < 0.001) for 0 mM sucrose treatment (Supplementary Figure 9 and Supplementary Table 13).
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Figure 6 | Accumulation of allyl glucosinolates in six-day-old seedlings (white diamond, transfer day) and its turnover after seven days on allyl glucosinolate-free medium (black diamond, end of phase 2) is dependent on the concentration of allyl glucosinolate present in the growth medium (phase 1) and the absence (left panel) and presence of 29.2 mM sucrose (right panel). Depicted are means ± SE, N = 15–18 for 0 mM sucrose (data pooled from two independent experiments) and N = 5–8 for 29.2 mM sucrose treatment (one experiment). Pairwise comparison of day 0 to day 7 within an allyl glucosinolate and sucrose treatment group was performed using Wilcoxon rank sum test (P-value adjustment method: Benjamini & Hochberg). Details on the statistical analysis are provide in Supplementary Table 11. For details on the experimental set-up refer to Supplementary Figure 3. For the effect of varying nitrogen and sulfur content on the growth medium on allyl glucosinolate turnover refer to Supplementary Figure 8. Fresh weight of seedlings grown on nitrogen and/or sulfur sufficient and limiting conditions (phase 2) depending on the allyl glucosinolate concentration in phase 1 on sucrose-free medium is plotted in Supplementary Figure 9.




The accumulation of raphanusamic acid was positively correlated with increased allyl glucosinolate accumulation (P(concentration) < 0.001) and nitrogen availability (P(N) < 0.001; Figure 7). This effect was stronger for seedlings that had initially grown on high allyl glucosinolate concentrations (P(N * concentration) < 0.001). Although allyl glucosinolate levels were similar across all four media seven days after transfer depending on the initial allyl glucosinolate concentration in Phase 1 (Supplementary Figure 8), raphanusamic acid levels varied among media (Figure 7). Raphanusamic acid accumulated to amounts expected based on turnover of allyl glucosinolate under nitrogen limiting conditions (−N) if 1 nmol allyl glucosinolate is detected as 1 nmol raphanusamic acid. For nitrogen sufficient conditions (+N), appr. 2-fold higher amounts were detected as could be expected from allyl glucosinolate turnover alone (comparing the difference of days 0 and 7, Figure 6, to the levels in Figure 7), suggesting that raphanusamic acid also stems from turnover of endogenous glucosinolates in intact plant tissue.
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Figure 7 | Accumulation of raphanusamic acid in 13-day-old seedlings dependent on the concentration of allyl glucosinolate supplied in the growth medium in the first six days of seedling development (phase 1, grey scale) and the sulfur (S) and nitrogen (N) availability for additional seven days (phase 2) on 0 mM sucrose medium. Depicted are means ± SE, N = 15–18, data pooled from two independent experiments. Letters denote significant differences at the 0.05 level with pairwise comparison using Wilcoxon rank sum test (P-value adjustment method: Benjamini & Hochberg). Details on the statistical analysis are provided in Supplementary Table 14. For details on the experimental set-up refer to Supplementary Figure 3.






Allyl Glucosinolate Treatment Alters the Turnover of Embryo-Synthesized Glucosinolates

In seedlings grown on 50 µM allyl glucosinolate-containing medium, short-chain aliphatic glucosinolates showed the same pronounced increase seven days after germination (Figures 2A and 8), but accumulated to higher levels compared to those in seedlings grown on allyl glucosinolate-free medium (P = 0.024, Supplementary Table 10). This was driven by a 30% higher accumulation of 4mtb glucosinolate compared to the control group (Supplementary Table 15). Indolic glucosinolates, showing the strongest increase rate at this developmental stage, increased continuously over time and reached 43% higher levels in allyl glucosinolate-treated seedlings than in control seedlings nine days after germination. In contrast, neither total long-chain aliphatic glucosinolates nor any individual glucosinolate in the group was affected by allyl glucosinolate feeding Figures 2A, 8, and Supplementary Table 15). Until eight days after germination, allyl glucosinolate-treated seedlings also maintained significantly higher levels of embryo-synthesized glucosinolates compared to the control group (P = 0.008) (Figure 8). In this experimental setup, the levels of embryo-synthesized glucosinolates decreased over time until they were not detectable nine days after germination irrespective of the presence of allyl glucosinolate in the medium.
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Figure 8 | The influence of exogenously applied allyl glucosinolate on endogenous glucosinolate profiles in A. thaliana Col-0 seedlings. Seedlings were grown on control (glucosinolate-free) medium (white fill) and medium containing 50 µM allyl glucosinolate (colored fill) for nine days after germination. Plotted are means (bold bar) and 95% confidence interval (box), N = 6–19 (one experimental round). Embryo-synthesized glucosinolates were not detected (nd) in nine-day-old seedlings. Statistical comparison of the control and allyl glucosinolate treatment was performed with a linear model of the following function: aov(analyte ~ treat*day), with treat = treatment. Details on the statistical analysis including means, standard error and post-hoc tests are in Supplementary Table 1 for the control treatment and Supplementary Table 15 for allyl glucosinolate treatment.




Nine days after germination, seedlings grown on 50 µM allyl glucosinolate-containing medium had accumulated >35% higher total levels of glucosinolates than seedlings grown on control medium (Figures 2A and 8). To compare the effects of allyl glucosinolate feeding to those of nitrogen and sulfur availability, and sucrose on endogenous glucosinolate profiles, we performed a multiple factor analysis (MFA) on a principle component analysis (PCA) on the entirety of the individual glucosinolates detected with our method (for all values and treatment combinations, Supplementary Table 17). The analysis was performed on single seedlings that were first grown on various concentrations of allyl glucosinolate with or without the addition of 29.2 mM sucrose (phase 1). Six days after germination, the seedlings were grown for another seven days (in sum, 13-day-old seedlings) on glucosinolate-free media that were sufficient or limiting in nitrogen and/or sulfur and either contained 29.2mM sucrose, or not (phase 2, Supplementary Figure 3). These four variations in medium composition (allyl glucosinolate concentration in Phase 1; nitrogen content, sulfur content and sucrose content in Phase 2) were considered as categorical variables in the principal component analysis, and the individual glucosinolates were further divided into groups (as in Supplementary Table 17) as continuous variables for the MFA-PCA analysis. Of the treatments, the absence or presence of sucrose (Figure 9, bottom right panel) is the dominant factor describing the separation of the data in the first dimension.
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Figure 9 | Multiple factor analysis (MFA) of the effects of exogenously feeding allyl glucosinolate (in 0, 10, 50 and 200 μM), varying nitrogen in the growth medium (0.3 mM (−N) and 3 mM (+N)), varying sulfur in the growth medium (0.015 mM (−S) and 1.68 mM (+S) and the effects of the presence (29.2 mM) and absence and sucrose on endogenous glucosinolate levels. Seedlings were grown on medium containing different concentrations of allyl glucosinolate for six days (phase 1) and transferred to glucosinolate-free medium varying in their nitrogen and sulfur content for seven days (phase 2, for details on the experimental set-up refer to Supplementary Figure 3). Sucrose treatment was constant over phase 1 and phase 2. Each triangle represents the sum of all individual glucosinolate concentrations of one single seedling, data pooled from two independent experiments. For a list of the glucosinolate concentrations and the statistical analysis by treatment group refer to Supplementary Tables 16 and 17. For a list of the contribution of the treatment and glucosinolate classes, and of the contributions of the individual glucosinolates to the separation of dimensions 1 and 2, refer to Supplementary Figure 10.




Overall, the presence of sucrose in the growth medium correlates with lowered total glucosinolate levels (Supplementary Tables 16 and 17) independent of other variable factors in this experiment. The glucosinolates most strongly contributing to this dimension (thus correlating with the effect of sucrose treatment) are 2PE and NMOI3M, followed by C8 aliphatic glucosinolates, embryo-synthesized glucosinolates and short-chain aliphatic glucosinolate to a lesser extent (Supplementary Figure 10, bottom left panel). Dimension 2 best describes the effect of nitrogen variation, followed by allyl glucosinolate feeding (Figure 9, top panels; Supplementary Figure 10, top right panel). In the 0 mM sucrose treatment group, we find that total glucosinolate levels are negatively correlated with allyl glucosinolate concentration affecting aliphatic and indolic glucosinolates (Supplementary Table 16). Nitrogen limitation negatively impacts short-chain aliphatic glucosinolate levels dependent on the allyl glucosinolate concentration fed, particularly negatively affecting 4mtb levels (but not raising 4msb levels) (Supplementary Figure 10, bottom right panel; Supplementary Table 17). Variation in sulfur availability has a negligible effect on the overall changes in in glucosinolate profiles, and this effect could not be resolved in any other dimension described in this model (dimensions 3 and upwards not shown).





Discussion



Glucosinolate Biosynthesis and Turnover Are Coordinated According to Nutrient Availability

Steady-state levels of metabolites are determined by the rates of biosynthesis and turnover. Whereas the regulation of the biosynthetic pathways and their regulators has been intensely studied, especially at the transcriptional level, glucosinolate turnover pathways remained largely elusive and their impact on steady-state levels of glucosinolates awaits to be determined. To this end, we investigated the nutrient-driven dynamics of glucosinolate levels during seedling development in A. thaliana, i.e. at a developmental stage at which biosynthesis and turnover of glucosinolates coincide. Between three and nine days after germination, the average rate of total glucosinolate accumulation was ca. 1 nmol/day (Figure 2A), indicating that the rate of biosynthesis exceeds the rate of turnover at this stage. Embryo-synthesized glucosinolates were detectable at least nine days after germination under our experimental conditions (Figure 2B) and generally found to decrease during seedling development (Figures 2B, 4B, and Supplementary Table 7) demonstrating turnover of these compounds. Similarly, the levels of allyl glucosinolate exogenously applied during the first days of seedling development decreased after the seedlings had been moved to allyl glucosinolate-free medium (Figure 6). Although, we cannot determine the relative impact of biosynthesis and turnover on those glucosinolate structures that are de novo synthesized in the seedlings, our data confirm previous findings (Petersen et al., 2002; Brown et al., 2003) that seedlings possess the enzymatic machinery to metabolize glucosinolates.

Metabolic processes, growth and development in A. thaliana seedlings are regulated by nutrient availability, for example a balanced carbon to nitrogen ratio (Martin et al., 2002). The addition of 29.2 mM (1 %) sucrose to the growth medium with sufficient concentrations of sulfur and nitrogen alters glucosinolate profiles (Figure 3) (Gigolashvili et al., 2007; Francisco et al., 2016a). Under our experimental conditions, external sucrose had a stronger effect on the dynamics of long-chain aliphatic and indolic glucosinolate accumulation than on short-chain aliphatic glucosinolates, without changes in glucosinolate composition within these three groups (Figure 3A and Supplementary Table 3). In twelve-day-old seedlings, sucrose and glucose led to higher glucosinolate accumulation in roots and shoots, whereas fructose treatment did not result in significant changes in glucosinolate content (Figure 3B). Although the expression of MYB28, a positive regulator of aliphatic glucosinolate biosynthesis, is short-term inducible by glucose (Gigolashvili et al., 2007), long term exposure to external carbon sources appears to affect overall glucosinolate content by regulating seedling growth (Supplementary Figure 4) without fine-tuning glucosinolate composition.

Sucrose treatment further affected accumulation of the exogenous allyl glucosinolate, which could reflect a negative effect of sucrose on allyl glucosinolate uptake or a positive effect on turnover (Figure 6). When we subsequently followed the turnover of allyl glucosinolate after transfer of the seedlings from plates containing 200 µM allyl glucosinolate to allyl glucosinolate-free media, lower amounts were metabolized in seedlings kept on sucrose-containing plates. This observation suggests a lower turnover rate of allyl glucosinolate in the presence of sucrose and shows that sucrose treatment regulates not only glucosinolate biosynthesis but also turnover.

Also sulfur and nitrogen limitation negatively affected the accumulation of all de novo synthesized glucosinolate classes (indolic, short- and long-chain aliphatic glucosinolates). Under nitrogen limiting conditions, the strongest fold-reduction was detected for short-chain aliphatic glucosinolates, which are, however, less abundant than indolic and long-chain aliphatic glucosinolates at this developmental stage (Figure 4A). In contrast, sulfur limitation had the strongest negative impact on long-chain aliphatic glucosinolates. Although nitrogen has the more pronounced quantitative effect on glucosinolate levels, both nitrogen and sulfur negatively affected de novo synthesis of all three groups under conditions of long-term nutrient limitation. In addition to the overall reduction in glucosinolates, sulfur or nitrogen limitation resulted in distinct changes in the levels of individual glucosinolates (Supplementary Table 7), indicating that these macronutrients provide a regulatory input different from sucrose.

Because glucosinolates can represent up to 30 % of the total sulfur in a given tissue, they have been discussed as potential source for sulfur under sulfur limiting conditions (Falk et al., 2007). However, in seedlings of Brassica juncea and B. napus challenged by sulfate deprivation, sulfur is not mobilized from glucosinolates (Aghajanzadeh et al., 2014). Similarly, neither sulfur nor nitrogen limitation had a significant effect on the turnover of embryo-synthesized glucosinolates under our experimental conditions (Figure 4) or on the turnover of exogenously fed allyl glucosinolate (Supplementary Figure 8). Although sulfur and nitrogen availability do not seem to change glucosinolate turnover rates in Brassicaceae seedlings, this may nevertheless happen at later developmental stages.




Exogenously Applied Allyl Glucosinolate Is Metabolized and Fine-Tunes Glucosinolate Biosynthesis and Turnover

When grown on medium containing allyl glucosinolate, A. thaliana seedlings gradually accumulated allyl glucosinolate until eight days after germination in a dose-dependent manner (Figures 5A and 6). Although exogenously applied glucosinolates have previously been shown to be transported between root and shoot in the same way as endogenous glucosinolates and to undergo further side chain modification by the glucosinolate biosynthetic machinery (Li and Quiros, 2003; Andersen et al., 2013; Burow et al., 2015; Francisco et al., 2016a; Malinovsky et al., 2017), it cannot be ruled out that an unknown proportion of allyl glucosinolate provided in the medium will encounter myrosinase-catalyzed breakdown. Nevertheless, the addition of sucrose to the growth medium quantitatively affects allyl glucosinolate accumulation depending on seedling development (Figure 6 and Supplementary Figure 7) (Francisco et al., 2016a). Exogenously applied allyl glucosinolate further affects the endogenous glucosinolate profile (Figures 5 and 8) (Francisco et al., 2016a). Short -chain aliphatic and indolic glucosinolates accumulated to higher levels in seedlings grown on allyl glucosinolate compared to seedlings grown on allyl glucosinolate-free medium, although this trend was not significant for long-chain aliphatic glucosinolates (Figure 8). This further supports the positive regulatory effect of allyl glucosinolate on the biosynthesis of glucosinolates from methionine and tryptophan (Francisco et al., 2016a).

The presence of sucrose resulted in decreased accumulation of allyl glucosinolate depending on the initial allyl glucosinolate concentration in the growth medium (Figure 6), which is likely due to a lower uptake rate of allyl glucosinolate as discussed above. In the absence of external sucrose, seedlings grown on allyl glucosinolate-containing medium maintained higher levels of the embryo-synthesized glucosinolates (Figure 8). Likewise, allyl glucosinolate feeding did not lead to altered levels of the short-chain aliphatic 4-methylsulfinylbutyl glucosinolate predominantly present in adult plants, but resulted in altered levels of 4mtb glucosinolate depending on seedling age, illustrating the fine-tuning effect of allyl glucosinolate on the glucosinolate profile in seedlings. Because a substantial proportion of 4mtb but not 4msb glucosinolate in seedlings is derived from the seed, we cannot conclude whether allyl glucosinolate affects biosynthesis and/or turnover at this developmental stage.

Structure-specific effects on growth and development have also been shown for the structurally unrelated 3ohp glucosinolate, which belongs to the embryo-synthesized glucosinolates in A. thaliana Col-0. 3ohp glucosinolate was recently shown to inhibit seedling root growth due to its signaling function via genes in the sugar sensing Target Of Rapamycin (TOR) pathway (Malinovsky et al., 2017). Dose-dependent effects on root growth have further been shown for the glucosinolate breakdown products indole-3-carbinol and allyl isothiocyanate, although at much higher concentrations and in case of indole-3-carbinol through auxin signaling (Katz et al., 2015; Urbancsok et al., 2017). Based on these observations, we propose a model in which the glucosinolate composition and the metabolic status coordinately feedback regulate glucosinolate profiles and seedling development.




Raphanusamic Acid Levels Reflect the Levels of Endogenous Glucosinolates

Turnover of glucosinolates via the formation of isothiocyanates and their conjugation with glutathione yields raphanusamic acid (Bednarek et al., 2009; Piślewska-Bednarek et al., 2018). Although glucosinolates are predominantly metabolized to simple nitriles in homogenates of A. thaliana seedlings (Wittstock et al., 2016b), we monitored the levels of raphanusamic acid as potential indicator of glucosinolate turnover during seedling development and indeed detected increasing amounts from five days after germination (Figure 2B). Over time, the kinetics of raphanusamic acid accumulation did, however, not follow the turnover of the embryo-synthesized glucosinolates (Figures 2 and 4B). Raphanusamic acid levels were instead correlated with the accumulation of total glucosinolate levels (Figure 4C). Considering that one week after germination, the indolic glucosinolate NMOI3M constitutes >40% of total glucosinolates and accumulates at high rate (Supplementary Table 1), raphanusamic acid may at least partially reflect the biosynthetic rate of indolic or possibly of total glucosinolates.

In support of this hypothesis, higher levels of raphanusamic acid repeatedly coincided with high flux through the glucosinolate biosynthetic pathways. The levels of raphanusamic acid and glucosinolates were reduced under nitrogen and sulfur limiting conditions (Figure 4). Further, the accumulation of allyl glucosinolate over time positively correlated with raphanusamic acid, an effect that persisted seven days after the seedlings had been transferred to allyl glucosinolate-free media (Figure 7). These increased levels of raphanusamic acid upon and after allyl glucosinolate feeding may stem from allyl glucosinolate itself but may also reflect an allyl glucosinolate-mediated increased biosynthetic rate. Because raphanusamic acid can possibly be formed form all glucosinolates irrespective of their side chain chemistry, it cannot carry glucosinolate structure-specific regulatory information. Nevertheless, this intermediate of glucosinolate metabolism could serve as checkpoint allowing the plant to measure the flux through the glucosinolate biosynthetic and turnover pathways and thereby to dynamically adjust glucosinolate levels to internal and external signals.
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Glucosinolates present in Brassicaceae play a major role in herbivory defense. Upon tissue disruption, glucosinolates come into contact with myrosinase, which initiates their breakdown to biologically active compounds. Among these, the formation of epithionitriles is triggered by the presence of epithiospecifier protein (ESP) and a terminal double bond in the glucosinolate side chain. One ESP gene is characterized in the model plant Arabidopsis thaliana (AtESP; At1g54040.2). However, Brassica species underwent genome triplication since their divergence from the Arabidopsis lineage. This indicates the presence of multiple ESP isoforms in Brassica crops that are currently poorly characterized. We identified three B. oleracea ESPs, specifically BoESP1 (LOC106296341), BoESP2 (LOC106306810), and BoESP3 (LOC106325105) based on in silico genome analysis. Transcript and protein abundance were assessed in shoots and roots of four B. oleracea vegetables, namely broccoli, kohlrabi, white, and red cabbage, because these genotypes showed a differential pattern for the formation of glucosinolate hydrolysis products as well for their ESP activity. BoESP1 and BoESP2 were expressed mainly in shoots, while BoESP3 was abundant in roots. Biochemical characterization of heterologous expressed BoESP isoforms revealed different substrate specificities towards seven glucosinolates: all isoforms showed epithiospecifier activity on alkenyl glucosinolates, but not on non-alkenyl glucosinolates. The pH-value differently affected BoESP activity: while BoESP1 and BoESP2 activities were optimal at pH 6-7, BoESP3 activity remained relatively stable from pH 4 to 7. In order test their potential for the in vivo modification of glucosinolate breakdown, the three isoforms were expressed in A. thaliana Hi-0, which lacks AtESP expression, and analyzed for the effect on their respective hydrolysis products. The BoESPs altered the hydrolysis of allyl glucosinolate in the A. thaliana transformants to release 1-cyano-2,3-epithiopropane and reduced formation of the corresponding 3-butenenitrile and allyl isothiocyanate. Plants expressing BoESP2 showed the highest percentage of released epithionitriles. Given these results, we propose a model for isoform-specific roles of B. oleracea ESPs in glucosinolate breakdown.

Keywords: epithionitrile, expression profile, functional complementation, glucosinolate hydrolysis, nitrile, specifier proteins, tissue specificity



Introduction

In the order Brassicales, glucosinolate (GLS) hydrolysis products play a vital role in plant defense, but are also well recognized for their health beneficial effects exerted by the consumption of Brassicaceae vegetables. The enzyme myrosinase initiates the breakdown of the sulfur-containing compounds when cells are disrupted and compartmentation is destroyed, for example by herbivore feeding (Wittstock and Burow, 2010; Hanschen et al., 2014). While releasing glucose, a thiohydroximate-O-sulfate is formed, which can spontaneously degrade by a Lossen-like rearrangement to an isothiocyanate (ITC) or a nitrile (Rossiter et al., 2007). ITCs are the pungent principle found in mustard, wasabi, and radish (Terada et al., 2015), among others. Moreover, ITCs have antimicrobial, anti-inflammatory, and most frequently investigated, anticarcinogenic properties (Traka and Mithen, 2009; Veeranki et al., 2015). Several Brassica vegetables mainly release nitriles and epithionitriles (ETNs) upon GLS hydrolysis (Matusheski et al., 2006; Hanschen and Schreiner, 2017; Klopsch et al., 2017). This is due to the presence of specifier proteins that interact during the degradation of the GLS aglucon (Wittstock and Burow, 2010; Backenköhler et al., 2018). Nitrile specifier proteins (NSPs) were previously identified in Arabidopsis thaliana as the evolutionary oldest specifier proteins. Their presence leads to an increased formation of nitriles (Kissen and Bones, 2009; Kuchernig et al., 2012). Occurrence and activity of the epithiospecifier protein (ESP) leads to the generation of ETNs from alkenyl-GLS aglucons as well as nitriles from non-alkenyl-GLS-aglucons (Burow et al., 2006; Matusheski et al., 2006). Many Brassica species release nitriles and ETNs upon GLS hydrolysis, among them B. oleracea and also B. campestris, B. carinata, and B. rapa (Macleod and Rossiter, 1985; Matusheski et al., 2004; Hanschen and Schreiner, 2017; Klopsch et al., 2017; Klopsch et al., 2018; Hanschen et al., 2019). So far, ESPs were characterized in A. thaliana (Lambrix et al., 2001; De Torres Zabala et al., 2005; Hanschen et al., 2018b) and in Brassica species, such as broccoli (B. oleracea var. italica) (Matusheski et al., 2006) and B. napus (Bernardi et al., 2000; Foo et al., 2000). The thiocyanate forming protein (TFP) has evolved from ESP and was reported in Lepidium sativum, Thlaspi arvense, and Alliaria petiolate, where it catalyzes the formation of thiocyanates and ETNs from selected GLS, and nitriles from other GLS (Kuchernig et al., 2011; Kuchernig et al., 2012). A recent study shows that the enlargement in the 3L2 loop of TaTFP is associated with a higher flexibility compared to ESP which enables an alternative loop conformation (alternative to the loop conformation leading to ETN formation due to C-S lyase activity) being the prerequisite for an additional activity as C-C-lyase leading to thiocyanate formation (Eisenschmidt-Bönn et al., 2019).

Tookey was the first to isolate an ESP-rich fraction in 1973 from Crambe abyssinica and to show that ESP activity depends on the availability of Fe2+ (Tookey, 1973). Fe2+ most likely is bound to ESP by the amino acids E260, D264, and H268 (Brandt et al., 2014; Backenköhler et al., 2018). Concerning ESP-catalyzed ETN formation, it is known that the sulfur from its thiirane ring originates from the thioglucosidic sulfur of the GLS (Brocker and Benn, 1983). Thus, Fe2+ most likely enables the intramolecular transfer and insertion of the sulfur into the terminal double bond to form the thiirane ring (Brocker and Benn, 1983; Foo et al., 2000; Backenköhler et al., 2018).

Vegetables belonging to B. oleracea species (such as broccoli, kohlrabi, Brussels sprouts, white, red, or savoy cabbages) are of high importance with regard to human consumption (FAOSTAT, 2018). As ESP activity reduces formation of health-promoting ITCs (Matusheski and Jeffery, 2001; Matusheski et al., 2006), knowledge on function of specifier proteins in vegetables is essential. Until now, one ESP was cloned form B. oleracea, expressed in Escherichia coli and the recombinant protein was characterized for its role in sulforaphane [4-(methylsulfinyl)butyl isothiocyanate] and sulforaphane nitrile [5-(methylsulfinyl)pentanenitrile] formation (Matusheski et al., 2006). However, it can be assumed that genome triplication of B. oleracea (n = 9) (Cheng et al., 2014; Liu et al., 2014) resulted in the presence and activity of multiple ESP isoforms with distinct expression patterns as shown for aquaporins (Diehn et al., 2015) and flavonoid biosynthesis genes (Qu et al., 2016).

Here we report the identification of three ESPs from B. oleracea. The transcript and protein abundance was investigated in shoots and roots of four B. oleracea genotypes, namely broccoli, kohlrabi, white, and red cabbage. Further, heterologous expressed BoESPs were characterized for their substrate specificity towards specific GLS. Finally, their potential for the in vivo modification of GLS hydrolysis was tested and the three isoforms were expressed in A. thaliana Hi-0, which has very low intrinsic ESP activity.




Materials and Methods



Chemicals

Benzonitrile (≥99.9%), 3-butenenitrile (Allyl-CN, ≥98%), 3-(methylsulfanyl)propyl ITC (3MTP-ITC; ≥98%), d/l-dithiothreitol, FeSO4(H2O)7 (≥ 99%), myrosinase (thioglucosidase from Sinapis alba seeds; ≥100 units/g), CH3COONa(H2O)3 (≥ 99%), allyl ITC (Allyl-ITC, ≥99%), Coomassie Brilliant Blue R staining solution, Gamborg’s vitamin solution, isopropyl-β-d-thiogalactopyranoside (IPTG), kanamycin sulfate, Murashige and Skoog medium, 4-pentenenitrile (3But-CN, ≥97%), 3-phenylpropanenitrile (2PE-CN) ≥99%), and 2-phenylethyl isothiocyanate (2PE-ITC, ≥99%) were purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). 3-Indoleacetonitrile (IAN) (≥98%) was acquired from Acros Organics (Fischer Scientific GmbH, Schwerte, Germany). 3-Butenyl ITC (3But-ITC, ≥95%) was obtained from TCI Deutschland GmbH (Eschborn, Germany). 3-(Methylsulfinyl)propyl ITC (3MSOP-ITC) and 4-(methylsulfanyl)butyl ITC (4MTB-ITC, ≥98%) were purchased from Santa Cruz Biotechnology (Heidelberg, Germany). 4-(Methylsulfinyl)butyl ITC (4MSOB-ITC) was bought from Enzo Life Sciences GmbH (Lörrach, Germany). (R)-5-Vinyloxazolidine-2-thione (R-OZT) was purchased from Biosynth AG (Staad, Switzerland). Acetic acid (≥99.5%), 4-hydroxybenzyl GLS (≥99%), methylene chloride (GC Ultra grade), allyl GLS · H2O (ROTICHROM® CHR, and vitamin C [l-(+)-ascorbic acid, ≥99%] were obtained from Carl Roth GmbH (Karlsruhe, Germany). 1-Cyano-2,3-epithiopropane [CETP, ≥97.6% (by GC-MS)] was purchased from Taros Chemicals GmbH Co. KG (Dortmund, Germany). 1-Cyano-3,4-epithiobutane (CETB, ≥99%) was purchased from ASCA GmbH Angewandte Synthesechemie Adlershof (Berlin, Germany). Methanol (≥99.95%), acetonitrile (LC-MS grade), and arylsulfatase were purchased from Th. Geyer GmbH & Co. KG (Renningen, Germany). NaSO4 (≥99%) was purchased from VWR International GmbH (Darmstadt, Germany). 3-Butenyl (3But), (R)-2-hydroxy-3-butenyl- (2OH3But), 4-(methylsulfanyl)butyl- (4MTB), 3-(methylsulfinyl)propyl- (3MSOP), 4-(methylsulfinyl)butyl- (4MSOB), and 2-phenylethyl-GLS (2PE) were purchased from Phytolab GmbH & Co. KG (Vestenbergsgreuth, Germany).

All solvents were of LC-MS or GC-MS grade, ultrapure water was used for all experiments.




Plant Material

Seeds of white cabbage B. oleracea var. capitata f. alba cv. Jetma (Rijk Zwaan Welver GmbH, Welver, Germany), kohlrabi B. oleracea var. gongylodes cv. Kolibri, and red cabbage B. oleracea var. capitata f. rubra cv. Integro (both Volmary GmbH, Münster, Germany), and broccoli B. oleracea var. italica cv. Ironman (Seminis Vegetable Seeds Deutschland GmbH, Neustadt am Rübenberge, Germany) all being F1 hybrids, were germinated on perlite. Sprouts were grown for 8 days in a climate chamber at controlled light (15 h photoperiod, 500 µmol·m-2·s-1) and temperature regime (day 22°C/night 18°C) as well as 70% humidity. Water was given as needed.

At harvest, sprouts were separated into root and shoot (tissue in between was discarded). Aliquots for RNA (100 mg) and for protein extraction (500 mg) were frozen in liquid nitrogen and stored at -80°C until further sample preparation. For analysis of GLS, an aliquot was weighed and frozen immediately in liquid nitrogen and lyophilized subsequently. Determination of GLS hydrolysis products was performed on 250 mg of fresh plant material, mixed with 250 mg of water and homogenized using a mixer mill at 30 Hz as described earlier (Hanschen and Schreiner, 2017). For determination of ESP activity of B. oleracea tissues, 250 mg of tissue was mixed 1:1 with water and ESP-rich plant extracts were prepared as described previously (Hanschen et al., 2018a). Samples from three (protein profiling, GLS, GLS hydrolysis products, ESP activity) or four (transcript profiling) independent experiments were analyzed.

A. thaliana seeds of T2 transgenic lines were surface sterilized and germinated on half-strength Murashige Skoog medium (pH 5.8), supplemented with 1.5% sucrose and 50 µg/ml kanamycin, the latter except for Hi-0 wildtype plants. Two weeks after germination, plants were transferred to pots filled with sand and watered with nutrient solution (Gibeaut et al., 1997). Plants were grown for 5 weeks under short-day conditions (8 h light/16 h dark, 22°C, 40–60% humidity). At harvest, roots were carefully removed from pots, blotted dry and samples of rosette leaves and roots were taken and analyzed for GLS breakdown products: 5–55 mg of root and 60–250 mg of shoot tissue were exactly weighed, mixed with water 1: 1, homogenized as described above and analyzed. Three independent experiments were performed to test BoESP activity in Hi-0, with 3–4 replicates consisting of 1–2 plants.




Analysis of Glucosinolates

To determine the profiles and concentrations of GLS in root and shoot tissue of B. oleracea, lyophilized powder was extracted and GLS were analyzed in their desulfo-form (Hanschen and Schreiner, 2017).




Determination of Glucosinolate Hydrolysis Products in Roots and Shoots

The extraction and quantification of the enzymatically formed GLS hydrolysis products in homogenized plant material or the BoESP activity assay via GC-MS was performed as described earlier (Hanschen and Schreiner, 2017) with small modifications: The transfer line was set to 270°C and He flow was 1 ml min-1 in the ESP-assay experiments and GLS hydrolysis profile screenings of B. oleracea. He flow was 1.8 ml min-1 for analyzing GLS hydrolysis products in A. thaliana.




Database Search and Gene Sequence Analyses

The A. thaliana ESP nucleotide sequence (At1g54040.2) was used as query to search the B. oleracea genome data set at NCBI using BLASTn (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Primers were designed using NCBI Primer-BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Multiple sequence alignments and assessment of sequence identities were done with MegAlign (DNASTAR, United States) and T-Coffee program (Di Tommaso et al., 2011).




cDNA Synthesis and qPCR Analysis

RNA was isolated from 100 mg root or shoot material using RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany), according to the manufacturer’s specifications, including DNase treatment. Briefly, cDNA was synthesized from 2 µg total RNA with iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories GmbH, Munich, Germany), according to the manufacturer’s protocol. Transcript abundance of BoESPs was estimated by qPCR based on primer pairs detailed in Table S1. Two primer pairs were selected for B. oleracea reference genes based on geNORM (Vandesompele et al., 2002) analysis of expression stability and previous evaluation (Brulle et al., 2014). The two reference genes chosen were BoSAND1 (GenBank accession no. KF218596) and BoTUB6 (GenBank accession no. KF218597). The PCR program comprised an initial denaturation (95°C/3 min) followed by 40 cycles of 95°C/10 s, 54°C/30 s. A melting curve was generated by denaturing (95°C/10 s), then holding the reaction for 5 s at a temperature between 65°C and 95°C in 0.5°C increments. The template cDNA was diluted 10-fold in sterile water to an approximate concentration of 50 ng/µl. qPCRs were set up, measured and analyzed as described earlier (Witzel et al., 2018). Statistical analysis of transcript abundance data was assessed using Student’s t-test implemented in SigmaPlot 12.3 (Systat Software GmbH, Germany).




Protein Extraction and Label Free Protein Quantification

Proteins in shoots and roots of the four B. oleracea genotypes were extracted using phenol extraction method (Faurobert et al., 2007). Resulting protein pellets were solubilized in 30 mM Tris, 7 M urea, 2 M thiourea, 4% CHAPS (pH 8.5), and concentration was measured using Bradford Red reagent (Expedeon, United Kingdom) and bovine serum albumin as standard. For tryptic digest of proteins, the filter aided sample preparation (FASP) protocol was applied as outlined in detail (Jozefowicz et al., 2018), using a Microcon-10 kDa Centrifugal Filter Unit (Merck Millipore, United States). After completion of digest, peptides were eluted from the filter and the eluate was dried. Desalting of peptides was done using Peptide Desalting Spin Columns (Pierce, Thermo Scientific, United States) following the manufacturer’s instructions. Eluted and desalted peptides were re-suspended in 2% acetonitrile/0.1% trifluoroacetic acid to a concentration of 100 ng µl-1.

Five µl of protein digest were separated by nanoflow liquid chromatography on a Dionex UltiMate 3000 system (Thermo Scientific) coupled to a Q Exactive Plus mass spectrometer (Thermo Scientific). Peptides were loaded onto a C18 trap-column (0.3 × 5 mM, PepMap100 C18, 5 μm, Thermo Scientific) and then eluted onto an Acclaim PepMap 100 C18 column (0.075 x 150 mM, 3 µm, Thermo Scientific) at a flow rate of 300 nl min-1. The mobile phases consisted of 0.1% formic acid (solvent A) and 0.1% formic acid in 80% ACN (solvent B). Peptides were separated chromatographically by a 70 min gradient from 2% to 44% solvent B, with the column temperature set at 40°C. For electrospray ionization of peptides, a Nanospray Flex ion source was used, with spray voltage set at 1.80 kV, capillary temperature at 275°C, and S-lens RF level at 60. Mass spectra were acquired in positive ion and data-dependent mode. Full-scan spectra (375 to 1,500 m/z) were acquired at 140,000 resolution and MS/MS scans (200 to 2,000 m/z) were conducted at 17,500 resolution. Maximum ion injection time was 50 ms for both scan types. The 20 most intense MS ions were selected for collision-induced dissociation fragmentation. Singly charged ions and unassigned charge states were rejected; dynamic exclusion duration was set to 45 s.

The raw files were processed using Proteome Discoverer v2.3.0.523 (Thermo Scientific) and Mascot search engine v2.5.1.1 (Matrix Science Inc, United States), searching the B. oleracea protein database (release 42, http://plants.ensembl.org/Brassica_oleracea/Info/Index). The false discovery rate was set to 0.01 for proteins and peptides. Further parameters for database search were: peptide tolerance, 10 ppm; fragment ion tolerance, 0.02 Da; tryptic cleavage with max. 2 missed cleavages; carbamidomethylation of cysteine as fixed modification and oxidation of methionine as variable modification. The result lists were filtered for high confident peptides and their signals were mapped across all LC-MS experiments (four B. oleracea genotypes x two analyzed organs x three independent experiments x three replicate measurements = 72 LC-MS experiments) and normalized to the total peptide amount per same LC-MS experiment. Only unique peptides were selected for quantification and abundances of all peptides allocated to a specific protein were summed and compared. Statistical analysis of protein abundance data was assessed using Student’s t-test implemented in SigmaPlot 13.0 (Systat Software GmbH, Germany).




Plasmid Construction

Due to the high sequence similarity of BoESP isoforms, cloning of specific full-length cDNA fragments from B. oleracea was not successful. Therefore, cDNAs were commercially synthesized (Eurofins Genomics Germany GmbH, Germany) and subsequently PCR amplified using the primers listed in Table S2. The resulting fragments were inserted into the pENTR-D/TOPO vector according to the manufacturer’s instructions (Thermo Fisher Scientific, Germany) and verified by sequencing. Subsequently, the individual ESP coding regions were recombined into the technique-specific destination vector, using L/R-Clonase (Thermo Fisher Scientific). To generate constructs for A. thaliana transformation, the destination vector pRB-35S-3xmyc (Bartetzko et al., 2009) was used while E. coli expression constructs were based on a Gateway®-compatible version of pMal-C2 (New England Biolabs GmbH, Germany).




Protein Expression and Purification

For in vitro ESP assays, MBP-BoESP1, MBP-BoESP2, and MBP-BoESP3 were individually expressed in E. coli BL21 cells at 37°C for 3 h after induction with 0.5 mM IPTG. Bacteria were harvested, lysed by sonication and after centrifugation, the recombinant proteins were purified using amylose resin (New England Biolabs GmbH, Germany) according to the manufacturer’s instructions. The purity of the proteins was approximately 90% as analyzed by SDS-PAGE and Coomassie Blue staining.




Generation of Stable Arabidopsis thaliana Transformants Expressing BoESP1-3

A. thaliana ecotype Hi-0 was transformed using the floral dip method (Clough and Bent, 1998). For the selection of transgenic plants, seeds of T0 plants were sterilized and sown onto Murashige and Skoog medium supplemented with Gamborg’s vitamin solution (1:1,000) and 50 µg ml-1 kanamycin. Primary transformants were allowed to self-fertilize and then propagated into the T2 generation.




Western Blotting

Immunoblotting analysis and membrane staining was performed as described previously (Witzel et al., 2017). Ten µg of protein were separated on SDS gels (SERVAGel™ TG PRiME™ 8–16%, Serva, Germany). The blots were probed with the anti-c-myc-peroxidase conjugate antibody (Roche, Mannheim, Germany) in a dilution of 1:1,000. Immunodetection was carried out using Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific, USA) and Octoplus QPLEX Fluorescence Imager (NH DyeAGNOSTICS, Germany). After image capture, total protein load was assessed by staining the blots using amido black 10B staining method (Witzel et al., 2017).




Determination of ESP Activity



BoESP Activity With Pure GLS Standards

To compare the substrate specificities of the three recombinant BoESPs, the protocol of (Matusheski et al., 2004) was modified and adapted. In order to maximize GLS hydrolysis, vitamin C was added and Fe2+ concentration in the assay was reduced to 0.2 mM to optimize ITC formation while maintaining ETN formation from alkenyl GLS in the assay: Briefly, 50 µl of purified ESP (containing in total 6.5 µg ESP as determined by Bradford assay (Bradford, 1976), 350 µl of a 50 mM sodium acetate buffer (pH 5.5) containing 1 mM dithiothreitol and 0.2 mM of FeSO4, 10 µl of a 25.5 mM vitamin C solution, 50 µl of 0.5 U ml-1 myrosinase and 50 µl of a 10 mM solution of the GLS to be tested were mixed in an extraction tube and incubated for 1 h at room temperature. Then, hydrolysis products of the respective GLS were extracted and quantified according to the protocol described above. Water controls (without ESP) were analyzed as well for each GLS.

ESP activity was expressed as the % of ETN [or nitrile (CN) formation for nonalkenyl GLS]: % ETN = [ETN]/([ETN]+[ITC]+[CN])*100%; % CN = [CN]/([CN] + [ITC]) *100%. Each analysis consisted of three independent experiments (freshly purified ESP extract) that consisted of 2–3 technical replicates.




ESP Activity in B. oleracea Tissues

In order to analyze the ESP activity of B. oleracea root and shoot samples, ESP-rich plant extracts, prepared as described previously (Hanschen et al., 2018a) were used for the assays. The protocol described above was used in a slightly modified way: 50 µL of ESP-rich plant extract were mixed with 350 µl of the sodium acetate buffer containing dithiothreitol and FeSO4, 10 µl of the vitamin C solution, 50 µl of myrosinase solution and finally 50 µl of 5 mg ml-1 solution of allyl GLS were added and samples were incubated and analyzed as described above. As some of the ESP-extracts already could contain CETP, water controls were analyzed as well, by adding water instead of allyl GLS. These values were used to correct the sample values. The % of CEPT on all allyl GLS hydrolysis products was calculated (% CETP = [CEPT]/([CEPT]+[Allyl-ITC]+[Allyl-CN])*100%).





Influence of pH on ESP Activity

In order to investigate the influence of pH value on allyl GLS hydrolysis by the three ESPs, the ESP assay described above was performed, except that the pH value of the sodium acetate buffer was set to pH 4, pH 5, pH 6, and pH 7. Three technical replicates were analyzed.




Statistical Analysis

To investigate statistical significant differences, one-way analysis of variance (ANOVA) was performed. For the comparison of means, Tukeys HSD test was applied using the STATISTICA version 13 software (StatSoft, Hamburg, Germany) (data in Figures 1, 2 and 7, Figure S2) or the SigmaPlot version 13.0 (Systat Software GmbH, Germany) (data in Figures 4, 5 and 6).



[image: ]

Figure 1 | Glucosinolate (GLS) accumulation (A) and formation of hydrolysis products (B) in shoots and roots of four B. oleracea genotypes. ITCs, isothiocyanates; CNs, nitriles; ETNs, epithionitriles. Values represent mean ± standard deviation (SD) of three independent experiments (n = 3). Significant differences in means between the formation of), alkenyl GLS (small letters), alkyl GLS (capital letters), and indole GLS (Greek letters) in (A) or ETNs (small letters), CNs (capital letters), or ITC (Greek letters) in (B) as tested by ANOVA and Tukey HSD test at the p ≤ 0.05 level.
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Figure 2 | The effect of epithiospecifier protein activity of shoots and roots of four B. oleracea genotypes on the proportion of 1-cyano-2,3-epithiopropane (CEPT), the corresponding isothiocyanate (ITC) and nitrile (CN) produced from allyl glucosinolate (GLS). Values represent mean ± standard deviation of three independent experiments (n = 3). Significant differences in means between the formation of ITC (capital letters) or CN (small letters) or CETP (Greek letters) as tested by ANOVA and Tukey HSD test at the p ≤ 0.05 level.







Results



Glucosinolate and Glucosinolate Hydrolysis Pattern in B. oleracea Genotypes

Previously, we have shown that Brassica vegetables exhibit a huge variation in the pattern of intact and hydrolyzed GLS (Hanschen and Schreiner, 2017; Klopsch et al., 2018). In order to characterize the plant material with regard to those specific plant secondary compounds, seedlings of four B. oleracea varieties, namely broccoli, kohlrabi, white cabbage, and red cabbage were investigated for their GLS profile and GLS hydrolysis product formation in roots and shoots. Both, broccoli and kohlrabi where rich in methylsulfanyl- and methylsulfinylalkyl GLS, but contained no alkenyl GLS (Figure 1A, Table S3). While shoot tissue was rich in the methylsulfinylalkyl GLS, 3MSOP, and 4MSOB, roots contained mainly the less oxidized 3MTP and 4MTB as well as 1-methoxyindol-3-ylmethyl GLS (Table S3). Shoots and roots of white and red cabbage accumulated alkenyl GLS (Figure 1A): allyl GLS in white cabbage and 2OH3But in red cabbage. Further, methylsulfanylalkyl GLS were present and shoots were rich in methylsulfinylalkyl GLS. Here, white cabbage contained mainly 3MSOP, whereas red cabbage was rich in 4MSOB. Additionally, white cabbage shoots contained 2PE (Table S3).

To screen for GLS hydrolysis products, the GLS in these plant genotypes and tissues were degraded upon endogenous enzymatic hydrolysis and corresponding nitriles, ITCs and ETNs (from alkenyl GLS) were produced (Figure 1B, Table S4). Nitriles were formed mainly in shoots of kohlrabi and broccoli, while roots released mainly ITCs; however, no ETNs was found in kohlrabi and only very low levels of ETNs (below 0.3%) were detected in broccoli (Table S4). Most abundant in white cabbage shoots were ETNs with 74% of degradation products, while roots formed mainly nitriles (70%) and less ETNs (20%). Shoots of red cabbage released mainly ITCs (51%), followed by ETNs (41%) and root tissue released mainly nitriles (59%) and low amounts of ETNs (5%). Of note is that, compared to total GLS contents, the overall recovery of GLS hydrolysis products was relatively low with 18–46%. The recovery of products from allyl GLS ranged from 39–63%, while that of the products of sulfinylalkyl GLS, 3MSOP and 4MSOB, was low with only 13%.




ESP Activity in B. oleracea Is Genotype- and Organ-Specific

While ESP activity via plant tissue autolysis assay was detected only in white and red cabbage, an additional assay was performed to analyze plant tissue ESP activity on allyl GLS. The potential of the tested genotypes to form ETN as an indicator of ESP activity was assessed by studying the hydrolysis of allyl GLS to the corresponding ETN (1-cyano-2,3-epithiopropane, CETP) in presence of myrosinase. ESP activity of shoots was high in kohlrabi, broccoli, and white cabbage (42%, 44%, and 52%, respectively), while it was lower in shoots of red cabbage (Figure 2). ESP activity was in general inversely correlated to CN formation in this assay. Roots possessed a lower ESP activity as compared to shoots, but root tissue of kohlrabi had by tendency higher ESP activity than shoot tissue of red cabbage (9.7% vs. 6.1%). Shoot tissue of red cabbage significantly released more ITC than the other tissues in this assay (Figure 2). These results indicate that all B. oleracea genotypes and tissues exhibit ESP activity, including kohlrabi and broccoli.




Identification of Genes in B. oleracea With Sequence Similarity to AtESP

Based on our observation of differential ETN formation in the tested genotypes and plant organs, we hypothesized the presence of multiple ESP isoforms in B. oleracea. Sequence similarity search using AtESP nucleotide sequence (At1g54040.2) against the whole genome of B. oleracea revealed six predicted ESP-like sequences (Table 1). Amino acid sequence alignment showed that three of the predicted genes were almost identical: LOC106306810 (designated BoESP2), LOC106306884X1, and LOC106306884X2 (Table 2). Hence, these three predicted genes were considered as one isoform. The amino acid sequence of LOC106297542 was considerably shorter as compared to the remaining ESPs and shared only N-terminal sequence similarity to AtESP. Since the protein contained only two Kelch domains, this gene was omitted from further analysis. In order to test if the predicted genes are actively transcribed in shoots of the four B. oleracea genotypes, the open reading frames of the putative sequences were aligned and primers were designed to bind to their isoform-specific regions (Table S1, Figure S1). The specificity of amplification was verified by sequencing of PCR products. PCR products were obtained for LOC106296341 (designated BoESP1), LOC106306810 (designated BoESP2), and LOC106325105 (designated BoESP3) and, therefore, those three ESP isoforms were investigated further. Sequence comparison with AtESP showed that BoESP1-3 had a sequence similarity between 79 and 81% at nucleotide level (Figure S1), and 77% on amino acid level (Figure 3).



Table 1 | Predicted and characterized ESP-like genes present in Brassica oleracea. 
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Table 2 | Amino acid sequence similarity of identified ESP-like genes found in B. oleracea, given as per cent identity.
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Figure 3 | Alignment of the amino acid sequences of AtESP (At1g54040.2) and Brassica oleracea ESPs BoESP1 (LOC106296341), BoESP2 (LOC106306810), and BoESP3 (LOC106325105) using T-Coffee program (Tommaso et al., 2011). Residues variant from AtESP are shaded in grey. Kelch domains (PF01344, Kelch_1) of AtESP are indicated by lines above the alignment and were derived from pfam (http://pfam.xfam.org).






Transcript and Protein Expression Pattern of BoESP1-3

In order to analyze transcript abundance levels in shoot and roots of sprouts, quantitative real-time PCR was performed. The analysis revealed a higher expression level of BoESP1 in shoots as compared to roots (Figures 4A, B). BoESP2 was higher abundant in shoots of broccoli, white cabbage, and red cabbage as compared to the respective root samples, although this pattern was reversed in kohlrabi. BoESP3 expression was barely detected in shoots, while a transcript accumulation was detected in roots of kohlrabi and white cabbage.
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Figure 4 | Expression profiles of BoESP1-3 transcripts (A, B) and proteins (C, D) in shoots and roots of four B. oleracea genotypes. Values represent mean ± standard error of measurements based on three technical replicates from four independent biological experiments for transcript abundance, and based on three technical replicate runs from three independent biological experiments for protein abundance. Letters denote statistical significant differences (p ≤ 0.05) of BoESP1 (capital letters), BoESP2 (small letters), or BoESP3 (Greek letters) between the genotypes within a given plant organ.




We further extended the expression analysis to profile protein abundance pattern based on label-free LC-MS analysis. A total of 20,896 peptide groups were identified by this approach in shoots and roots of the four genotypes, leading to the identification of 6,986 proteins, which were grouped into 3,996 protein groups based on sequence similarity. Then, the data was inspected for BoESP1-3 presence and abundance. Protein coverage was higher for BoESP1 (69%) and BoESP2 (75%) as compared to BoESP3 (42%). Nevertheless, a sufficient amount of isoform-specific peptides was detected allowing the quantification of isoforms based on peptides that were unique to the respective isoform. Nine unique peptides were found for BoESP1, 16 unique peptides were detected for BoESP2, and eight unique peptides were specific for BoESP3. Overall, the protein abundance pattern (Figures 4C, D) was in agreement with the transcript abundance. However, while transcript levels were threefold higher in shoots as compared to roots, the level of accumulation of the respective gene products was similar between both plant organs.




Substrate Specificity of BoESP Isoforms

Since the three BoESP isoforms exhibited a differential expression pattern, their substrate specificity was tested next, using recombinant BoESP1-3 proteins. Open reading frames of BoESP1-3 were cloned, expressed in E.coli and proteins purified using the maltose-binding protein tag. The effect of the substrate structure on the activity of the three BoESPs was investigated using three alkenyl GLS, three alkyl GLS and one aromatic GLS. With all three alkenyl GLS investigated, namely allyl GLS (releasing CETP), 3But (releasing CETB) and 2OH3But (forming CHETB), BoESP3 showed the highest ESP activity, and BoESP2 (by tendency for allyl GLS hydrolysis) the lowest ESP activity (Figure 5). BoESPs did not increase nitrile release from the alkenyl GLS (Table S5). Moreover, there was no effect of the three BoESPs on the hydrolysis of nonalkenyl GLS [4MTB releasing 5-(methylsulfanyl)pentanenitrile (4MTB-CN), 3MSOP releasing 4-(methylsulfinyl)butanenitrile (3MSOP-CN), and 4MSOB releasing 5-(methylsulfinyl)pentanenitrile (4MSOB-CN)](Figure S2).
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Figure 5 | Glucosinolate (GLS) substrate-specific epithiospecifier protein (ESP) activity of recombinant BoESP1-3 as assessed by the formation of epithionitriles from the three GLS (A) allyl GLS, (B) 3-butenyl GLS and (C) (R)-2-hydroxy-3-butenyl GLS. CETP, 1-cyano-2,3-epithiopropane; CETB, 1-cyano-3,4-epithiobutane; CHETB, 1-cyano-2-hydroxy-3,4-epithiobutane. Values represent mean ± standard deviation of three independent experiments, comprising of 2–3 technical replicates each. Different capital letters indicate significant differences in means between the formation of the epithionitrile from one GLS by the different BoESP and a water control as tested by ANOVA and Tukey test at the p ≤ 0.05 level.






The pH Affects BoESP Activity Differently

The pH-optimum can be used as a measure to assess protein adaptation to cellular and subcellular pH as well as to get insight into protein-protein interactions that take place in the same microenvironment (Talley and Alexov, 2010). The optimal pH value for B. napus (Bernardi et al., 2000) and Crambe abyssinica (Tookey, 1973) ESPs was reported to be pH 6, but so far the pH optimum for BoESP was not published. Therefore, the effect of pH values on the activity of the three BoESP was investigated in a pH range of pH 4 to pH 7 (Figure 6). While BoESP3 activity was high at all pH values, both BoESP1 and BoESP2 were affected. Being at optimal pH from 6–7, their activity decreased with decreasing pH value. This effect was stronger for BoESP2 compared to BoESP1, especially at pH 4.
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Figure 6 | Influence of the pH value on the epithiospecifier protein (ESP) activity of BoESP1-3 assessed by the formation of 1-cyano-2,3-epithiopropane (CETP) from allyl glucosinolate (GLS). Values represent mean ± standard deviation of three replicate measurements. Different letters indicate significant differences in means for the influence of pH on CETP-formation by BoESP1 (capital letters), BoESP2 (small letters), or BoESP3 (Greek letters) as tested by ANOVA and Tukey test at the p ≤ 0.05 level or, in case of BoESP3, by pairwise comparison using t-test. Roman letters indicate significant differences in means between the formation of CETP by the different BoESP at a given pH value as tested by ANOVA and Tukey test at the p ≤ 0.05 level.






Expression of BoESP1-3 in A. thaliana Hi-0

In order to test whether BoESP1-3 isoforms are able to perform ESP activity in planta, the three isoforms were expressed in A. thaliana Hi-0, an ecotype with a GLS pattern that is characterized by high allyl GLS content and barely detectable own ESP activity (Hanschen et al., 2018b). Two independent lines expressing cDNAs of BoESP1 and three independent lines expressing BoESP2 and BoESP3, respectively, were characterized in comparison to the Hi-0 wildtype. Western blot analyses using an antibody directed against the C-terminal myc-tag confirmed BoESP protein in all transgenic lines (Figure S3). Analysis of transgenic A. thaliana plants revealed a modified hydrolysis pattern of allyl GLS (Figure 7). Levels of released GLS hydrolysis products are given in the Table S6. Whereas Hi-0 wildtype plants released mainly Allyl-CN [1.09 ± 0.17µmol/g fresh weight (FW)], Allyl-ITC (0.56 ± 0.09 µmol/g FW), and very low CETP (0.006 ± 0.002 µmol/g FW) from allyl GLS in shoots and roots, BoESP1-3 transformants released mainly CETP from these tissues. Shoots of A. thaliana BoESP2 constructs showed a slightly higher percentage of CETP-formation compared to BoESP3 constructs. The shift in allyl GLS hydrolysis in shoot tissue was accompanied with reduced formation of both Allyl-ITC and Allyl-CN in the transgenic lines. Since the overall amount of allyl GLS in roots is 10-times lower as compared to shoots (Witzel et al., 2013), the detection of respective breakdown products in wildtype and transgenic lines was near the method detection limit, resulting in substantial standard deviations. Nonetheless, ESP activity was increased in BoESP1-3 transformants, as compared to the wildtype. The hydrolysis of the alkyl GLS 8-(methylsulfanyl)octyl (8MTO) in A. thaliana was not affected by the BoESPs (Figure S4).
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Figure 7 | Formation of allyl GSL hydrolysis products allyl isothiocyanate (Allyl-ITC), 3-butenenitrile (Allyl-CN) and 1-cyano-2,3-epithiopropane (CETP) in % relative to all allyl GLS hydrolysis products in Arabidopsis thaliana Hi-0 control and BoESP1-3 transgenic lines in shoots (A) and roots (B). Values represent mean ± standard deviation of three independent experiments. Significant differences in means between the formation of Allyl-CN (small letters), Allyl-ITC (capital letters) or CETP (Greek letters) as tested by ANOVA and Tukey HSD test at the p ≤ 0.05 level.







Discussion

GLS hydrolysis in Brassica vegetables often results in the release of nitriles and ETN instead of ITCs, and presence of ESP is made responsible (Petroski and Tookey, 1982; Matusheski et al., 2006; Hanschen and Schreiner, 2017; Klopsch et al., 2018). Here, we report the identification and characterization of three BoESP isoforms in B. oleracea varieties, namely kohlrabi, broccoli, white cabbage, and red cabbage and their functional characterization in A. thaliana.

GLS hydrolysis in root and shoot tissue of four B. oleracea genotypes was investigated and was correlated with ESP activity in order to characterize the role of ESP in the GLS hydrolysis. The genotypes that contained no alkenyl GLS (kohlrabi, broccoli) were producers of nitriles, while the genotypes containing alkenyl GLS (white cabbage, red cabbage) formed ETN in high amounts, which is in line with previous reports (Matusheski et al., 2006; Hanschen and Schreiner, 2017; Hanschen et al., 2018a). In contrast to this, the ESP activity assay revealed that all genotypes and tissues possess ESP activity. This is mirrored by the high ETN release in alkenyl rich genotypes (white cabbage, red cabbage) or high nitrile release in shoot tissue of alkyl GLS rich genotypes and points to the dual role of ESPs in generating nitriles as well as ETNs (Lambrix et al., 2001), depending on the GLS substrate.

Our analysis identified six genes in the B. oleracea genome with sequence homology to AtESP. Screening the transcript abundance of these genes revealed that three of them were expressed in shoots of seedlings. It remains open whether those genes, where no expression was detected, are transcribed at older developmental stages, in other tissues or genotypes as investigated, have lost their function or are induced under specific environmental conditions. One of the expressed genes, BoESP1, was identical to a previously characterized ESP from B. oleracea (Matusheski et al., 2006). Expression of BoESPs was regulated differentially with respect to the analyzed tissue and the investigated genotypes. BoESP1 and BoESP2 were detected mainly in shoots, while BoESP3 was found in shoots but accumulated more in roots, confirming previous data from RNAseq experiments (Wang et al., 2017). The presence of BoESP3 in roots distinguishes it from AtESP, for which only low transcript levels and no protein abundance were detected in this plant organ (Burow et al., 2007; Kissen et al., 2012). In general, pattern of transcripts were reflected by those of protein abundances. However, the overlap between protein expression pattern (Figure 4) and GLS hydrolysis generation (Figures 1 and 2) was limited to the shoot. In roots, although BoESP3 expression was high in kohlrabi and white cabbage, white cabbage produced nitriles and ETNs from endogenous GLS, while kohlrabi produced only small amounts of nitriles (Figure 1). In addition, the hydrolysis pattern of allyl GLS was almost identical between genotypes with high BoESP3 expression in roots (kohlrabi and white cabbage) and those with barely detected BoESP3 abundance (broccoli and red cabbage) (Figure 2). These observations could indicate the presence and functionality of other specifier proteins that are not elucidated yet. This research question is particularly interesting since roots were mainly excluded from past investigations on GLS degradation, although GLS and GLS degradation products were detected in root exudates and might play a role in below ground chemical communication between plants and rhizosphere biota (Schreiner et al., 2011; Auger et al., 2012; Xu et al., 2017). Moreover, future research should be directed to enlighten the cellular and subcellular localization of BoESP1 and BoESP2, which would explain their biological role in more detail. RNAseq data from B. oleracea indicate that BoESP2 is highly expressed in leaves, while BoESP1 expression peaks in stems, flowers, and siliques (Wang et al., 2017).

The recombinant BoESPs differed in their activity towards alkenyl GLS, with BoESP3 being most active and BoESP2 being least active under the assay conditions. In contrast, A. thaliana lines expressing BoESP2 showed the highest percentage of ETN release during GLS hydrolysis. The activity of ESPs is strongly dependent on Fe2+ (Backenköhler et al., 2018) and probably differs in their requirement of Fe2+ as previous reports suggest (Williams et al., 2010). Therefore, it is likely that BoESPs activities will vary according to hydrolysis conditions present.

The recombinant BoESPs showed no activity in terms of the hydrolysis of the tested non-alkenyl GLS, implying that these proteins do not possess NSP activity (Figure S2) as this would have been linked with the increased formation of simple nitriles (Wittstock et al., 2016). This corresponds to the hydrolysis pattern of alkyl GLS 8MTO, observed in the A. thaliana transgenic lines (Figure S4). An absent NSP activity of recombinant AtESP on 4MSOB GLS substrate was reported earlier (De Torres Zabala et al., 2005). However, NSP activities of ESPs on alkyl GLS have been observed by other groups (Burow et al., 2006; Matusheski et al., 2006) and the tested non-alkenyl GLS are hydrolyzed to nitriles in vivo in the tested genotypes (Table S2). Hence, our results could indicate the presence of NSPs in B. oleracea that have not been characterized yet. The gene expression of two NSP in the related B. rapa species was already reported (Wang et al., 2017). Interestingly, the Pieris rapae NSP activity was differently affected by Fe2+ concentrations. More 4MTB-CN was released in presence of ESP from 4MTB (13-fold of ESP free control) when Fe2+ was absent as compared to 0.01 mM Fe2+, while more 4MSOB-CN was formed at the 0.01mM Fe2+ level as compared to no added Fe2+ (Burow et al., 2006).

Moreover, as tested here, the BoESPs differed in their susceptibility towards a shifting pH. BoESP1 and BoESP2 activity decreased with a lower pH, whereas the activity of BoESP3 was stable in a pH range of pH 4 to pH 7. This stability of BoESP3 could point to a different subcellular localization as compared to BoESP1 and BoESP2. Cellular compartmentation is crucial to control the complex system of GLS hydrolysis. GLS accumulate in vacuoles of sulfur-rich S-cells that are found in close proximity of myrosin cells and guard cells, which both store myrosinases in their vacuoles (Shirakawa and Hara-Nishimura, 2018). In contrast to this, AtESP is localized in the cytosol (Burow et al., 2007; Chhajed et al., 2019). Measurements of the in vivo organelle pH revealed an acidification gradient from the cytosol and endoplasmatic reticulum, with pH around pH 7, to lytic vacuoles ranging from pH 5–6 (Martinière et al., 2013; Shen et al., 2013). The pH of the leaf apoplast is even more acidic and was determined to range from 4.5–5 (Geilfus and Muehling, 2011). Hence, one possible explanation for the pH stability of BoESP3 could be the additional localization to the root apoplast. So far, apoplast proteome studies demonstrated the presence of myrosinase and myrosinase-associated proteins in B. juncea (Sehrawat and Deswal, 2014) and A. thaliana (Trentin et al., 2015) leaves, but not for ESPs. Since BoESP3 is expressed mainly in roots, future experiments should concentrate on the subcellular localization of this isoform to further study its possible involvement in root exudation of GLS hydrolysis products.

The general role of specifier proteins in planta is still part of scientific debate. In Arabidopsis, the NSP-catalyzed release of simple nitriles often increases due to herbivory (Lambrix et al., 2001; Burow et al., 2009). Moreover, ESP/NSP-expressing nitrile-producing plants are more susceptible to herbivore feeding (Lambrix et al., 2001; Burow et al., 2009; Jeschke et al., 2016). However, increased nitrile formation can reduce attractiveness for ovipositing herbivorous specialist insects and attracts natural enemies of the larvae (Mumm et al., 2008; Jeschke et al., 2016). So far, the specific role of ESP-catalyzed ETN formation and, hence, their specific role in biotic interactions is still unclear (Jeschke et al., 2016). With regard to human consumption, the aroma and taste of fresh Brassicaceae vegetables likely is influenced by the ESP activity (Zhang et al., 2018). While ITC contribute to the characteristic flavor and pungency of these vegetables (Bell et al., 2018), ETNs have a lower aroma impact. Using GC-olfactometry, the overall odor impression of the ETN CETP was described as weak and onion-like, pungent, spicy, fatty, but also garlic-like and fecal notes were attributed to this compound (Kroener and Buettner, 2017). Therefore, a higher ESP activity might reduce the taste and flavor of fresh Brassica vegetables. Further, vegetables rich in ESP-activity might have lower health beneficial properties, as protective effects are mainly attributed to ITCs (Zhang et al., 2018). Thus, it is crucial to unravel the role of ESP in planta and to identify strategies for ESP activity reduction in these vegetables.
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A Corrigendum on
 Identification and Characterization of Three Epithiospecifier Protein Isoforms in Brassica oleracea

by Witzel, K., Abu Risha, M., Albers, P., Börnke, F., and Hanschen, F. S. (2019). Front. Plant Sci. 10:1552. doi: 10.3389/fpls.2019.01552



In the original article, there was a mistake in Figure 1 as published. In Figure 1A as well as in Figure 1B the colors in the bar of the “Red Cabbage Root” were not shown correctly: In Figure 1A the “Indole GLS” in the bar of “Red Cabbage Root” were turquois instead of black. In Figure 1B in the bar of “Red Cabbage Root” the ITCs were orange instead of red and the CNs were dark blue instead of orange (and therefore could be mistaken for ETNs). The corrected Figure 1 appears below.
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FIGURE 1. Glucosinolate (GLS) accumulation (A) and formation of hydrolysis products (B) in shoots and roots of four B. oleracea genotypes. ITCs, isothiocyanates; CNs, nitriles; ETNs, epithionitriles. Values represent mean ± standard deviation (SD) of three independent experiments (n = 3). Significant differences in means between the formation of), alkenyl GLS (small letters), alkyl GLS (capital letters), and indole GLS (Greek letters) in (A) or ETNs (small letters), CNs (capital letters), or ITC (Greek letters) in (B) as tested by ANOVA and Tukey HSD test at the p ≤ 0.05 level.


The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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The optimal defense theory predicts that plants invest most energy in those tissues that have the highest value, but are most vulnerable to attacks. In Brassica species, root-herbivory leads to the accumulation of glucosinolates (GSLs) in the taproot, the most valuable belowground plant organ. Accumulation of GSLs can result from local biosynthesis in response to herbivory. In addition, transport from distal tissues by specialized GSL transporter proteins can play a role as well. GSL biosynthesis and transport are both inducible, but the role these processes play in GSL accumulation during root-herbivory is not yet clear. To address this issue, we performed two time-series experiments to study the dynamics of transport and biosynthesis in local and distal tissues of Brassica rapa. We exposed roots of B. rapa to herbivory by the specialist root herbivore Delia radicum for 7 days. During this period, we sampled above- and belowground plant organs 12 h, 24 h, 3 days and 7 days after the start of herbivory. Next, we measured the quantity and composition of GSL profiles together with the expression of genes involved in GSL biosynthesis and transport. We found that both benzyl and indole GSLs accumulate in the taproot during root-herbivory, whereas we did not observe any changes in aliphatic GSL levels. The rise in indole GSL levels coincided with increased local expression of biosynthesis and transporter genes, which suggest that both biosynthesis and GSL transport play a role in the accumulation of GSLs during root herbivory. However, we did not observe a decrease in GSL levels in distal tissues. We therefore hypothesize that GSL transporters help to retain GSLs in the taproot during root-herbivory.


Keywords: cabbage root fly, plant–insect interactions, above–belowground interactions, induced plant responses, optimal defense theory



Introduction

In their role as primary producers plants form the basis of most natural communities. Consequently, plants are involved in interactions with many different organisms, including aboveground and belowground herbivores. To limit the negative effects of herbivory, plants have evolved an elaborate defense system, including structural traits such as thorns and trichomes, antidigestive proteins, and an extensive arsenal of defense-related metabolites (Schoonhoven et al., 2005). The classes of these metabolites vary by taxon and are often characteristic for distinct plant families (reviewed in Piasecka et al., 2015).

Glucosinolates (GSLs) are a class of well-studied defense metabolites that are characteristic for brassicaceous plants. They are derived from amino acids, and are broadly divided into three groups based on their amino acid precursor (reviewed in Sønderby et al., 2010). Indole GSLs have a side chain derived from tryptophan, aliphatic GSLs from methionine and benzyl GSLs from phenylalanine or tyrosine. GSLs are stored in the vacuoles of specific cells (Kissen et al., 2009). Upon herbivore damage, GSLs mix with the enzyme myrosinase, which is stored in separate cells. This leads to the formation of breakdown products, the structure and biological activity of which strongly depend on the structure of the GSL. In general, the hydrolysis of indole GSLs leads to the formation of instable isothiocyanates (ITCs) and nitriles, whereas aliphatic and benzyl GSLs mostly produce noxious ITCs (Wittstock and Burow, 2010). Due to this difference in breakdown products, structurally different GSL groups cause resistance against distinct groups of attackers. In general, indole GSLs act against phloem feeders and pathogens (Kim et al., 2008; Bednarek et al., 2009), whereas aliphatic, indole and benzyl GSLs can affect the performance of chewing insects (Beekwilder et al., 2008; Schlaeppi et al., 2008; Bejai et al., 2012).

GSLs are constitutively present in all tissues of brassicaceous plants (Wittstock and Gershenzon, 2002), but quantitative and qualitative differences in GSL composition occur between different plant parts. Constitutive GSL concentrations are generally higher in roots compared to shoots (reviewed in van Dam et al., 2009). Moreover, GSLs are differentially distributed over different organs. Recent studies showed that the distribution of GSLs over different parts follows optimal defense theory (ODT) (Tsunoda et al., 2018). The ODT predicts that plants allocate defenses preferentially to the plant parts that are highly attractive to potential attackers and are most valuable to the plant at the same time (McKey, 1974; Meldau et al., 2012). This implies that in aboveground tissues young leaves and reproductive organs, such as flowers and seeds, contain the highest GSL concentrations. In belowground tissues, constitutive GSLs accumulate mainly in the tap- and lateral roots, whereas GSL levels are lower in fine roots (Tsunoda et al., 2017). In addition, GSLs accumulate in damaged tissue in response to insect herbivory (van Dam and Raaijmakers, 2006). The strength of this induced response and the composition of the resulting GSL profile depends in large on the feeding guild of the attacker. Feeding by chewing herbivores such as beetles, caterpillars and fly larvae generally leads to strong increases in total GSL levels (reviewed in Textor and Gershenzon, 2009). In contrast, sucking insects such as aphids do not induce GSL accumulation, or in some cases even inhibit production of certain GSL classes (Kim and Jander, 2007). Similar to the allocation of constitutive defenses, induced plant responses to herbivory follow ODT predictions (reviewed in Meldau et al., 2012). In shoot tissues of Nicotiana sylvestris, accumulation of nicotine is more inducible in younger leaves (Ohnmeiss and Baldwin, 2000). In belowground tissues of Brassica, the taproot responds more strongly to root-herbivory compared to lateral and fine roots, leading to accumulation of high GSL levels in the taproot (Tsunoda et al., 2018). In line with the ODT, herbivore damage on the taproot had a larger impact on plant biomass than herbivore feeding on fine roots (Tsunoda et al., 2018).

The distribution of GSLs over the plant is the combined result of several, tightly coordinated processes. Increased local biosynthesis plays an important part in GSL accumulation upon induction (Tytgat et al., 2013), whereas transport of GSLs from other parts towards the feeding site may play a role as well (Johnson et al., 2016). In undamaged plants, long-distance transport of GSLs to designated plant parts is regulated through the activity of GSL transporter proteins (GTRs) (Nour-Eldin et al., 2012; Andersen et al., 2013; Madsen et al., 2014). The role of GTRs is twofold: they either play a role in selective loading of GSLs into the phloem for transport to other plant compartments, or by retaining GSLs in certain parts by preventing transport via the xylem (Madsen et al., 2014; Jørgensen et al., 2017). Because of their partial substrate specificity, GTRs can fine-tune the distribution of GSLs belonging to different classes and of GSLs of different chain lengths (Andersen et al., 2013).

Since the production of GTRs is inducible, biotic and abiotic factors can affect the allocation of GSLs over specific plant parts (Nour-Eldin et al., 2012). However, how transport and biosynthesis act in concert to change GSL accumulation patterns in plant–herbivore interactions has not been studied so far (Jørgensen et al., 2015; Burow and Halkier, 2017). The aim of this study was to explore the temporal and spatial dynamics of GSL accumulation and the underlying molecular mechanisms during root herbivory in line with ODT. We expected that the accumulation of GSLs in response to root herbivory would not only be the result of local biosynthesis, but also of active transport from distal tissues. We tested this hypothesis in two time course experiments using wild mustard plants (Brassica rapa) and the cabbage root-fly (Delia radicum), a specialist root-herbivore on brassicaceous plants. Adult females typically oviposit on the lower part of the stem. After hatching, the larvae mine into the taproot, where they cause extensive damage. Because of this feeding behavior, GSL induction is mainly seen in the taproot (Tsunoda et al., 2018). This makes D. radicum an attractive organism to study local and systemic defense induction in belowground tissues. In the first experiment, we investigated the effects of root-herbivory on the accumulation of GSLs in both above- and belowground organs after 3 and 7 days, when GSL accumulation is known to occur (Tsunoda et al., 2018). In the second experiment, we focused on the dynamics of the molecular mechanisms underlying this accumulation at earlier time points after the onset of herbivory, and therefore sampled at 12 and 24 h after infestation. Specifically, we tested the following hypotheses: (i) there is a negative correlation between allocation of GSL to local- and distal tissues (ii) transporter genes are expressed earlier than biosynthesis genes and (iii) transporter genes are expressed earlier in distal root tissues than in damaged root tissues.



Materials and Methods


Plants and Insects

Brassica rapa seeds used during the first experiment were bought from a commercial supplier (Horti Tops, the Netherlands), whereas the seeds used during the second experiment were collected in 2009 from a wild population in Maarsen (the Netherlands) (Danner et al., 2015). Both B. rapa varieties are fast-cycling, which flower without vernalization. The seeds were germinated on fine-grained vermiculite in plastic containers. The containers were kept in a climate chamber (E-36L Reach in Plant Growth Chamber, CLF Plant Climatics GmbH, Wertingen, Germany) at 20°C (16:8 h day:night) and 60% relative humidity for one week. After germination, the seedlings were transplanted to 2.5 L pots filled with river sand and placed in a greenhouse chamber belonging to the botanical gardens of Leipzig University (Leipzig, Germany) at 27°C (day, 16 h) and 21°C (night, 8 h) at 50% relative humidity. Two batches of sand that were used during transplanting were weighed, dried for 24 h at 50°C and weighed again to determine initial water content. After transplanting, the seedlings were supplied with 2P Hoagland solution (double KH2PO4 compared to regular Hoagland solution) (Van Dam et al., 2004) so that the total water content of the sand amounted to 14% w/w of the dry mass. Every 2–3 days, five randomly chosen pots were weighed to determine the volume of water needed to keep the water content of the sand at 14%. Once a week, plants were watered with 2P Hoagland solution instead of water. Plants were placed in a full-factorial block design with time point of harvest as the blocking factor. Within each block, control plants were paired with treatment plants of similar size and habit.

Delia radicum L. (Diptera: Anthomyiidae) larvae used during the experiments originated from our rearing, which was established 4 years ago. The rearing was started from a culture kindly provided by Dr. Anne-Marie Cortesero (University of Rennes, France). The colony has been maintained since in a climate chamber at 20°C (16:8 h day:night) on cabbage turnip (Brassica oleracea). Second instar larvae were used during the experiments.



Experimental Design

We tested the defense response of B. rapa to herbivory by D. radicum in two experiments. The experimental setup of both experiments was based on a paired block design with six biological replicates per treatment group. The two factors were root herbivory and duration of root herbivory. The root herbivory treatment had two levels: control (no larvae) or infestation by three second-instar D. radicum larvae. The duration of root herbivory had two levels in the first experiment (3 and 7 days) and four levels in the second experiment (12 h, 24 h, 3 days and 7 days).

Infestation with D. radicum took place after around 40 days after transplanting the seedlings to the pots. This coincided with the moment when plants had developed three leaf pairs (BBCH code 13, according to Feller et al., 1995). Separate sets of plants were destructively harvested 3 and 7 days after the start of herbivory in the first experiment, and after 0.5, 1, 3, and 7 days in the second. During harvest, plants were first split in above- and belowground parts by cutting the stem immediately above the taproot using garden scissors. After flushing the sand out with cold water, the root systems were split into two organs: fine roots and taproots. Fine roots were collected from the lower half of the root system to clearly separate them from lateral or taproots. The shoots were split into two organs: leaf lamina and stem or hypocotyl. We divided leaves into three groups: young leaves (two most recently developed leaves), mature leaves (two leaves directly below the young leaves) and old leaves (two leaves directly below the mature leaves). In the first experiment, one leaf of each group were pooled together for later analysis. After harvest, the separate plant organs were wrapped in aluminum foil, flash-frozen in liquid nitrogen and stored at -80°C. Afterwards, we finely ground each sample in liquid nitrogen using a mortar and pestle. For the first experiment two of the six plants belonging to the same treatment were pooled, resulting in three biological replicates per treatment (n = 3). For the second experiment all six biological replicates were analyzed individually (n = 6).



Gene Expression Analysis

Total RNA was extracted from ±100 mg ground plant tissue following a protocol adapted from Oñate-Sánchez and Vicente-Carbajosa (2008). The extracted RNA was subsequently treated with DNAse I (Thermo Scientific, Waltham, MA, USA) following the manufacturer’s instructions. The quality of RNA was checked visually by gel-electrophoresis and by measuring 260/230 and 260/280 absorbance ratios using a NanoPhotometer® P330 (Implen, Munich, Germany). Next, first-strand cDNA was synthesized from 1 μg purified total RNA using Revert Aid H minus reverse transcriptase (Thermo Scientific, Waltham, MA, USA) following the manufacturer’s instructions. The samples were incubated at 42°C for 60 min, 50°C for 15 min, and finally 70°C for 15 min in a thermal cycler (Techne, Stone, UK). Real-time quantitative PCR (RT-qPCR) procedures were performed on a CFX384 Real-time system (BioRad, Munich, Germany) using the gene-specific primers as described in Table S1. The qPCR conditions were: 2 min at 50°C, 5 min at 95°C, and 40 cycles of 30 s at 95°C, 30 s at 58°C, 45 s at 72°C. Three technical replicates were analyzed per gene for each of the three biological replicates in experiment 1 and of the six biological replicates in experiment 2. Relative expression of target genes was calculated using the comparative 2-ΔΔCT method as described in Livak and Schmittgen (2001). The data was normalized to expression of the housekeeping gene GAPDH in the first experiment and ACTIN 7 in the second experiment. Expression levels were then normalized to those in the control plants. The genes selected for this study play a role in either GSL biosynthesis or transport. CYP83A1 (CYTOCHROME P450, FAMILY 83, SUBFAMILY A, POLYPEPTIDE 1) is involved in the biosynthesis of aliphatic GSLs. CYP79B2 (CYTOCHROME P450, FAMILY 79, SUBFAMILY B, POLYPEPTIDE 2) is involved in the biosynthesis of indole GSLs. GTR1A2 and GTR2A2 (GLUCOSINOLATE TRANSPORTER 1&2) regulate transport of aliphatic and indole GSLs, whereas GTR3A1 exclusively regulates transport of indole GSLs (Jørgensen et al., 2017). Primer sequences used in this experiment are shown in Table S1.



Glucosinolate Analysis

GSL extraction was performed following the method as described in Grosser and van Dam (2017). In brief, freshly ground plant tissue was freeze-dried, after which ±100 mg of material was used for extraction from three biological replicates in experiment 1 and from six biological replicates in experiment 2. GSLs were extracted in 70% methanol at 90°C, after which the supernatant was transferred to an ion-exchange column with Sephadex G-25 (Merck, Darmstadt, Germany) as column material. After washing the extracts with 70% methanol and adding a NaOAc buffer to the column, sulfatase (from Helix pomatia type H-1, Merck, Darmstadt, Germany) was pipetted onto the extracts to remove the sulfate group from the GSLs. The desulfo-GSLs that were released from the ion-exchange column as a result of sulfatase activity were eluted in ultrapure water and collected. Next, the samples were freeze-dried and re-dissolved in 1 ml of ultrapure water. The GSLs in the samples were separated using a reversed phase high-pressure liquid chromatography (HPLC) set-up equipped with a photodiode array detector (PDA; Thermo Scientific Ultimate 3000 series) at wavelengths of 229 nm and 272 nm. A reversed-phase Acclaim™ 300 C18 column (4.6 × 150 mm, 3 μm, 300 Å, Acclaim 300, Thermo Fisher Scientific) was used for separation with 100% H2O (solvent A) and 99% acetonitrile in water (solvent B) as solvents. The separation conditions were as follows: equilibration took place at a gradient profile of 98% of solvent A for 4.3 min, followed by a gradient to 35% solvent B within 24.3 min, and a hold until 29°min at 35% solvent B. Next, the gradient went back to the initial 98% of solvent A within 1 min and held at initial conditions for 10 min at a flow of 0.6 ml/min. Desulfo-GSLs were identified based on retention time and UV spectra compared to commercially available reference standards (Phytoplan, Heidelberg, Germany). We used sinigrin as an external standard for GSL quantification. The resulting data were processed using Chromeleon 7.2 SR5 MUa (9624; Thermo Fisher Scientific, Waltham, MA, USA). Response factors and approximate retention times of each GSL are shown in Table S2. Detailed results of individual GSL accumulation are shown in Table S3 for the first experiment and Table S4 for the second experiment.



Statistical Analysis

All statistical analyses were performed with version 3.4.3 of R (RStudio Team, 2018). Normality of the data and homogeneity of variance were inspected visually using QQ- and residual plots. When the assumptions were not met, the respective data were log-transformed. Within each plant organ, concentrations of total GSLs and of each GSL class individually, and of transcript accumulation of each gene were analyzed by two-way ANOVA with treatment and time as fixed factors. When either factor had a significant effect, student’s t-tests where used to test for significant differences between treatments at individual time points. Samples that could not be analyzed due to technical problems during sample processing were treated as missing values.




Results


Experiment 1: Late Time-Points


Indole GSLs Accumulate in the Taproot During Root Herbivory

In the first experiment, we studied the accumulation of GSLs in the taproot, fine roots, stem and leaf lamina after 3 and 7 days of herbivory. We did not observe any changes in the total amount of GSLs in the taproot during root-herbivory by D. radicum. Indole GSL levels were significantly elevated both after 3 and 7 days (Figure 1, P < 0.001, F = 26.10, two-way ANOVA, Table 1), whereas aliphatic and benzyl GSLs in the taproot were not affected by root herbivory. We did not observe any changes in total GSL levels or in the accumulation of individual GSL classes in the fine roots. Moreover, we did not detect benzyl GSLs in the fine roots, neither in control plants nor after root herbivory (Figure 1). In the stem, benzyl GSL levels decreased after 3 days of herbivory (Figure S1, P < 0.01, F = 17.45, Table S5) but returned to control levels after 7 days. We did not observe any changes in GSL levels in the leaf lamina (Figure S1).




Figure 1 | Concentration (μmol/g dry mass) of aliphatic, benzyl, indole and total GSLs in the tap root and fine roots of B. rapa plants after 3 and 7 days of root-herbivory by D. radicum (mean (SE), n = 3). At each time‐point, the asterisk indicates significant differences according to student’s t-tests (P < 0.05, Table S6). *, P < 0.05.




Table 1 | Statistical comparison of aliphatic, benzyl, indole and total GSL concentrations [(μmol/g) in the taproot and fine roots of B. rapa plants after 3 and 7 days of root-herbivory by D. radicum (two-way ANOVA, n = 3)]. Bold indicates significant difference P-values (P < 0.05).





Root Herbivory Affects Expression of Biosynthesis and Transporter Genes in the Taproot

The observed increase in indole GSLs in the taproot coincided with an increased expression of the indole GSL biosynthesis gene CYP79B2 (Figure 2, P < 0.001, F = 37.48, two-way ANOVA, Table 2) and downregulation of CYP83A1 (Figure 2, P < 0.01, F = 16.624), which is involved in aliphatic GSL biosynthesis. In addition, we observed an increased expression of GTR1 in the taproot after 7 days (Figure 3, P < 0.01, F = 11.535). No changes in the expression of biosynthesis (Figure S2) or transporter genes (Figure S3) were found in distal tissues, although a trend towards decreased expression of GTR1 was observed in the stem after 3 days of herbivory (Figure S3, P = 0.08, F = 3.848, Table S7).




Figure 2 | Transcript accumulation (2-ΔΔCT) of GSL biosynthesis genes CYP79B2 and CYP83A1 in the tap root and fine roots of B. rapa plants after 3 and 7 days of root-herbivory by D. radicum normalized to the housekeeping gene GAPDH (mean (SE), n = 3). At each time‐point, the asterisk indicates significant differences according to student’s t-tests (P < 0.05, Table S8). *, P < 0.05; **, P < 0.01.




Table 2 | Statistical comparison of transcript accumulation of GSL transporters 1, 2,and 3 and biosynthesis genes CYP79B2 and CYP83A1 in the taproot and fine roots of B. rapa plants after 3 and 7 days of root-herbivory by D. radicum (two-way ANOVA, n = 3). Bold indicates significant difference P-values (P < 0.05).






Figure 3 | Transcript accumulation (2-ΔΔCT) of GSL transporters GTR 1, 2 and 3 in the tap root and fine roots of B. rapa plants after 3 and 7 days of root-herbivory by D. radicum normalized to the housekeeping gene GAPDH (mean (SE), n = 3). At each time‐point, the asterisk indicates significant differences according to student’s t-tests (P < 0.05, Table S8). *, P < 0.05; **, P < 0.01, ***, P < 0.001.






Experiment 2: Early Time-Points

The results of the first experiment showed that biosynthesis and transporter genes were already significantly upregulated in the taproot by 3 days of herbivory. We therefore performed a second experiment, in which we focused on the accumulation of GSLs in the early stages of herbivory. We focused only on the taproot and fine roots since we observed hardly any changes in biosynthesis or transport dynamics in aboveground tissues.


Root Herbivory Affects Glucosinolates Accumulation in Local But Not in Distal Tissues

Root herbivory by D. radicum leads to an increased total GSL accumulation in the taproot after 3 days (Figure 4, P < 0.05, F = 5.80, two-way ANOVA, Table 3). The levels of indole GSLs (Figure 4, P < 0.0001, F = 30.59) and benzyl GSLs increased after 24 h and 3 days (Figure 4, P < 0.0001, F = 19.70), whereas aliphatic GSL levels were not affected. We did not observe any changes in GSL levels in the fine roots.




Figure 4 | Concentration (μmol/g dry mass) of aliphatic, benzyl, indole and total GSLs in the tap root and fine roots of B. rapa plants after 12 h, 24 h, 3 days and 7 days of root-herbivory by D. radicum (mean (SE), n = 6). At each time‐point, the asterisk indicates significant differences according to student’s t-tests (P < 0.05, Table S9). *, P < 0.05; **, P < 0.01, ***, P < 0.001.




Table 3 | Statistical comparison of aliphatic, benzyl, indole and total GSL concentrations [(μmol/g) in the taproot and fine roots of B. rapa plants after 12 h, 24 h, 3 and 7 days of root-herbivory by D. radicum (two-way ANOVA, n = 6)]. Bold indicates significant difference P-values (P < 0.05).





Root Herbivory Only Elicits Local Transcript Accumulation

We observed a strongly increased expression of CYP79B2 in the taproot over the entire period of herbivory (Figure 5, P < 0.0001, F = 61.96, two-way ANOVA, Table 4). In contrast, CYP83A1 was upregulated only at 12 h after the start of root herbivory (Figure 5, P < 0.01, F = 12.18) and returned to control levels after 24 h. For genes involved in GSL transport, GTR1A2 expression increased after 12 h (Figure 6, P < 0.001, F = 16.68) and stayed elevated until 24 h and 3 days after herbivory. The expression levels of GTR2A2 were increased over the entire period of herbivory (Figure 6, P < 0.0001, F = 21.43), whereas we did not observe any changes in expression of GTR3A1. We did not observe any changes in expression of the biosynthesis genes CYP83A (Figure 5) or CYP79B2 in the fine roots. The expression of the transporter GTR1A2 increased after 24 h (Figure 6, P < 0.01, F = 7.68) and returned to control levels after 3 days. Root herbivory did not affect the expression of GTR2A2 or GTR3A1 in the fine roots (Figure 6).




Figure 5 | Transcript accumulation (2-ΔΔCT) of GSL biosynthesis genes CYP79B2 and CYP83A1 in the tap root and fine roots of B. rapa plants after 12 h, 24 h and 3 days of root-herbivory by D. radicum normalized to the housekeeping gene ACTIN 7 (mean (SE), n = 6). At each time‐point, the asterisk indicates significant differences according to student’s t-tests (P < 0.05, Table S10). **, P < 0.01, ***, P < 0.001.




Table 4 | Statistical comparison of transcript accumulation of GSL transporters 1, 2, and 3 and biosynthesis genes CYP79B2 and CYP83A1 in the taproot and fine roots of B. rapa plants after 12 h, 24 h, 3 and 7 days of root-herbivory by D. radicum (two-way ANOVA n = 6). Bold indicates significant difference P-values (P < 0.05).






Figure 6 | Transcript accumulation (2-ΔΔCT) of GSL transporters GTR 1, 2 and 3 in the tap root and fine roots of B. rapa plants after 12h, 24 h and 3 days of root-herbivory by D. radicum normalized to the housekeeping gene ACTIN 7 (mean (SE), n = 6). At each time‐point, the asterisk indicates significant differences according to student’s t-tests (P < 0.05, Table S10). *, P < 0.05; ***, P < 0.001.







Discussion

Our study revealed that local accumulation of total GSLs in response to D. radicum root feeding coincided with an increased local expression of both GSL biosynthesis and transporter genes in B. rapa. We observed similar patterns in both experiments, demonstrating the reproducibility of our results. We hypothesized that activation of GSL transport genes to transport GSLs from distal tissues would precede local de novo biosynthesis gene activity. However, we did not observe such temporal dynamics in our experiments. Similarly, we did not find that systemic GSL levels or transporter gene expression are suppressed in favor of locally increasing taproot levels. As predicted by the ODT, we found that GSL levels increased in the taproot in response to local root herbivory. For benzyl and indole GSL, this increase occurred one day after the start of herbivory, and lasted for the complete 7-day period of herbivory. Contrary to our hypothesis, we did not observe a decline in GSL levels in distal tissues during this period. This makes it unlikely that rapid re-allocation of distal GSLs from the shoots contributed to the increase of GSLs in the taproot.

Over the two experiments, the increase of total GSL levels in the taproot was mainly driven by elevated indole GSL levels, whereas aliphatic GSL concentrations did not increase upon root herbivory in either experiment. The increase in indole GSL levels in response to feeding by the specialist D. radicum as observed in this study is comparable to that of B. rapa to herbivory by the generalist Anomala cuprea (Tsunoda et al., 2018). This suggests that chewing root-herbivores with different degrees of host-plant specialization induce similar GSL profiles in B. rapa. In addition to indole GSL accumulation, the levels of the benzyl GSL gluconasturtiin (2-phenylethylglucosinolate) also increased in response to root-herbivory. Gluconasturtiin is a dominant GSL present in roots of Brassica species (van Dam et al., 2009). Its breakdown product 2-phenylethyl ITC, which is formed upon root fly feeding (Crespo et al., 2012), has chemical traits that are advantageous in soil conditions, such as low volatility and hydrophobicity (Sarwar et al., 1998; Laegdsmand et al., 2007). In addition, gluconasturtiin can have a negative effect on belowground herbivore performance, as was shown for D. radicum larvae feeding on Barberea vulgaris plants with differential GSL profiles (Van Leur et al., 2008). Pupae of D. radicum larvae feeding on B. vulgaris roots with gluconasturtiin as the dominant GSL where underdeveloped compared to those feeding from plants that mainly produced glucobarbarin (2(S)-OH-2-phenylethylglucosinolate). Although aliphatic GSLs have shown to play an important role in immunity against several chewing insect species in shoot tissues (Beekwilder et al., 2008; Müller et al., 2010; Jeschke et al., 2017), we did not find an induction of aliphatic GSL accumulation in response to the root-herbivore D. radicum. These observations are in accordance with the theory that shoot and root tissues rely on distinct GSL profiles as chemical defenses against a different community of chewing insect herbivores (Tsunoda and van Dam, 2017).

The accumulation patterns that we observed during root-herbivory can be largely explained by local expression levels of biosynthesis genes. The accumulation of indole GSLs in the taproot was preceded by an increased local expression of the biosynthesis gene CYP79B2, which lasted for the entire three-day period of herbivory. Interestingly, we also observed an initial increase in CYP83A1 expression after 12 h, suggesting that root-herbivory also would increase biosynthesis of aliphatic GSLs. However, CYP83A1 transcript levels dropped back to control conditions one day after the start of herbivory. This decrease in CYP83A1 expression coincided with a rise in CYP79B2 expression, suggesting that crosstalk occurred between the indole- and aliphatic GSL biosynthesis pathways. Such crosstalk between GSL biosynthetic pathways in favor of indole GSL synthesis was also observed in interactions between A. thaliana and the oomycete pathogen Phytophthora brassicae (Schlaeppi et al., 2010). Because specialist herbivores, such as D. radicum, may be able to detoxify GSL-based defenses, crosstalk might serve to switch from production of aliphatic GSLs which are ineffective against specialist herbivores, towards to the production of antimicrobial indole GSLs. Because of this antimicrobial effect of indole GSLs (Bednarek et al., 2009; Schlaeppi et al., 2010), we hypothesize that the observed accumulation of indole GSLs in the taproot may serve to prevent secondary infection by soil-borne pathogens. Root-herbivores generally cause damage to plant tissue over an extended period (Johnson et al., 2016), which increases secondary infections by microbial invaders. This may be particularly so for roots, as soils may contain up to 1 billion microbial cells per 10 grams of soil (Prosser, 2015). In Arabidopsis thaliana, indole GSLs work in concert with the structurally related phytoalexin camalexin to battle pathogen infection (Schlaeppi et al., 2010). In this case, indole GSLs slow down the infection cycle of pathogens by limiting penetration of the epidermal cell layer, after which camalexin serves as a late-acting antimicrobial defense-barrier. Although camalexin is not present in B. rapa, there are other phytoalexins that the species produces in response to biotic stressors. A prominent phytoalexin in several Brassica species is brassinin (Klein and Sattely, 2017), which is synthesized from the unstable ITCs that are formed during hydrolysis of glucobrassicin (indol-3-ylmethylglucosinolate) (Pedras et al., 2009; Bednarek, 2012). Glucobrassicin is one of the indole GSL that was induced by D. radicum feeding in this study. In addition, the biosynthesis of indole GSLs is closely linked to that of indole-3-acetic acid (IAA) (Malka and Cheng, 2017), the most commonly occurring plant hormone belonging to the auxin class (reviewed in Zhao, 2010). Next to its role in growth and development, IAA is a regulator of callus formation in response to wounding. By forming a physical barrier, callus can reduce infection by closing the wounds, thereby reducing infection by pathogens (Ikeuchi et al., 2013). Last but not least, the root flies themselves bring along microbial communities in their guts, which may help them to overcome their host plant’s chemical defenses (Welte et al., 2016). Some of these gut microbes, for example Pectobacterium spp, are also root pathogens in Brassica crops (van den Bosch et al., 2018). Taken together, it is very likely that the responses triggered by root herbivory are partly triggered by and targeted to microbial pathogens (Sellam et al., 2007). Brassinin and IAA are therefore interesting targets for future studies on interactions with root-herbivores and related microbial infections in Brassica.

Next to the induction of biosynthesis, herbivory induced the local expression of transporters GTR1 and GTR2, whereas expression of GTR3 was not affected. Since the induction of GTRs preceded the rise in indole GSL concentration, this suggests that active transport from distal tissues potentially plays a role in local accumulation of indole GSLs. However, contrary to our hypotheses, we did not observe any changes in GSL concentrations or expression of GTRs in distal tissues. This implies that local biosynthesis, and not transport from distal tissues, drives the accumulation of indole GSLs in response to root-herbivory. To confirm this hypothesis, the origin of GSLs that accumulated in the taproot should be studied by excluding the effects of transport from distal organs. This could be achieved by introducing isotope labelled GSLs or precursors into organs distal from the taproot, after which their distribution upon root herbivory can be studied. Next to transporting GSLs towards distal plant parts, GTRs also play a role in the retention of GSLs in designated plant parts (Jørgensen et al., 2017). An alternative hypothesis is that the increased expression of GTRs we observed in the taproot serves to prevent allocation of indole GSLs to plant parts that are not under imminent threat. By using specific GTR-knockout mutants, the role of transporter proteins in the retention of GSLs in the taproot can be studied. In conclusion, our study suggests that both biosynthesis and transport processes play a role in the accumulation of GSLs in the taproot during root-herbivory. However, the exact function and relative importance of transporters upon belowground plant–herbivore interactions needs to be confirmed in future studies.
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Glucosinolates are defense-related secondary metabolites found in Brassicaceae. When Brassicaceae come under attack, glucosinolates are hydrolyzed into different forms of glucosinolate hydrolysis products (GHPs). Among the GHPs, isothiocyanates are the most comprehensively characterized defensive compounds, whereas the functional study of nitriles, another group of GHP, is still limited. Therefore, this study investigates whether 3-butenenitrile (3BN), a nitrile, can trigger the signaling pathways involved in the regulation of defense responses in Arabidopsis thaliana against biotic stresses. Briefly, the methodology is divided into three stages, (i) evaluate the physiological and biochemical effects of exogenous 3BN treatment on Arabidopsis, (ii) determine the metabolites involved in 3BN-mediated defense responses in Arabidopsis, and (iii) assess whether a 3BN treatment can enhance the disease tolerance of Arabidopsis against necrotrophic pathogens. As a result, a 2.5 mM 3BN treatment caused lesion formation in Arabidopsis Columbia (Col-0) plants, a process found to be modulated by nitric oxide (NO). Metabolite profiling revealed an increased production of soluble sugars, Krebs cycle associated carboxylic acids and amino acids in Arabidopsis upon a 2.5 mM 3BN treatment, presumably via NO action. Primary metabolites such as sugars and amino acids are known to be crucial components in modulating plant defense responses. Furthermore, exposure to 2.0 mM 3BN treatment began to increase the production of salicylic acid (SA) and jasmonic acid (JA) phytohormones in Arabidopsis Col-0 plants in the absence of lesion formation. The production of SA and JA in nitrate reductase loss-of function mutant (nia1nia2) plants was also induced by the 3BN treatments, with a greater induction for JA. The SA concentration in nia1nia2 plants was lower than in Col-0 plants, confirming the previously reported role of NO in controlling SA production in Arabidopsis. A 2.0 mM 3BN treatment prior to pathogen assays effectively alleviated the leaf lesion symptom of Arabidopsis Col-0 plants caused by Pectobacterium carotovorum ssp. carotovorum and Botrytis cinerea and reduced the pathogen growth on leaves. The findings of this study demonstrate that 3BN can elicit defense response pathways in Arabidopsis, which potentially involves a coordinated crosstalk between NO and phytohormone signaling.
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INTRODUCTION

Plants are sessile organisms constantly exposed to a wide range of natural enemies, ranging from microbes, small insect herbivores to large herbivores. Once their physical defenses are breached, plants initiate a two-layered innate immune system that allow them to recognize, relay warning signals and mount defense against the invaders (Chisholm et al., 2006; Jones and Dangl, 2006).

The first layer of the innate immune system is primarily regulated by the membrane-bound pattern recognition receptors (PRRs), which enable plants to perceive the pathogen-/microbe- associated molecular patterns (PAMPs/MAMPs) and damage-associated molecular patterns (DAMPs) during a pathogen attack. DAMPs are self-elicitors as they are signal molecules released from damaged or dying plant cells (Roh and Sohn, 2018). The molecular pattern-bound PRRs trigger an innate immune response [PAMP-triggered immunity, (PTI); MAMP-triggered immunity, (MTI); DAMP-triggered immunity; (DTI)] to stop the invasion of pathogens (Heil and Land, 2014; Zipfel, 2014). The pathogens can overcome PTI/MTI/DTI (generally referred as PTI here onward) by deploying specific effector proteins, but may trigger the second layer of the innate immune system.

In the second layer of the innate immune system, plants can recognize the pathogen effector proteins through resistance proteins to activate effector-triggered immunity (ETI) (Rajamuthiah and Mylonakis, 2014). The ETI response is quicker and more intense than PTI. Both PTI and ETI initiate a battery of defense maneuvers, including increase of intracellular calcium and oxidative burst, activation of mitogen-activated protein kinase (MAPK) cascades, activation of transcription factors (such as WRKY family) and defense-related genes regulation (Couto and Zipfel, 2016; Kushalappa et al., 2016). Moreover, ETI response also triggers a hypersensitive response cell death to prevent the spread of pathogens (Vlot et al., 2017). Subsequently, hypersensitive response triggers the synthesis of secondary signal molecules, such as salicylic acid (SA), jasmonic acid (JA), nitric oxide (NO), reactive oxygen species (ROS), and lipid-derived molecules, to induce systemic acquired resistance (Fu and Dong, 2013; Gao et al., 2015).

Phytohormones are small endogenous, low-molecular-weight organic compounds that regulate a plethora of developmental and physiological processes (Bedini et al., 2018). Apart from developmental regulation, the phytohormone signaling cascades of SA, JA, and ethylene have also been associated with the aforementioned two layers of plant immunity, PTI and ETI (Mine et al., 2018). Each of the phytohormones has specific roles yet they can interact/crosstalk with one another either synergistically or antagonistically to execute the most efficient defense responses (Pieterse et al., 2012). Primary metabolites are the basic building blocks of nutrients that are required for normal growth and development of plants. On the flip side, the carbon skeletons and the stored energy of primary metabolites can also be utilized for defense purposes. An example of the alteration of primary metabolism in plants under a pathogen attack involves the post-translational derepression of invertase activity that led to an increased hydrolysis of sucrose into monosaccharides (Bonfig et al., 2010). Meanwhile, amino acids are the precursors of defensive proteins and defense-related secondary metabolites (Coruzzi and Last, 2000).

Secondary metabolites are also involved in plant defense. For example, glucosinolates, which are sulfur and nitrogen-containing plant secondary metabolites found in Brassicaceae. In Arabidopsis thaliana, glucosinolates are found in the sulfur-rich cells (Wittstock and Halkier, 2002). Myrosinases (thioglucosidase; EC3.2.1.147), which are present in myrosin cells in neighboring to sulfur-rich cells, will hydrolyze glucosinolates upon pathogen attack or upon mechanical damage that causes the disruption of plant tissue (Bones and Rossiter, 1996). Several glucosinolate hydrolysis products (GHPs), such as isothiocyanate, nitrile, epithionitrile and thiocyanate, can be generated depending on the side chain of their precursor glucosinolates and the presence of specifier proteins (Wittstock and Burow, 2010). Among the known GHPs, isothiocyanates are most studied. Isothiocyanates have been reported to be highly toxic to a broad range of natural enemies of plants including insects, fungi, bacteria and weeds (Halkier and Gershenzon, 2006; Gimsing and Kirkegaard, 2009; Stotz et al., 2011). Isothiocyanates are two edges swords. Not only they are toxic to susceptible pests and diseases, they are also found to be toxic to Arabidopsis at high dosage (Hara et al., 2010). Isothiocyanates also cause other negative effects on plants, such as triggering stomatal closure (Khokon et al., 2011), inducing cell death (Andersson et al., 2015), disrupting microtubules (Øverby et al., 2015a), depleting glutathione (Øverby et al., 2015b), and inhibiting root growth (Urbancsok et al., 2017).

The biological roles of other GHPs, such as nitriles, are not well understood. Nitriles are synthesized from glucosinolates by nitrile-specifier proteins or epithiospecifier proteins, in the presence of myrosinase (Lambrix et al., 2001; Kissen and Bones, 2009). Nitriles are less toxic compared to their corresponding isothiocyanates (Wittstock et al., 2003). It has been demonstrated that an epithiospecifier proteins overexpressing transgenic Arabidopsis, which can produce more nitriles, showed increased resistance to the bacterial pathogen Pseudomonas syringae pv. tomato DC3000 and the fungal pathogen Alternaria brassicicola (Miao and Zentgraf, 2007). This research indicates that the biological role of glucosinolate-derived nitriles in plants may be involved in disease resistance. Hossain and colleagues previously showed that 3-butenenitrile (3BN) could induce stomatal closure, ROS accumulation and NO production in guard cells of A. thaliana (Hossain et al., 2013), which are characteristic processes of DTI. However, to date, there is no study that elucidates the function of 3BN in enhancing the disease tolerance of Brassicaceae plants against pathogens. Therefore, in the present study we chose to investigate the effects of 3BN which is the nitrile-counterpart of the much studied sinigrin-derived allyl-isothiocyanate (Hara et al., 2010; Urbancsok et al., 2017). Among the different Brassicaceae species, A. thaliana was used in this study because it is the dicotyledonous model plant. The availability of a wide range of mutant lines and its complete genomic sequence provide extraordinary resources for functional biology studies (Reichelt et al., 2002).

To test the proposed function of 3BN, there were three objectives set out to be achieved in this study, i.e., (i) to evaluate the physiological and biochemical effects of 3BN treatment on Arabidopsis, (ii) to investigate the metabolites triggered by 3BN treatment in Arabidopsis, and (iii) to assess the enhanced disease tolerance of Arabidopsis conferred by 3BN treatment against necrotrophic pathogens.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Arabidopsis thaliana wild-type Columbia (Col-0) and nitrate reductase (nia1nia2) mutant line were grown in soil in a growth chamber with 16 h light (100 μmol m–2 s–1)/8 h dark photoperiod at 22°C. The nia1nia2 mutant line has been described previously (Wilkinson and Crawford, 1993) and the plants were watered with 2.5 mM ammonium nitrate.



Exposure to 3-Butenenitrile

3-butenenitrile (3BN, CAS 109-75-1) was purchased from Sigma-Aldrich (122793; 98%). 3BN was freshly diluted in 20 mL of commercial rapeseed oil to different concentrations (2.0, 2.5, 5.0, and 7.5 mM). Three weeks old A. thaliana plants were exposed to vapors of the different 3BN concentrations (20 mL in a 9-cm dish, with lid removed) for 24 h in a closed chamber (28.5 cm × 28.5 cm × 19.5 cm) (Figure 1A). The concentration of 3BN vapor emitted from a 2.5 mM 3BN solution into the chamber can be calculated to 1.578 nmol/cm3. Plants of different genetic backgrounds were treated together in the same chamber. The setup for control (mock) treatment was identical with plants exposed only to 20 mL rapeseed oil. The effect of the 3BN treatment was compared between the wild-type and nia1nia2 mutant line. Photographs were taken 2 days post-3BN treatment.
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FIGURE 1. 3BN treatment setup and response in Arabidopsis col-0 (wild-type). (A) Three weeks old Arabidopsis (wild-type) plants were separately treated with different concentrations of 3BN in closed containers for 24 h. (B) The lesion phenotype was observed for 2.5 mM 3BN treatment (red arrows) and severe necrosis was observed for 3BN concentrations ≥ 5.0 mM. Photographs were taken 2 days post-3BN treatment.




Analysis of Lesion Formation in 3BN Treated-Plants

Formation of lesion was visualized on rosette leaves 2 days post-3BN vapors treatment by trypan blue staining as described by Koch and Slusarenko (1990) with modifications. Detached leaves were subjected to 2.5 mg/mL of trypan blue and heated in boiling water bath for 1 min. The staining solution was then replaced with chloral hydrate solution (2.5 g/mL) and destained overnight.

Lesion formation was further validated by the electrolyte leakage method using a conductivity meter (Eutech CON 700, Singapore), essentially as described by Dionisio-Sese and Tobita (1998). This experiment was carried out 2 days post-3BN treatment. Electrolyte leakage was calculated using the following formula:
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Microarray and Statistical Analysis

The rosette tissue of A. thaliana plants (Col-0 and nia1nia2) from the mock and 2.5 mM 3BN treatment were harvested after 24 h and immediately flash-frozen in liquid nitrogen and stored at −80°C until further processing. Total RNA was isolated from four biological replicates of each treatment and microarray analysis was performed using the Arabidopsis (V4) Gene Expression Microarray 4 × 44K (Agilent Technology, United States). The details of the procedures were described previously (Kissen et al., 2016).

For the statistical analysis of microarray data, data were preprocessed using the Limma package (version 3.2.3) as implemented in R (Smyth, 2005). Further data normalization and processing were following Kissen et al. (2016). Raw data have been deposited in Gene Expression Omnibus (accession GSE139089).



Gene Ontology Enrichment and Network Analysis

The identification of differentially expressed genes (DEGs) was set at a cut-off of | log2fold change| ≥ 1 and adjusted p < 0.01. The identified DEGs from Col-0 and nia1nia2 were analyzed for Gene Ontology (GO) enrichment analysis using PANTHER classification system1 (Mi et al., 2019). Furthermore, the same set of DEGs was selected for network analysis by PATHWAY STUDIO software (Ariadne Genomics, Rockville, MD, United States) and for pathway mapping analysis by MAPMAN (Thimm et al., 2004).



Metabolite Extraction and Gas Chromatography-Mass Spectrometry (GC-MS) Analysis

Metabolites were extracted from shoot tissue of A. thaliana plants (Col-0 and nia1nia2) exposed to mock and 2.5 mM 3BN for 24 h (four biological replicates each) and derivatized with MSTFA [N-Methyl-N-(trimethylsilyl)trifluoroacetamide] (Sigma-Aldrich, 69479), followed by GC-MS as described previously (Alipanah et al., 2015). MetAlign software (PRI-Rikilt, Wageningen, The Netherlands) was used for the data integration, normalization, and alignment. Principal component analysis (PCA) was performed using SIMCA software (Umetrics, Sweden). The main goal was to identify metabolites that are produced at different levels (i) between mock and 3BN-treated conditions in each genotype or (ii) between Col-0 and nia1nia2 plants under the same experimental conditions.



Phytohormone Analysis

SA, JA, and abscisic acid (ABA) were extracted and analyzed as described by Pan et al. (2010). The liquid chromatography system used for analysis was an ultra-performance liquid chromatography (UPLC) system (ACQUITY UPLC, Waters, Millford, MA, United States). The UPLC system was coupled to a Waters Xevo TQ-S triple quadrupole mass spectrometer (Waters, Milford, MA, United States). Chromatographic separations were performed on an ACQUITY UPLC HSS T3 Column (2.1 × 100 mm, 1.8 μm, Waters, Millford, MA, United States). 13C6- salicylic acid (13C6-SA), d5-jasmonic acid (D5-JA) and d6- abscisic acid (D6-ABA) were used as internal standards. Characteristic mass spectrometry transitions were monitored using negative multiple reaction monitoring (MRM) mode for SA (m/z, 137 > 93), 13C6-SA (m/z, 143 > 99), JA (m/z, 209 > 59), D5-JA (m/z, 214 > 62), ABA (m/z, 263 > 153), and D6-ABA (m/z, 269 > 159). Data acquisition and processing were performed using MassLynx version 4.1 and TargetLynx software (Waters Corp.).



Plant Pathogen Inoculation and Disease Response Assay

Prior to infection assay, 3BN-treated plants were placed in ventilated fume hood for 30 min to get rid of the 3BN vapor. The infection assay with Pectobacterium carotovorum ssp. carotovorum (Pcc) was done as described previously (Hsiao et al., 2017) with some modifications. Four rosette leaves from each 3 weeks old plant from the 24 h mock or 2.0 mM 3BN treatment were punctured with a 10 μL tip and inoculated with 10 μL liquid culture of 1 × 106cfu ml–1 of Pcc or water (control). The disease symptoms and lesion sizes on leaves were recorded at 16 h post-infection (hpi) and analyzed with Image J. In planta bacterial growth assays were performed by counting the bacterial colony-forming unit (CFU) after tissue homogenization and proper dilutions as described by Ishiga et al. (2017).

Botrytis cinerea (Bc) infection assay was performed as described previously (Huang et al., 2014) with modifications. Droplets of 10 μL of Bc spore suspension (106 spores ml–1) were deposited on each side of the leaf midvein on four rosette leaves from each 3 weeks old plant after the 24 h mock or 2.0 mM 3BN treatment. The infected plants were kept at 100% relative humidity throughout the assay. The disease symptoms and lesion sizes on leaves were recorded at 48 hpi and analyzed with Image J. In planta fungal growth assays were performed by analyzing the relative transcript level of B. cinerea Actin (BcActin) and Arabidopsis Actin (AtActin) by qRT-PCR. The primers used for qRT-PCR are as described by Nie et al. (2017).




RESULTS


Arabidopsis Response to 3BN Treatment

The wild-type plants exhibited a dose-dependent necrosis compared to the mock condition (Figure 1B). Lesions began to appear on rosette leaves upon 2.5 mM 3BN treatment, while more severe necrosis was observed at higher concentrations of 3BN treatments, i.e., ≥ 5.0 mM.

On the contrary, leaves of the NO-deficient mutant nia1nia2 did not show any sign of lesions upon the 2.5 mM 3BN treatment (Figure 2A). Consistently, trypan blue staining showed dark-blue staining in the wild-type leaves under the 2.5 mM 3BN treatment but this was not observed in the nia1nia2 leaves (Figure 2B). The dark-blue staining on the wild-type leaves indicated that 3BN had caused lesion formation.
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FIGURE 2. Comparison of physiological and biochemical effects of 2.5 mM 3BN treatment between Arabidopsis Col-0 wild-type and nia1nia2 mutant. (A) Signs of lesion formation (red arrows) were spotted on the wild-type leaves upon 3BN treatment. Photographs were taken 2 days post-3BN treatment. (B) Trypan blue staining revealed the presence of dark-blue stained spots, indicating lesion formation in Col-0 wild-type but not nia1nia2 leaves upon 3BN treatment. Lesion was visualized on rosette leaves 2 days post-3BN vapors treatment.


This finding was further validated by electrolyte leakage analysis (Figure 3). Notably, 2.5 mM 3BN treatment resulted in significant electrolyte leakage in the wild-type plants compared to mock condition but this was not observed in the nia1nia2 mutant plants. Significant electrolyte leakage only began to happen in the nia1nia2 mutant plants upon exposure to 5.0 mM 3BN treatment.
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FIGURE 3. Electrolyte leakage analysis of Arabidopsis Col-0 wild-type and nia1nia2 mutant when subjected to different concentrations of 3BN treatments. This analysis was carried out 2 days post-3BN treatment. 2.5 mM 3BN treatment caused significant electrolyte leakage in wild-type but not in nia1nia2 mutant. Values for electrolyte leakage are the average (error bars indicate SD) of six plants. Stars indicate a statistically significant difference (One-way ANOVA, **P < 0.01, ***P < 0.001) to the control treatment.




Transcriptomic Responses in Arabidopsis Col-0 and nia1nia2 Upon 2.5 mM 3BN Treatment

A total of 3939 DEGs was identified in Col-0 plants in response to 2.5 mM 3BN treatment of which 2173 genes were upregulated and 1766 genes were downregulated (Figure 4A and Supplementary Table S1). Relatively few DEGs, 2262, were identified in nia1nia2 plants in response to 2.5 mM 3BN treatment of which 1509 genes were upregulated and 753 genes were downregulated (Figure 4A and Supplementary Table S1). A total of 1262 genes were upregulated in both Col-0 and nia1nia2 plants, while 624 genes were downregulated in both the wild-type and mutant plants (Figure 4A). In other words, 911 and 247 genes were uniquely upregulated in Col-0 and nia1nia2 plants, respectively. For downregulated genes, 1142 and 129 genes were unique to the wild-type and mutant plants, respectively (Figure 4A).
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FIGURE 4. An overview of microarray analysis results for Arabidopsis Col-0 wild-type and nia1nia2 mutant upon 2.5 mM 3BN treatment for 24 h. (A) The comparison of the number of differentially expressed genes (DEGs) under the 3BN treatment between Col-0 and nia1nia2. (B) GO enrichment analysis of DEGs in Arabidopsis Col-0 wild-type and nia1nia2 mutant upon 2.5 mM 3BN treatment. Enrichment of monosaccharide metabolic process and fatty acid beta-oxidation was uniquely found in the upregulated genes of the wild-type plants, while enrichment of carbohydrate metabolic process and sulfur compound metabolic process was uniquely found in the upregulated genes of the mutant plants.


GO enrichment analysis of DEGs showed that monosaccharide metabolic process and fatty acid beta-oxidation were enriched by the upregulated genes in the Col-0 plants in response to the 3BN treatment while the enrichment was not detected in the nia1nia2 plants (Figure 4B). On the other hands, carbohydrate metabolic process and sulfur compound metabolic process were enriched by the upregulated genes in the nia1nia2 plants in response to the 3BN treatment (Figure 4B).

The network enrichment analysis of Pathway Studio showed that a group of 159 genes was enriched in the plant defense term (p-value: 2.08838 E-4) in Col-0 plants (Supplementary Table S2). Among them, a total of 134 (84.3%) defense-related and phytohormone-associated genes were upregulated in the Col-0 plants upon 3BN treatment (Supplementary Table S2). Notably, the expression of SA-biosynthetic genes, ICS1 (isochorismate synthase 1; At1g74710), PAD4 (phytoalexin deficient 4; At3g52430), and EDS1 (enhanced disease susceptibility 1 protein; At3g48090); and that of SA signaling genes, NPR3, NPR4 (non-expressor of pathogenesis-related proteins 3, 4; At5g45110, At4g19660), TGA3 (TGACG-binding transcription factor 3; At1g22070), WRKY70 (WRKY DNA-binding protein 70; At3g56400), and PR5 (pathogenesis-related gene 5; At1g75040), were induced by the 3BN treatment (Supplementary Table S2). In addition, the expression of JA-biosynthetic genes, LOX1 and LOX5 (lipoxygenase 1, 5; At1g55020, At3g22400) were also induced by the 3BN treatment (Supplementary Table S2).



Metabolite Profiling of Arabidopsis Col-0 and nia1nia2 Upon 2.5 mM 3BN Treatment

As GO enrichment of the DEGs revealed an enrichment of primary metabolic process (Figure 4B), metabolite profiling was carried out (Figure 5). PCA plot of samples shows that the four biological replicates of the four samples (i.e., Col-0_mock, Col-0_3BN, nia1nia2_mock, nia1nia2_3BN) were clustered according to their own groupings, indicating that the samples were of good quality for metabolite profiling (Supplementary Figure S1 and Supplementary Table S3). The PCA plot of metabolites depicts that the four samples can be differentiated mainly based on the content of various types of sugars, carboxylic acids and amino acids (Figure 5).
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FIGURE 5. An overview of metabolite profiling data for Arabidopsis Col-0 wild-type and nia1nia2 mutant upon 2.5 mM 3BN treatment for 24 h. PCA plot depicting the metabolites with variable contents between any combination of paired samples.


The content of the metabolites in all four samples showed three important trends. Firstly, soluble sugars, such as sucrose, glucose and fructose, as well as sorbitol (sugar alcohol) were produced at lower levels in the Col-0 leaves than in the nia1nia2 leaves under mock condition (Figure 6). The 3BN treatment generally increased the production of these soluble sugars and sorbitol in wild-type and mutant plants. Particularly, sucrose content was increased by the 3BN treatment in the nia1nia2 leaves, while glucose and sorbitol were increased by the same treatment in the Col-0 leaves (Figure 6). Next, four carboxylic acids that are intermediate compounds in the Krebs cycle, namely fumaric acid, malic acid, citric acid and succinic acid were produced at higher levels in the Col-0 leaves than in the nia1nia2 leaves under mock condition (Figure 7). The 3BN treatment generally increased the production of these carboxylic acids in Col-0 plants with significant difference for malic acid and citric acid (Figure 7). The third observation was that the 3BN treatment increased the production of six amino acids in Col-0 to a greater extent than in nia1nia2 plants (Figure 8).
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FIGURE 6. Metabolite profiling of soluble sugars (including sorbitol, a sugar alcohol) for Arabidopsis Col-0 wild-type and nia1nia2 mutant upon 2.5 mM 3BN treatment for 24 h. For sucrose, One-way ANOVA and Tukey post hoc test were used with different letters denoting a significant difference (P < 0.05). For glucose, fructose and sorbitol, where the homogeneity of variance assumption could not be fulfilled, Welch one-way test and pairwise t-test were used with different letters denoting a significant difference (P < 0.05).
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FIGURE 7. Metabolite profiling of Krebs cycle-associated carboxylic acids for Arabidopsis Col-0 wild-type and nia1nia2 mutant upon 2.5 mM 3BN treatment for 24 h. One-way ANOVA and Tukey post hoc test with different letters denoting a significant difference (P < 0.05).
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FIGURE 8. Metabolite profiling of amino acids for Arabidopsis Col-0 wild-type and nia1nia2 mutant upon 2.5 mM 3BN treatment for 24 h. One-way ANOVA and Tukey post hoc test with different letters denoting a significant difference (P < 0.05).




Changes of Phytohormone Production in Arabidopsis Col-0 and nia1nia2 Upon 2.0 and 2.5 mM 3BN Treatments

Based on the microarray data, the expression of genes associated with phytohormone biosynthesis and signaling were upregulated in Arabidopsis Col-0 wild-type in response to 2.5 mM 3BN treatment (Supplementary Table S2). This finding suggests the involvement of phytohormone signaling in the 3BN-induced innate immune responses. Meanwhile, electrolyte leakage analysis was repeated with the inclusion of 2.0 mM 3BN treatment in the second trial (Supplementary Figure S2). Both trials showed consistent results where 2.5 mM 3BN treatment only caused significant electrolyte leakage in the Col-0 plants compared to mock condition but not in the nia1nia2 mutant plants (Figure 3 and Supplementary Figure S2). Interestingly, 2.0 mM 3BN treatment did not cause electrolyte leakage in both the wild-type and mutant plants (Supplementary Figure S2). Therefore, phytohormone production was measured for Col-0 and nia1nia2 plants treated with 2.0 and 2.5 mM 3BN treatments in comparison with mock condition (Figure 9).
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FIGURE 9. Phytohormone profiling of Arabidopsis Col-0 wild-type and nia1nia2 mutant upon 2.0 and 2.5 mM 3BN treatments for 24 h. (A) SA, (B) JA, and (C) ABA (t-test, *P < 0.05, n = 3 per sample).


Ultra-performance liquid chromatography (UPLC) analysis demonstrated that at 2.0 mM 3BN treatment, Arabidopsis Col-0 wild-type had an increase in the production of SA (2.2-fold) and JA (4.1-fold) while 2.5 mM 3BN treatment led to an increased production of SA (2.7-fold), JA (4.4-fold), and ABA (2.4-fold) in comparison with the mock condition (Figure 9). On the other hand, for nia1nia2 mutant, the 2.0 mM 3BN treatment induced the production of SA (2.2-fold) and JA (20.3-fold) in consonance with the 2.5 mM 3BN treatment that increased the production of SA (3.2-fold) and JA (15.4-fold) (Figure 9). Although 3BN treatments increased the production of SA in both Arabidopsis Col-0 and nia1nia2 plants, SA concentration in Col-0 was higher than in nia1nia2 plants under mock, 2.0 and 2.5 mM 3BN treatment conditions (Figure 9A). Nevertheless, significant difference of SA concentration between Col-0 and nia1nia2 plants was detected only under 2.5 mM 3BN treatment condition (t-test, ∗∗P < 0.01, n = 3 per sample). On the other hand, although 3BN treatments increased the production of JA in both Arabidopsis Col-0 and nia1nia2 plants, JA in nia1nia2 was induced more by 3BN treatments than in Col-0 (Figure 9B). However, the difference of JA concentration between Col-0_2.0 mM 3BN and nia1nia2_2.0 mM 3BN and between Col-0_2.5 mM 3BN and nia1nia2_2.5 mM 3BN was not statistically significant, presumably due to large within-group variation.



Exposure to 2.0 mM 3BN Enhanced Arabidopsis Tolerance to Necrotrophic Pathogens

To examine whether 3BN-induced innate immune responses can enhance the disease tolerance of Arabidopsis, 2.0 mM 3BN treatment was selected mainly for three reasons, (i) 2.0 mM 3BN treatment did not cause electrolyte leakage on the leaves of Arabidopsis (Supplementary Figure S2), (ii) yellow chlorosis and lesion began to appear on the Col-0 leaves upon 2.5 mM 3BN treatment (Figures 1–3), and (iii) the production of phytohormones such as SA and JA began to be induced in Col-0 leaves upon 2.0 mM 3BN treatment (Figure 9). Three weeks old Arabidopsis Col-0 plants were first exposed to the mock and 2.0 mM 3BN treatments and then subjected to infection assays of Pectobacterium carotovorum ssp. carotovorum or Botrytis cinerea. Interestingly, compared with mock condition, exogenous application of 2.0 mM 3BN was effective in reducing the lesion size and pathogen growth on the leaves of Arabidopsis Col-0 in both of the bacterial (Figure 10) and fungal (Figure 11) infection assays.
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FIGURE 10. Pathogen assays of Arabidopsis Col-0 with the necrotrophic bacterium Pectobacterium carotovorum ssp. Carotovorum (Pcc). (A) Arabidopsis Col-0 was challenged with the bacterium after having been exposed to a mock or 2.0 mM 3BN treatment for 24 h. (B) Representative pictures of plants exposed to a mock or 2.0 mM 3BN treatment for 24 h before pathogen inoculation. (C) Representative pictures of rosette leaves showing lesions post 16 h of inoculation with Pcc. (D) The lesion area at 16 h post-infection (t-test, ***P < 0.001, n = 32 leaves per treatment, with four batch data). (E) The bacterial population estimated by CFU at 16 h post-infection (t-test, ***P < 0.001, n = 32 leaves per treatment, with three batch data).
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FIGURE 11. Pathogen assays of Arabidopsis Col-0 with the necrotrophic fungus Botrytis cinerea (Bc). (A) Arabidopsis Col-0 was challenged with the fungus after having been exposed to a mock or 2.0 mM 3BN treatment for 24 h. (B) Representative pictures of plants exposed to a mock or 2.0 mM 3BN treatment for 24 h before pathogen inoculation. (C) Representative pictures of rosette leaves showing lesions post 48 h of inoculation with Bc. (D) The lesion area at 48 h post-infection (t-test, **P < 0.01, n = 48 leaves per treatment). (E) Quantification of Bc growth at 48 h post-infection estimated by relative transcript levels of BcActin and AtActin using qRT-PCR (t-test, **P < 0.01, n = 5 plants per treatment).





DISCUSSION


The Involvement of NO in Lesion Formation of Arabidopsis Upon 3BN Recognition

One of the earlier responses of PTI and ETI in plants involves the rapid accumulation of oxygen-derived free radicals such as ROS and NO (Torres et al., 2006). It has been well known that ROS and NO are important signal molecules in plant defense against pathogens, implicated in (i) cross-linking of cell wall proteins, (ii) alteration of membrane permeability and ion fluxes, (iii) hypersensitive response, (iv) systemic acquired resistance, and (v) the production of phytoalexins (Wojtaszek, 1997; Romero-Puertas et al., 2004). The GHPs of interest in this study, 3BN, may play a role in the oxidative burst phenomenon.

In this study, 2.5 mM 3BN treatment caused lesion formation on the leaves of 3 weeks old Arabidopsis Col-0 wild-type while the same treatment did not cause any symptom on the leaves of NO-deficient nia1nia2 mutant plants (Figures 2, 3). To interpret this result, it is important to understand the various NO production mechanisms in plants. Generally, NO can be produced via enzymatic and non-enzymatic pathways (Gupta et al., 2011). Nitrate reductase and NO synthase-like (NOS-like) activities are the main sources of NO production in plants under normal physiological conditions (Mur et al., 2013). The nitrate reductase-defective double mutant, nia1nia2, accumulates a lower endogenous NO level than the Col-0 wild-type (Zhao et al., 2009, 2016). Therefore, it can be deduced that the relatively low endogenous NO level in nia1nia2 plants was not sufficient to cause lesion formation upon exposure to the 2.5 mM 3BN treatment. This result demonstrates that NO plays a fundamental role in triggering lesion formation upon 3BN recognition.

NO was initially reported in mammals as a key redox-active signal molecule responsible for inflammatory and innate immune responses (Schmidt and Walter, 1994; Stamler, 1994). Since then, a growing body of evidence showed that NO is also playing a pivotal role in plant defense signaling as the NOS-like activity (NOS is a NO biosynthetic enzyme in metazoans) and the secondary messenger molecules in NO-mediated signaling pathways of mammalian cells, such as cyclic guanosine monophosphate (cGMP) and cyclic adenine dinucleotide phosphate ribose (cADPR), are also present in plants (Klessig et al., 2000; Neill et al., 2003; Astier et al., 2018). During pathogen attack, NO is known to regulate hypersensitive response in plants via S-nitrosylation of thiol-containing proteins (post-translational protein modification). For example, NO-mediated S-nitrosylation inhibited the activity of aconitase enzyme in the Krebs cycle (Gardner et al., 1997). The inhibition action resulted in an increased level of cellular iron which together in the presence of NO might contribute to cell death (Navarre et al., 2000). The targets of NO-mediated S-nitrosylation also include antioxidative enzymes such as peroxiredoxin II E (Romero-Puertas et al., 2007), catalase (Lin et al., 2012), and ascorbate peroxidase (de Pinto et al., 2013). Inhibition of these enzymes leads to increased ROS levels presumably responsible for plant cell death. In agreement, the expression of genes encoding two NADPH oxidases, also known as respiratory burst oxidase homologs (RBOHs), i.e., RBOH C (At5g51060), and RBOH F (At1g64060), which produce ROS, was induced by the 2.5 mM 3BN treatment in both Col-0 and nia1nia2 plants (Supplementary Table S1). Conversely, the accumulation of NO during pathogen attacks was reported to be involved in a negative feedback loop by negatively regulating ROS production, via S-nitrosylation of NADPH oxidase, in order to prevent excessive cell death (Yun et al., 2011).

On the other hand, the electrolyte leakage analysis revealed lesion formation in the nia1nia2 mutant at a 3BN treatment of ≥5.0 mM (Figure 3). As the NO-deficient phenotype of nia1nia2 plants is accounted for by the mutation of nitrate reductase 1 and 2 (Zhao et al., 2016), the observed lesion formation of nia1nia2 when exposed to higher 3BN concentrations could be due to ROS accumulation and/or the eventual build-up of NO catalyzed by other NO biosynthetic enzymes such as NOS-like activity in the mutant plants. It has been reported that NO can cooperate with H2O2 in triggering hypersensitive response cell death during incompatible plant-pathogen interactions (Yoshioka et al., 2011). Whether NO allies with ROS to activate the programmed cell death of Arabidopsis upon 3BN treatment still remains to be elucidated.



The Production of Soluble Sugars, Krebs Cycle-Associated Carboxylic Acids, and Amino Acids Is Induced in Arabidopsis by 2.5 mM 3BN Treatment

To optimize fitness under the changing environmental conditions, plants utilize a plethora of signal molecules and the associated-signaling pathways to plastically adjust their metabolism so that priority is given for development under favorable condition while defense responses are activated under unfavorable conditions (Malinovsky et al., 2017). Simple sugars and amino acids are primary metabolites that are indispensable for normal growth, development and reproduction of plants. By the same token, both of these primary metabolites have also been linked to plant stress responses. For instance, sugars were reported to interact with ROS signaling pathways where elevated levels of sugars can either stimulate or repress ROS production (Couée et al., 2006). The amino acid phenylalanine is the first precursor in phenylpropanoid pathway which gives rise to the formation of many important defense-related secondary metabolites (Fraser and Chapple, 2011).

Our metabolite profiling showed that the production of monosaccharide (glucose) and its derivative (sorbitol) in Arabidopsis Col-0 plants was increased by the 2.5 mM 3BN treatment, while the production of disaccharide (sucrose) in nia1nia2 plants was increased by the same treatment (Figure 6). This observation indicates that sugar metabolism is differentially regulated between the Col-0 and nia1nia2 plants under the 3BN treatment. By mapping the DEGs from Col-0 and nia1nia2 plants to the metabolic pathways in MAPMAN, we noticed that a higher number of genes associated with (i) starch and sucrose metabolism and (ii) glycolysis was up-regulated by 3BN treatment in the Col-0 in comparison with the nia1nia2 plants (Supplementary Figure S3 and Supplementary Table S4). Based on this finding, it can be inferred that sucrose degradation and glycolysis were concomitantly activated by the 2.5 mM 3BN treatment in the Col-0 plants. This could justify the metabolite results where 2.5 mM 3BN treatment did not increase the sucrose level but increased the levels of glucose and sorbitol in the Col-0 plants (Figure 6). Conversely, as sucrose degradation and glycolysis were not activated in the nia1nia2 plants by the same 3BN treatment, an increase in the sucrose level was observed instead for the levels of monosaccharides and sorbitol (Figure 6). A previous study of comparative metabolomic analysis reported an increased endogenous content of soluble sugars upon melatonin treatment and Pseudomonas syringae pv. tomato (Pst) DC3000 infection in Arabidopsis Col-0 (Qian et al., 2015). The study also demonstrated that exogenous pre-treatment of soluble sugars could reduce the bacterial spread in Arabidopsis Col-0 but not in SA- and NO-deficient mutants (Qian et al., 2015).

The production of Krebs cycle-associated carboxylic acids, namely malic and citric acids was induced by the 3BN treatment only in the Arabidopsis Col-0 plants (Figure 7). Interestingly, apart from the observed induction of sucrose degradation and glycolysis, genes related to the carboxylic acid-producing processes in the Krebs cycle were also up-regulated by the 2.5 mM 3BN treatment in the Col-0 plants (Supplementary Figure S3 and Supplementary Table S4). Meanwhile, no induction of Krebs cycle-associated genes was observed in the nia1nia2 plants treated with 2.5 mM 3BN (Supplementary Figure S3). As mounting defense response is an energy-consuming process, it is not surprising that the Krebs cycle, the cellular energy production pipeline, is involved. Furthermore, the cycle also functions in producing the precursors of certain amino acids. In line with this notion, six amino acids, including asparagine, phenylalanine, isoleucine, tyrosine, lysine and leucine exhibited increased production in Arabidopsis Col-0 under 3BN treatment (Figure 8). This increased supply of amino acids could be channeled for the production of defensive proteins or defense-related secondary metabolites (Coruzzi and Last, 2000). It is noteworthy that the increased production of amino acids seen in Arabidopsis Col-0 plants upon 3BN treatment was compromised incompletely in nia1nia2 plants (Figure 8). This finding can be partly attributed to the two mutated nitrate reductases in nia1nia2 plants that negatively affect the nitrate reduction/assimilation, which is critical for the production of amino acids (Zhao et al., 2016).

Interestingly, a recent study reported that an acute dose of exogenous NO gas caused momentary metabolic changes in Arabidopsis at 6 h after treatment. The metabolic changes included elevated content of sugars, Krebs cycle carboxylic acids and amino acids along with accumulation of polyamines, fatty acids, phospholipids and nucleic acids (León et al., 2016). The transient effect with a metabolic change at 6 h, but not 24 h as reported in our study, might be due to the fact that NO was treated directly in the study while it may take some time for 3BN to act and generate NO in our study. Nevertheless, based on León et al. (2016), the 3BN-induced NO production is very likely to result in the observed concomitant activation of sucrose degradation, glycolysis and Krebs cycle in the Col-0 plants (Supplementary Figure S3). Besides that, the reported effects of NO on metabolic changes can also be depicted in our metabolite profiling results under mock condition. For example, the higher endogenous NO level in Col-0 plants compared with nia1nia2 plants could account for the lower levels of soluble sugars but higher carboxylic acid levels in Col-0 plants compared with nia1nia2 plants under the mock condition (Figures 6, 7). This finding suggests that, to a certain degree, the concomitant activation of sucrose degradation, glycolysis and Krebs cycle has happened in the Col-0 plants under the mock condition. Given the co-induction of these processes under the mock condition, the amino acid levels in the Col-0 plants were still comparable with those measured in the nia1nia2 plants (Figure 8). A possible explanation is that the efficiency of conserving metabolic resources, such as carbon, nitrogen and energy, is lower if Arabidopsis Col-0 plants accumulate higher amount of amino acids under the mock condition. Conserving metabolic resources for amino acid synthesis is critical because amino acids are the building blocks for various important molecules, including proteins, vitamins, nucleotides and secondary metabolites (Arnold et al., 2015). Thus, increased amino acid biosynthesis, presumably mediated by NO, was only detected when Col-0 plants were treated with 2.5 mM 3BN treatment (Figure 8).



The Production of SA and JA Is Induced in Arabidopsis by 2.0 mM 3BN Treatment in the Absence of Lesion Formation

Phytohormones are small endogenous, low-molecular-weight regulators of diverse growth, development and physiological processes (Checker et al., 2018). Besides that, they have also been attributed to the modulation of biotic and abiotic stress responses whereby crosstalks exist between the two networks (Ku et al., 2018). Under a stressful condition, antagonistic or synergistic crosstalks also happen between different phytohormones in plants (Ohri et al., 2015). Though complex, the crosstalks between phytohormone signaling cascades are deemed fundamental in fine-tuning the allocation of resources to the most appropriate defense mechanisms (Pieterse et al., 2012).

JA signaling is well known in triggering defense responses against necrotrophic pathogens (Mei et al., 2006), while SA signaling is effective against biotrophs/hemibiotrophs (Sticher et al., 1997). The finding that 2.0 mM 3BN treatment could increase the production of SA and JA is promising because it might enhance the broad-spectrum disease tolerance of Arabidopsis. As the fold-change was higher for JA than SA it remains to be elucidated whether the 3BN-induced defense responses are more effective against the necrotrophic pathogens. In addition, the 2.0 mM 3BN concentration did not cause lesion formation in the Col-0 plants as opposed to 2.5 mM 3BN treatment (Figures 10B, 11B and Supplementary Figure S2). As NO is responsible for the 2.5 mM 3BN-induced lesion formation in the Col-0 plants (as discussed in section The Involvement of NO in Lesion Formation of Arabidopsis Upon 3BN Recognition), it is very likely that the endogenous NO level accumulated in the Col-0 leaves under the 2.0 mM 3BN treatment condition is not sufficient for lesion formation. Therefore, we can infer that the 2.0 mM 3BN treatment establishes a primed state in Arabidopsis Col-0 plants by inducing the production of the phytohormones SA and JA in the absence of lesion formation.

The 2.5 mM 3BN treatment led to NO-mediated lesion formation and induced ABA levels only in Arabidopsis Col-0 plants, while nia1nia2 plants have compromized NO levels and ABA induction. This observation could indicate a positive regulation between NO and ABA production in leaves. The physiological responses promoted by ABA have been well characterized in which ABA is known to induce callose accumulation and stomatal closure to prevent pathogens from entering into the plants (Oide et al., 2013; Eisenach et al., 2017). Nitrate reductase-catalyzed NO production is crucial for ABA-induced stomatal closure because the expression of key positive regulators in guard cell ABA signaling cascade was down-regulated in nia1nia2 plants (Zhao et al., 2016). In agreement with our finding, GHPs, including 3BN, were reported to stimulate stomatal closure in Arabidopsis, a process accompanied by ROS and NO production as well as cytosolic Ca2+ fluctuation in the guard cells (Hossain et al., 2013).

The SA concentration in nia1nia2 plants was relatively lower than in Col-0 plants under mock condition (Figure 9A), which suggests that SA production is stimulated by endogenous NO levels. Meanwhile, the increased production of SA in nia1nia2 plants following the 3BN treatments, hints that NO and other secondary messengers, such as ROS, might act alone or synergistically to activate the 3BN-mediated SA signaling. The coordinated interplay between NO and SA has been characterized in detail (Freschi, 2013). For instance, sequence analysis on the promoters of NO-responsive genes in Arabidopsis revealed association with SA-responsive cis-regulatory elements (Palmieri et al., 2008). Moreover, NO has been reported to positively impact SA production and positively regulate SA signaling via two ways, i.e., (i) S-nitrosylation of non-expressor of pathogenesis-related proteins-1 (NPR1) to facilitate its oligomerization and interaction with SA receptors in cytosol, and (ii) S-nitrosylation of TGACG-Binding Factor-1 (TGA1) to stabilize the binding of the transcription factor to its downstream promoters (Mur et al., 2013). At the later bacterial infection stage, S-nitrosylation of SA-binding protein 3 (SABP3) inhibits its binding to SA, hence functioning as a negative feedback loop to suppress the activated SA signaling (Wang et al., 2009). Generation of ROS has also been associated with the activation of different phytohormone signaling pathways, including SA, that eventually lead to stress responses (Mohanta et al., 2018).

The greater induction of JA production in the nia1nia2 plants is probably due to its lower endogenous SA level as compared to Col-0 plants (Figure 9A). This could be explained by the antagonistic interactions between JA and SA signaling (Takahashi et al., 2004). The fact that the different concentrations of 3BN treatments increased JA production by a greater fold change than SA production in both the Arabidopsis genotypes, warrants us to have a closer look at the interplay between NO and JA production/signaling. Consistent with our microarray data (Supplementary Tables S1, S2), NO has been reported to positively impact JA production by inducing the expression of its biosynthetic genes, such as lipoxygenase 3 (LOX3) and 12-oxophytodienoate reductase 1, 2, and 3 (OPR1, 2 and 3) (Mur et al., 2012). On the other hand, JA signaling can be suppressed by NO via a number of ways, i.e., (i) S-nitrosylation of NPR1 in the cytosol, (ii) the induction of WRKY70 by monomeric NPR1 in the nucleus, and (iii) the binding between TGA factors and octadecanoid-responsive Arabidopsis59 (ORA59) promoter (Mur et al., 2012; Freschi, 2013). This delicate, coordinated and reversible interactions between NO and JA/SA signaling enable Arabidopsis to mount effective defense responses to pathogens with different modes of infection.



The Disease Tolerance of Arabidopsis Against Necrotrophic Pathogens Is Enhanced by 2.0 mM 3BN Treatment

Exogenous application of 2.0 mM 3BN enhanced the disease tolerance of Arabidopsis Col-0 toward two types of necrotrophic pathogens, Pectobacterium carotovorum ssp. carotovorum (agent of bacterial root rot of sweet potato) (Figure 10) and Botrytis cinerea (agent of gray mold) (Figure 11). The infection assays of necrotrophic pathogens were carried out because 2.0 mM 3BN treatment increased the production of JA more than SA in Arabidopsis Col-0 plants (Figure 9). It is worth noting that the direct effect of 3BN on the pathogens could not be totally excluded even though precaution step had been taken by placing 3BN-treated plants in ventilated fume hood for 30 min to get rid of the 3BN vapor.

Based on the findings of this study, the proposed model of 3BN-induced plant defense responses in Arabidopsis involves potential key signaling compounds, NO, ROS, JA, and SA. NO is required for lesion formation (Figures 2, 3 and Supplementary Figure S2) and readjustment of metabolic processes involving the co-activation of sucrose degradation, glycolysis, Krebs cycle and amino acid synthesis (Figures 6–8 and Supplementary Figure S3) in Col-0 plants treated with 2.5 mM 3BN. This gaseous molecule is also involved in mediating the 3BN-induced SA and JA production in Col-0 plants at lower concentration of 3BN treatment (2.0 mM) (Figure 9A). SA and JA are well known as an important signaling molecule responsible for local hypersensitive response and activation of systemic acquired resistance (Ponce de León and Montesano, 2013; Gao et al., 2015). The activation of SA and JA signaling pathway might also be involved in transcriptional reprogramming that alters the primary metabolite profiles in Arabidopsis as part of the defense mechanisms against pathogens (Figures 6–8). Apart from the induction of broad defense responses in Arabidopsis reported in this study, it is crucial to identify the membrane-bound PRR that might bind 3BN in order to propose 3BN as DAMP (Li et al., 2020). As a promising first step in this endeavor, our transcriptomic data showed that the expression of 16 genes encoding protein kinases was induced by 2.5 mM 3BN treatment in Col-0 plants (Supplementary Table S2). They include lectin-receptor kinases (At1g69270, At2g37710, At3g59700), cell wall-associated kinase (WAK1; At1g21250), FLG22-induced receptor-like kinase 1 (FRK1; At2g19190); BAK1-interacting receptor-like kinase 1 (BIR1; At5g48380) and chitin elicitor receptor kinase 1 (CERK1; At3g21630).




CONCLUSION

This study has demonstrated that exogenous application of 3BN, that belongs to the nitrile group of GHPs, can initiate an innate immune response by eliciting a broad range of signal molecules and pathways in Arabidopsis. At the concentration of 2.5 mM, 3BN treatment started to trigger a NO-mediated lesion formation in Arabidopsis. The same 3BN treatment also resulted in an elevated production of soluble sugars, Krebs cycle associated carboxylic acids and amino acids in Arabidopsis whose roles are closely related to the different stages of a plant immune response. Increased production of defense-related phytohormones such as SA, JA and ABA was observed in plants exposed to two different concentrations of 3BN treatments. As 3BN treatments of 2.5 mM and ≥ 5.0 mM caused lesion and severe necrosis respectively, a lower concentration of 3BN (2.0 mM) was used to test its feasibility in activating defense response of Arabidopsis without causing lesion formation. Intriguingly, this 3BN treatment also triggered an elevated synthesis of SA and JA. In the infection assay, 2.0 mM 3BN treatment was capable of enhancing the disease tolerance of Arabidopsis against necrotrophic pathogens such as Pectobacterium carotovorum ssp. carotovorum and Botrytis cinerea. In conclusion, this study proposes the potential of 3BN to function as DAMP in Brassicaceae.
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Glucosinolates are a diverse group of plant metabolites that characterize the order Brassicales. The MAM locus is one of the most significant QTLs for glucosinolate diversity. However, most of what we understand about evolution at the locus is focused on only a few species and not within a phylogenetic context. In this study, we utilize a micro-synteny network and phylogenetic inference to investigate the origin and diversification of the MAM/IPMS gene family. We uncover unique MAM-like genes found at the orthologous locus in the Cleomaceae that shed light on the transition from IPMS to MAM. In the Brassicaceae, we identify six distinct MAM clades across Lineages I, II, and III. We characterize the evolutionary impact and consequences of local duplications, transpositions, whole genome duplications, and gene fusion events, generating several new hypothesizes on the function and diversity of the MAM locus.
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INTRODUCTION

Glucosinolates (GSL) are a diverse class of amino-acid derived sulfur containing metabolites characteristic of plants of the order Brassicales (Rodman et al., 1998; Borpatragohain et al., 2016; Kliebenstein and Cacho, 2016; Olsen et al., 2016; Chhajed et al., 2019; Blazevic et al., 2020). When the plant experiences physical damage, such as chewing by herbivores, compartments of the cell rupture and release myrosinase enzymes that hydrolyze the GSLs to create an isothiocyanate anion, damaging the attacker (Rodman et al., 1998). Besides their roles in direct defense, GSLs have also been shown to play important roles such as nutrient transport and physiological signaling (del Carmen et al., 2013). They are considered a key innovation of the Brassicales, as adaptations in the biosynthesis pathway have been shown to correlate with increased rates of speciation (Edger et al., 2015). The GSL pathway is a model for investigating processes underlying natural variation within and among species; including the roles of genome and gene duplication (Kliebenstein, 2008; Bekaert et al., 2012; Hofberger et al., 2013; Edger et al., 2015; van den Bergh et al., 2016; Wisecaver et al., 2017). Aliphatic GSLs, the largest sub-group of compounds, are especially implicated in this rate of speciation as they are only found in the most species-rich groups such as the family Brassicaceae.

The often multi-gene methylthioalkylmalate (MAM) locus, also called the Elong locus, accounts for much of the natural variation observed in aliphatic GSLs (Kliebenstein et al., 2001a, b; Textor et al., 2004, 2007; Kroymann and Mitchell-Olds, 2005; Benderoth et al., 2006, 2009; Keurentjes et al., 2006; de Kraker et al., 2007; Wentzell et al., 2007; de Kraker and Gershenzon, 2011; Zhang et al., 2015; Kliebenstein and Cacho, 2016; Kumar et al., 2019; Petersen et al., 2019). MAM enzymes catalyze the condensation reaction that extends the carbon chain in amino acid derived GSL precursors (Benderoth et al., 2006). The extended amino acid expands the types (Kliebenstein and Cacho, 2016). Most of what we understand about the evolution of MAM has been learned from studying just a handful of species, without a broad phylogenetic context (Kliebenstein and Cacho, 2016). MAM diversification in the Brassicaceae is thought to have occurred independently in separate lineages. Specifically, MAM diversity has been largely examined in Lineage I of the family (Arabidopsis and relatives) and to a lesser extent in Lineage II (Brassica and relatives). This work has been supported by large gene datasets, though with differing gene tree topologies (Zhang et al., 2015; Supplementary Figure S1).

In Arabidopsis thaliana, phenotypic variation of the MAM locus is characterized by the accumulation of different majority carbon chain-length GSL profiles (Kliebenstein and Cacho, 2016). The most common profiles have majority three carbon (3C) or four carbon (4C) molecules, but can extend up to 8C majority profiles, with variability at the population level (Benderoth et al., 2009; Kliebenstein and Cacho, 2016). Copy number variation and allelic diversity/presence-absence drive these differences, as one MAM gene may mask the phenotype of another at the same locus (Benderoth et al., 2006, 2009). This plays out in the interactions between MAM1 and MAM2 in A. thaliana populations, where variation is well understood. The 4C majority phenotype is seen in populations where MAM1 and MAM2 are both present and intact or when MAM2 is absent. In populations lacking a MAM1 gene, the GSL profile exhibits a 3C majority phenotype. In some cases, MAM1 and MAM2 genes have been fused (e.g., gene chimerism) wherein they are reformed into a MAM1-like functional gene with partial MAM2 sequences, or vice versa (Benderoth et al., 2006). Crop Brassicas most commonly accumulate 3C, 4C, or a mix of 3C and 4C majority profiles, the latter displaying a seemingly unmasked phenotype, unlike what we see in A. thaliana (Benderoth et al., 2009; Kliebenstein and Cacho, 2016).

Naming conventions for MAM orthologs are either directly based on A. thaliana (MAM1, MAM2, and MAM3) or based on A. lyrata MAM (MAMa, MAMb, and MAMc) (Benderoth et al., 2009). The Arabidopsis centered model of MAM diversity is vulnerable to miss-characterization as Arabidopsis genes may be highly derived, and thus not generalizable. We also see that the number of genes at the MAM locus can vary between populations as well as species, potentially misleading ancestral state estimations with poor sampling. To accurately understand MAM diversification, it is necessary for gene selection across a broader species phylogeny with comparisons to their primary metabolic ancestor, isopropylmalate synthase (IPMS).

Though diverged, IPMS and MAM share a high sequence similarity and similar enzymatic function (Moghe and Last, 2015). IPMS contains two conserved protein domains: a pyruvate carboxylase (HMGL-like), that is involved in the carbon condensation reaction, and a leucine allosteric domain (LeuA), that commits the protein to the leucine biosynthesis pathway forming a homodimer (Koon et al., 2004). MAM genes only retain the HMGL-like domain, the loss of LeuA being considered a key step in the transition of MAM from an IPMS-like gene (de Kraker et al., 2007). To our knowledge, no previous work has investigated when the loss of this domain occurred in the evolution of the locus.

In this study, we examine the evolutionary history and diversity of the MAM/IPMS gene family, uncovering critical steps in the origin of MAM and identifying patterns of domain-specific diversity across the Brassicaceae and its sister-family the Cleomaceae. We utilize a genomic networking methodology to analyze the wealth of newly available genome sequences (Zhao et al., 2017; Zhao and Schranz, 2019). The method analyses the conserved physical location of gene family members across queried genomes, known as synteny, to characterize the impact of different gene duplication types in the expansion of the MAM/IPMS gene family (Zhao et al., 2017; Zhao and Schranz, 2019). Ultimately we show that a mix of gene duplication types and domain changes played important roles in the evolution and innovation of the MAM locus.



MATERIALS AND METHODS


Genomic Network Construction

The genomic network analysis included 40 complete plant genomes representing 38 different species. This included 34 Brassicaceae species from Lineages I, II, III, and Aethionema arabicum as sister to the rest of the family, three genomes from the sister-family Cleomaceae, and three outgroup species (Theobroma cacao, Citrus sinensis, and Vitis vinifera) (Supplementary Table S1). For each genome, we utilized protein sequences in FASTA format and a BED/GFF file. One of two Capsella rubella genomes was excluded from downstream analysis due to insufficient quality. The Thellungiella halophila and Thellungiella salsuginea are two different sequencing efforts of the same species, now under the name Eutrema salsugineum. The genome sequenced as Alyssum linifolium has since been identified as Descurainia pinnata. Network analyses were performed as described in Zhao et al. (2017). Reciprocal all-against-all whole genome protein sequence comparison were made using RAPSeach2 (Zhao et al., 2012). MCScanX (Tang et al., 2008; Wang et al., 2012) was used to calculate generic collinearity between genomes and all comparisons were saved to generate the full genomic network.



Gene Family Network

We identified candidate IPMS/MAM genes using HMMER (Finn et al., 2011), cross-referencing the Pfam, PDBe, and GO databases with domain signature HMGL-like PF00682, and filtered by an inclusion threshold e-value of 0.007. Selected genes were later filtered by relative branch lengths as compared to known IPMS and MAM genes and then queried against the overall syntenic network with a 25 gene window to extract the gene family network. We visualized the resulting network in Cytoscape version 3.3.0 (Shannon et al., 2003). We then pruned the network of gene nodes that did not contain an HMGL-like domain but were dragged in by potential domain fusions. Clique percolation, as implemented in CFindier (Derényi et al., 2005; Palla et al., 2005; Fortunato, 2010), was used to locate all K-clique comments to identify communities or clusters of gene nodes.



Phylogenetic Inference

Full amino acid sequences for all gene family members were aligned using MAFFT (Kuraku et al., 2013; Katoh et al., 2017) and cleaned using Phyutility at a 50% occupancy threshold (Smith and Dunn, 2008). We used RAxML (Stamatakis, 2014) for phylogenetic inference with the GTRCAT model (Boostrap = 1000). The same procedure was repeated for the HMGL-like domain region of each gene FASTA file as estimated by HMMER. Supplemental sequence comparisons were made using MView (Madeira et al., 2019) and analyzed using R.



RESULTS


Synteny and Domain Analysis

Micro-synteny network analysis identified three major syntenic clusters (Figure 1), two of which encompass many genes of the known MAM gene clade (orange and green clusters) and one encompassing the known IPMS gene clade (blue cluster). Of the syntenic clusters found in the MAM clade, the green cluster identifies the ancestral MAM position, what we will call the MAM-Ancestral locus, and is equivalent to the Elong locus. The orange cluster represents a transposed and retained MAM locus-specific to Lineage II of the Brassicaceae, which we will call the MAM-Transposed locus. The analysis also recovered the 4th cluster of an unnamed lineage of genes that have retained only a single HMGL-like domain and are found in both our outgroup and in-group genomes. The A. thaliana representative gene of this clade (AT2G26800) has been shown to play a role in seed amino acid concentration (Peng et al., 2015). Relative branch lengths showed this gene clade as highly diverged from both MAM and IPMS sequences. Because of this, all genes of this clade were filtered from downstream analyses.
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FIGURE 1. Synteny clusters and gene tree phylogeny of identified IPMS and MAM genes consisting of 262 total. For (A,B) the bar along the tips represent species lineage where black bars indicate genes from out group genomes, the pink bar indicates genes from Cleomaceae genomes, and the gray bar indicates genes from Brassicaceae genomes. (A) Syntenic cluster analysis identified three distinct gene clusters, each representing a different conserved genomic location. The IPMS cluster in blue, the MAM-Ancestral cluster in green, and the novel lineage specific MAM-Transposed cluster in orange. Gray lines here indicate connections between the IPMS and MAM clusters. (B) Emphasizes those connections between MAM-like genes in the Cleomaceae that exhibit both IPMS & MAM cluster membership (Clevi.0004s0713 and tha_Th2v24105) despite being physically located at the MAM-Ancestral locus in their respective genomes. [For Bootstrap scores: Supplementary Figure S6; Online interactive trees: (A) http://bit.ly/2tHVgYK; (B) http://bit.ly/2Svu8Vf].


95.7% of IPMS genes identified by sequence were also found in the IPMS syntenic cluster. 39.6% of MAM genes, not associated with the conserved Lineage II transposition, were found in the MAM-Ancestral syntenic cluster. 51.6% of genes found in the Lineage II transposed sub-clade were found in the syntenic cluster. Differences in percent synteny are tied to increased rates of tandem duplications, as the local duplicate syntenic signal was often masked, and transposed duplication events, which remove syntenic context. It is expected that many new transposed duplicates are in the process of pseudogenization and are not active MAM genes.

All genes at the Cleomaceae MAM-Ancestral locus have retained their LeuA domain from their time as IPMS duplicates, with some showing syntenic connections to both the MAM-Ancestral and IPMS syntenic cluster (Figure 1). For example, Th2v2405 from Tarenaya hassleriana has more syntenic connections with IPMS cluster members than with genes of the MAM-Ancestral locus, despite belonging to the direct orthologous chromosomal region of the MAM-Ancestral locus in the Brassicaceae (Figures 1, 2). Genes of the Cleomaceae MAM-Ancestral locus and the IPMS locus also appear to have a shared pattern of gene dosage. A duplication of the IPMS locus following WGD, brings the total IPMS gene number to two, followed by a compensatory reduction in MAM gene number at the MAM-Ancestral locus (Figure 2C). An exception to this is found in the Tarenaya hassleriana genome, where a novel transposed MAM-like gene has lost the LeuA domain. This allows for three MAM-like genes to co-occur with two IPMS genes (Supplementary Figure S3).
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FIGURE 2. Inferred evolutionary trajectory of MAM and IPMS loci in the cleomaceae based on genomic synteny and phylogenetic information. (A) The MAM-Ancestral locus originated from the β whole genome duplication event and is characterized by MAM–like genes that experience local duplication and have retained their LeuA domain. (B) In the genome of Cleome violacea there is a gene deletion followed by a novel tandem duplication at the MAM locus. (C) Following the Th-α whole genome triplication the IPMS locus is duplicated and the MAM locus experiences compensatory gene loss and is reflected in the Gyanandropsis gynandra genome. (D) In the Tarenaya hassleriana genome, the IPMS locus experiences a gene conversion event that maintains sequence similarity between the two copies. There is also a novel transposition of the MAM-like gene from the MAM-Ancestral locus that does not maintain the LeuA domain. As the placement of the Th-α whole genome duplication event is not confirmed to be fully shared by both lineages, an alternative reconstruction is also possible.




Gene Family Relationships

The HMGL-like domain and full protein sequence gene trees identified distinct IPMS and MAM clades (Figure 1). In both cases, Cleomaceae genes are sister to a larger Brassicaceae clade, and Aethionema arabicum is sister to the rest of the Brassicaceae, which agrees with the species tree topology. Within the core Brassicaceae, the domain and full sequence trees display topological incongruence to each other (Figure 3) and neither perfectly match the species tree.
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FIGURE 3. Clade comparison between Brassicaceae MAM domain and full sequence gene trees highlighting incongruence. HMGL-like sequences were used for the domain tree and resolved six clades of MAM (MAMa-f) but could not infer branching order. In the full sequence tree there is a breakdown of MAMa and MAMb that is correlated with species lineage. In both trees, the placement of MAM1 and MAM3 from the Arabidopsis thaliana Col genome are indicated. [For Bootstrap scores: Supplementary Figure S7 – Domain Tree; Supplementary Figure S8 – Full Sequence; Online interactive trees: Domain – http://bit.ly/2Hb5jIS; Full Sequence – http://bit.ly/37btHEZ].


The domain tree divides MAM into six supported clades (Figure 3). Though the branching order could not be determined, the supported clades were assigned MAMa-f. These domain clade designations are based on the Arabidopsis lyrata MAM gene-tree clades. Given the branch length, a measure of sequence divergence, of the genes found at the MAM-Transposed locus (Figure 3), the sub-clade of MAMe was designated MAMet. The closest non-MAMet domain sequence to the group was a MAMe sequence from the Lunaria annua genome.

Summary amino acid comparison at 80% similarity threshold shows MAMa is the most conserved domain, MAMe is the most variable domain, and MAMet and MAMc are the most diverged (Supplementary Figure S5). Exon/Intron comparisons of full MAMet genes show the expected number of domains for a functional MAM gene but with differences in exon size. When plotted on the species tree, MAMa-b and MAMe are ancestral to Lineage I, MAMa-b and MAMd-f are ancestral to Lineage II, and MAMb and MAMd are ancestral to Lineage III (Figure 4 and Supplementary Figure S3).


[image: image]

FIGURE 4. MAM clade and genomic context diversity within the Brassicaceae based on a subsample of analyzed genomes. Each square represents a MAM gene with an indicated HMGL-like domain type. Connected squares are found at the same physical location in the genome and not connected squares represent separate MAM loci (i.e., the MAM-Ancestral locus, a syntenic duplicate of the of the MAM-Ancestral locus, or MAM-Transposed). Non-syntenic gene transpositions were not included. (A) We estimate that the shared ancestor of Lineages I, II, and III maintained both MAMb and MAMd domain types. In the Lineage III genomes sampled MAMb genes were not located at the MAM-Ancestral locus, but at transposed loci. (B) At the ancestor of Lineage I and II, MAMa and MAMe appear, while the MAMc innovation occurs within a sub clade of Lineage I. (C) MAMf originates at the ancestor of Lineage II. The MAMet transposition that creates the MAM-Transposed locus occurs following the split from Lunaria annua, with all MAMet genes being closely related to a MAMe gene at the MAM-Ancestral locus. Lunaria annua also contains a context duplication of the MAM-Ancestral locus* that does not appear to be associated with whole genome duplication. (D) The unnamed whole genome duplication found in the tribe Brassiceae of Lineage II has resulted in multiple context duplications of the MAM-Ancestral locus. Full comparison is found in Supplementary Figure S3.


The MAM full-sequence tree shows bootstrap support between clades, but also a breakdown of some domain clades as well as clade nesting (Figure 3). MAMa and MAMb separate by species lineage, while MAMc is unique to a small subset of Lineage I species and appears closely related to MAMb and MAMe. MAMd, and MAMe are primarily the same as in the domain tree, but with other domains nested within. MAMf is consistent with the domain tree and sister to Lineage II MAMa.

To test for potential gene fusion events, full sequences of MAMa and MAMb Lineage I genes were broken up into “before the domain,” “domain,” and “after domain” sequences (Supplementary Figure S4). Pairwise sequence comparisons were made between the Lineage I gene segments and corresponding segments of Lineage I MAMe genes, and Lineage II genes for MAMa or Lineage III genes for MAMb. In both cases, the domain portion best matches the corresponding domain regardless of Lineage. For Lineage I MAMb, the region before the domain is more similar to Lineage I MAMe than it is to Lineage II MAMb. For Lineage I MAMa, the region before the domain is more similar on average to Lineage I MAMe but was not significantly different from Lineage II MAMa.



DISCUSSION

The origin of all specialized metabolic pathways is primary metabolic genes, often with similar enzymatic chemistry (Moghe and Last, 2015). This transition is mediated by the process of gene duplication and subsequent drift and neo/subfunctionalization (Conant and Wolfe, 2008; Moghe and Last, 2015). For the MAM locus of the glucosinolate (GSL) biosynthesis pathway, the role of tandem duplication events in the evolution of the locus has been well characterized at the population level. The majority of work has only looked at Arabidopsis and its close relatives, and to a lesser extent, in the crop Brassicas (Kliebenstein and Cacho, 2016). Much of what we understand about the MAM locus function has not been understood in the context of phylogeny, except to say that based on gene tree relationships, Lineage II and Lineage II have independently diversified from some initial gene substrate (Benderoth et al., 2009; Zhang et al., 2015). In this study, we utilized a micro-synteny network of genomes and phylogenetic inference to elucidate the evolutionary history of the MAM locus.


MAM in the Cleomaceae

The inclusion of Cleomaceae genomes in our analysis has provided novel insight into the origin of the MAM locus, following the whole genome duplication (WGD) event β, the hypothesized origin of MAM from IPMS (van den Bergh et al., 2016). We estimate through micro-synteny and gene tree information that the Ancestral-MAM locus at the formation of the Cleomaceae was characterized by multiple MAM-like gene duplicates, the result of tandem duplications or local transposition (Figure 2). These genes are different from what has been characterized in the Brassicaceae orthologous Ancestral-MAM locus, the Elong locus. They have retained their LeuA domain, the loss of which has been considered a critical step in the evolution of Brassicaceae MAM (de Kraker et al., 2007). Within the Cleomaceae, some genes of the Ancestral-MAM locus exhibit both Ancestral-MAM and IPMS syntenic cluster identity (Figure 1). The syntenic window for these intermediates is shifted in comparison to other analyzed neighboring MAM-like genes. This allows for the inclusion of neighboring non-MAM genes that are more characteristic of the IPMS genomic context. This evidence supports the hypothesis that the Ancestral-MAM locus was once a full context duplicate of the IPMS locus, and in the process of specialization over millions of years, degraded in collinearity.

How these MAM-like genes interact with GSL biosynthesis is unknown, but they have shown levels of expression in the leaf, seed, and roots in Tarenaya hassleriana (van den Bergh et al., 2016). The retention of the LeuA domain suggests that MAM-like proteins may have some continued interaction with IPMS or leucine biosynthesis. The ways in which genes respond to duplication events are constrained by their biochemical interactions, and therefore may shed insight into enzyme behavior (Bekaert et al., 2012; Birchler and Veitia, 2012; Conant et al., 2014; McLysaght et al., 2014). For example, given that IPMS experiences purifying selection of local gene duplicates and that MAM-like Cleomaceae genes found at the MAM-Ancestral locus do exhibit some local duplication, it is likely that these MAM-like genes have significantly sub- or neofunctionalized from their IPMS ancestor in terms of biochemical role. With that said, the dosage effects of IPMS are broader than only limiting local duplication, and through stoichiometric effects constrain most duplication types. Only after the β WGD event, is IPMS able to be retained and reduced in multiples of two. A pattern we see recapitulated after subsequent WGD events, with a few potential exceptions (Supplementary Figure S2). Following Th-α, the Cleomaceae whole-genome triplication (WGT) or hexaploidy, there is an expected full context duplication of the IPMS locus, but with no context duplication of the Ancestral-MAM locus (Figure 2C). In fact, we see a compensatory loss of a MAM-like gene following the increase in IPMS copy number. The presence of stoichiometric conflict between IPMS and these MAM-like genes would support the hypothesis that they have retained some IPMS role and constraint. Further sampling across the Cleomaceae will be necessary to see if these patterns hold.

In the Tarenaya hassleriana genome, there is a novel a transposition of MAM (Figure 2D). This transposed gene does not have a LeuA domain, bringing the overall MAM/IPMS gene number beyond what would be expected under an IPMS dosage constraint (Supplementary Figure S2). This transposed locus has been shown to express in several tissues and to a greater extent in the leaf when compared to MAM-like counterparts at the Ancestral-MAM locus (van den Bergh et al., 2016). Increased species sampling, as well as an understanding of population-level variation in Cleomaceae MAM, is necessary for any conclusions on the dosage to be explored further using these methods. Direct biochemical assays of these MAM-like proteins will also be critical for characterizing any role they may play in glucosinolate biosynthesis and how that may differ from what is seen in the Brassicaceae. The Cleomaceae, and potentially the Capparaceae, which also shares the β duplication event (Edger et al., 2015), could serve as a powerful window into the evolution of early Brassicaceae MAM and a model for how gene families transition from primary to specialized metabolism.



MAM in the Brassicaceae

Between Lineages I, II, and III of the Brassicaceae, we have identified six distinct clades of MAM, MAMa-f, based on conserved HMGL-like domain sequences (Figure 3 and Supplementary Figure S3). Based on occurrence patterns across the family, we can say that MAMb and MAMd clades are ancestral to all three lineages, and MAMa and MAMe may be ancestral to only Linages I and Lineage II. The latter conclusion could not be confirmed by gene tree information and may be vulnerable to sampling bias. The dispute between the chloroplast and nuclear species tree topologies could also affect the evolutionary relationships between the MAM clades and hamper our ability to predict (Nikolov et al., 2019). Improved sampling across the Brassicaceae is necessary before a robust estimation of the ancestral type can be made. That said, we are confident that MAMc, MAMet, and MAMf domain types are more recent innovations occurring in Lineage I and Lineage II, with specific branch placements (Figure 4 and Supplementary Figure S3).

Given the functional role this domain plays in MAM biochemistry, we expect amino acid differences between domain types to be associated with generalizable patterns in MAM function. MAMa is the most conserved of the domains (Supplementary Figure S5B), suggesting that MAMa genes may contribute a necessary function to GSL biosynthesis, as compared to other MAM types. MAMc and MAMet are the most diverged, each having several unique amino acid substitutions when compared to other domain types (Supplementary Figure S5B). Across all the domains, some sites were characterized by amino acid variability within and between domain types. Based on the characterization of MAM proteins in Brassica juncea (Kumar et al., 2019), we identified that oxo-acid binding sites were most often found at flexible amino acid positions followed by COA binding sites (Supplementary Figure S5A). A better understanding of these patterns can give us insight into the forces driving the adaptation of MAM.

The domain and full-sequence gene trees conflict most significantly within the core Brassicaceae (Figure 3). In the full-sequence tree Lineage I MAMa and MAMb genes appear more closely related to MAMe genes than to other genes of their shared domain. Sequence comparison reveals split-sequence similarities in both MAMa and MAMb domain clade groups. This pattern suggests two possibilities: (1) MAM genes experienced convergent evolution of their amino acid sequences, or (2) a gene fusion event of separate MAM types occurred sometime during the divergence of Lineage I MAM. The latter scenario is both the more parsimonious conclusion, and it is supported by the previous characterization of population-level gene fusion events at the Ancestral-MAM locus (Benderoth et al., 2009). Given that Lineage I MAMa and MAMb genes show a close phylogenetic relationship to Lineage I MAMe, in conflict with the domain tree, it is the most likely donor gene. Both fusion events would have occurred at separate nodes of the Lineage I species tree, MAMa/MAMe fusion happening earlier than the MAMb/MAMe event. Improved sampling of Lineage I is necessary to identify the specific species branch points at which the events occurred. The fusion of MAM genes at the MAM-Ancestral locus, though largely studied from only a population level, may have been a critical driver of MAM diversity and innovation within Lineage I in the Brassicaceae.

Most of the genes in each domain clade exist at the MAM-Ancestral locus. This is true for genes of the MAMe group except for a nested clade of transposed genes, MAMet, that form the unique syntenic cluster MAM-Transposed (Figures 1, 4). There are subsequent transpositions from the MAM-Transposed locus, many of which show signs of degradation. The initial transposition occurred sometime following the split from the ancestor of Lunaria annua to the common ancestor of Thellungiella (Eutrema) and the rest of Lineage II (Supplementary Figure S3). Following the transposition event, there is a loss of all MAMe domain type genes. Of our dataset, L. annua is the only member of Lineage II to retain any copies of MAMe. Of those MAMe genes, most appear closely related to Lineage I MAMe genes, while one copy is most closely related to MAMet in both the domain and full sequence trees (Figure 3). This transposition event is the earliest conserved instance of a novel MAM context, which allows for an escape from cis-regulatory effects that may be experienced at the MAM-Ancestral locus (Chen and Ni, 2006; Conant and Wolfe, 2008). The possibilities exist that these genes are performing some yet to be characterized function or potentially may represent the GSL-PRO locus characterized in Brassica species. With this current analysis, we cannot further speculate on the role MAMet genes may be playing in GSL biosynthesis, except to say that experimental analysis of these genes will be necessary to understand their place in metabolic innovation.

Polyploidy offers another mechanism for MAM diversification, by escaping potential cis-regulatory effects of other MAM genes or sub- and neofunctionalization of resulting duplicates. In the Cleomaceae, the MAM-Ancestral locus duplicates are not retained following genome doubling, putatively due to the presence of their LeuA domain and restrictions under gene dosage. Without such dosage constraints in Brassicaceae MAM, most genomes sampled show retention of a duplicated MAM-Ancestral locus following known WGD events. For example, the WGT event in the tribe Brassiceae of Lineage II resulted in three homoeologous MAM-Ancestral loci in subsequently diploidized genomes (Figure 4 and Supplementary Figure S2). In Brassica rapa, Brassica oleracea, and Eruca vesicaria, the MAM-Ancestral loci maintain a single MAM domain type (MAMa, MAMd, or MAMf) at each. Whereas in other genomes, like Sinapis alba, MAMa and MAMf genes remain paired although duplicated at separate loci. We propose that phenotypic differences between Brassica and Arabidopsis, such as the ability to co-synthesize different carbon chain majority phenotypes, are facilitated by the physical separation of MAM genes within the genome. By influencing the rate of diversification for MAM genes at the different MAM-Ancestral loci and allowing for novel genomic interactions, the WGT may have been a critical step in driving the specialized metabolic innovation we see in this dynamic crop lineage.



CONCLUSION

The MAM/IPMS gene family serves as an excellent example of how a primary metabolic gene can, over millions of years and leveraging any source of novelty, give rise to a diverse lineage of highly adaptive specialized metabolic genes. Utilizing micro-synteny gene networks and broad phylogenetic sampling, we find that multiple modes of gene duplication have significantly influenced the evolutionary trajectory of the MAM locus and thereby diversity of aliphatic GSL profiles. By exploring some of the evolutionary consequences of whole-genome duplication, gene transposition, local duplication, and gene fusion, we have generated several new testable hypotheses as to the nature of MAM and GSL diversity. In the future, new experimental approaches and broad phylogenetically informed sampling will be critical to continue developing a robust understanding of this important gene family.
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FIGURE S1 | (A) Benderoth et al., 2009 describes the MAM lineage in terms of orthology to Arabidopsis lyrata gene tree clades. While the topology generally agrees with our tree, the emphasis on Arabidopsis and close relatives gives a limited picture of MAM diversity. This tree also supported the hypothesis that MAM has evolved separately in the Lineage I and II. (B) Zhang et al., 2015 generally agrees with this hypothesis though they do show shared clades not solely informed by the species tree. Some of their topology conflicts with our full sequence tree and yet agrees with the domain specific tree. This may be due to how their alignment was cleaned and their species sampling.

FIGURE S2 | The overall gene counts per genome for the MAM/IPMS gene family. Gene numbers, especially in IPMS, are correlated with recent polyploidy. Three genomes conflict with the expected IPMS dosage expectation of multiples of two. The Raphanus raphanistrum and Stanleya pinnata IPMS deviations may be an artifact of lower quality genomes, but the Eruca vesicaria retention appears to be a newly sub-functionalized IPMS copy, exhibiting an intermediate syntenic relationships to that of some MAM-Ancestral genes in the Cleomaceae. For MAM, the number of Loci indicates whether MAM-Ancestral or MAM-Transposed has experienced a context duplication. The number of genes at that locus is the overall total of genes across all syntenic loci of that type.

FIGURE S3 | Here we show the full domain clade distribution of MAM genes across the genomes, regardless of synteny or genomic position. This data was used ultimately to place the points of innovation for different MAM types in Figure 4.

FIGURE S4 | MAM protein sequences were divided into before domain, domain, and after domain segments and each significantly different section of the MAMa or MAMb genes from lineage I were compared to corresponding MAMe sections.

FIGURE S5 | Amino acid sequence comparisons at 80% sequence similarity. (A) Colored rectangles indicate specific biochemical functions as described by Kumar et al. (2019) in Brassica juncea. Green - metal binding sites; Yellow - catalytic sites; Red - 2- oxo acid binding sites; Blue - CoA binding sites. (B) Summarizes all sites with a uniquely divergent amino acid to quantify the significance of domain divergence.

FIGURE S6 | Full gene family phylogeny with bootstrap scores at 1000 bootstraps with syntenic clusters mapped. Used in Figure 1. May also be accessed via: http://bit.ly/2tHVgYK.

FIGURE S7 | Domain tree phylogeny with clades colored and bootstrap scores at 1000 bootstraps. Used in Figure 3. May also be accessed via: http://bit.ly/2Hb5jIS.

FIGURE S8 | Full gene family phylogeny with bootstrap scores at 1000 bootstraps with clades colored. Used in Figure 3. May also be accessed via: http://bit.ly/37btHEZ.
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