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Glucosinolates (GLSs) are a well-known class of specialized plant metabolites, distributed mostly in the order Brassicales. A vast research field in basic and applied sciences has grown up around GLSs owing to their presence in important agricultural crops and the model plant Arabidopsis thaliana, and their broad range of bioactivities beneficial to human health. The major purpose of GLSs in plants has been considered their function as a chemical defense against predators. GLSs are physically separated from a specialized class of beta-thioglucosidases called myrosinases, at the tissue level or at the single-cell level. They are brought together as a consequence of tissue damage, primarily triggered by herbivores, and their interaction results in the release of toxic volatile chemicals including isothiocyanates. In addition, recent studies have suggested that plants may adopt other strategies independent of tissue disruption for initiating GLS breakdown to cope with certain biotic/abiotic stresses. This hypothesis has been further supported by the discovery of an atypical class of GLS-hydrolyzing enzymes possessing features that are distinct from those of the classical myrosinases. Nevertheless, there is only little information on the physiological importance of atypical myrosinases. In this review, we focus on the broad diversity of the beta-glucosidase subclasses containing known atypical myrosinases in A. thaliana to discuss the hypothesis that numerous members of these subclasses can hydrolyze GLSs to regulate their diverse functions in plants. Also, the increasingly broadening functional repertoires of known atypical/classical myrosinases are described with reference to recent findings. Assessment of independent insights gained from A. thaliana with respect to (1) the phenotype of mutants lacking genes in the GLS metabolic/breakdown pathways, (2) fluctuation in GLS contents/metabolism under specific conditions, and (3) the response of plants to exogenous GLSs or their hydrolytic products, will enable us to reconsider the physiological importance of GLS breakdown in particular situations, which is likely to be regulated by specific beta-glucosidases.
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INTRODUCTION

Over the years, a number of bioactive metabolites have been identified in plants, many of which are utilized as beneficial sources of pharmaceuticals and/or research tools. Glucosinolate (GLS), a class of sulfur-rich natural products mainly produced by the family Brassicaceae, is among the most studied plant metabolites owing to its potential health-related benefits and availability in the model plant Arabidopsis thaliana (Halkier and Gershenzon, 2006; Agerbirk and Olsen, 2012). GLSs impart specific pungency and flavors to Brassicaceae vegetables such as mustard and cabbage (Fahey et al., 2001; Halkier, 2016; Possenti et al., 2017). Moreover, a few GLS compounds such as glucoraphanin (4-methylsulfinyl-n-butyl glucosinolate) are known to produce health-promoting chemicals with diverse bioactivities (Traka, 2016; Banerjee and Paruthy, 2017). Very recently, the enormous body of research activities on GLS has been compiled as two books entitled Glucosinolates with few overlaps (Kopriva, 2016; Mérillon and Ramawat, 2017).

In recent years, chemical ecology, which focuses on gaining an understanding of the physiological functions of specialized metabolites (previously referred to as secondary metabolites) in organisms, has also become a burgeoning scientific field in natural product research. In this context, GLSs have traditionally been considered as defense chemicals deployed against predators. GLSs generally accumulate in specific cells (S-cells), separated from cells containing their hydrolytic enzymes (beta-thioglucosidases called myrosinases) (Halkier, 2016; Wittstock et al., 2016a). In addition, it has been suggested that GLSs and myrosinases could co-exist even within single cells, probably being compartmentalized in different organelles (Koroleva and Cramer, 2011). They are mixed upon tissue damage to release toxic volatiles such as isothiocyanates (ITCs) (Figure 1). Specifier proteins and side chain structures play an important role in converting the unstable aglycon to various end products with different bioactivities (Lambrix et al., 2001; Hanschen et al., 2014; Wittstock et al., 2016a, b; Eisenschmidt-Bönn et al., 2019). For instance, simple nitriles are generated in the presence of nitrile specifier proteins, and ITCs possessing a hydroxyl group at position 2 can be further cyclized. These compartmentalizations, which enable plants to safely control harmful chemicals, is referred to as the GLS–myrosinase system or “mustard oil bomb” and has long fascinated many plant scientists (Lüthy and Matile, 1984).
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FIGURE 1. General understanding of the diversity in glucosinolates (GLSs), their breakdown products and myrosinases in Arabidopsis thaliana. Each subclass of GLSs — aliphatic, benzenic and indole — is biosynthesized from different precursor amino acids; in the case of A. thaliana, mainly methionine, phenylalanine and tryptophan, respectively. Classical and atypical myrosinases catalyze hydrolytic removal of the beta-D-thioglucoside moiety from GLS. In general, a Lossen-type rearrangement of the unstable intermediate results in the generation of isothiocyanate. Specifier proteins and side chain structures are responsible for conversion of the intermediate into other end products.



Knowledge on the chemical diversity embedded in the GLS metabolism and on the molecular mechanisms underlying the GLS–myrosinase system is frequently updated. For example, energetical investigations have been made of GLS biosynthetic genes (Halkier, 2016; Barco and Clay, 2019), end products directed by specifier proteins (Wittstock et al., 2016a), tissue localization via GLS transporters (Jørgensen et al., 2015; Halkier, 2016), differences in GLS contents among species and accessions (Kliebenstein and Cacho, 2016), and proteins that interact with myrosinases to regulate their activity and stability (Bhat and Vyas, 2019; Chen et al., 2019). However, most of the insights that have been gained regarding the molecular basis and physiological importance of GLS breakdown are based on the intercellular and tissue damage-dependent GLS–myrosinase system. On the other hand, there are several reports on fluctuations of endogenous GLS levels even in non-disrupted tissues, caused by pathogen attack or abiotic stress (Martinez-Ballesta et al., 2013; Variyar et al., 2014; Burow, 2016; Pastorczyk and Bednarek, 2016). These observations suggest the existence of different system(s) that regulate GLS breakdown independent of tissue disruption, to cope with such environmental stresses. In connection with the subcellular GLS–myrosinase compartmentalization, additional functions of GLSs not limited to their role as the defense chemicals against herbivores have been recognized (Bednarek, 2012b; Katz et al., 2015; Francisco et al., 2016b; Burow and Halkier, 2017). In fact, many of the latest studies have demonstrated broad physiological functions of GLSs (Francisco et al., 2016a; Katz and Chamovitz, 2017; Malinovsky et al., 2017; Nintemann et al., 2018; Urbancsok et al., 2018a, b).

In order to gain a more comprehensive understanding of the possible multi-functionality of GLSs in planta, we should take a global view of the profound diversification embedded in GLSs (Figure 1). Nearly 150 GLS compounds have been identified to date, and there are at least 36 GLSs with different side-chain structures in A. thaliana (Brown et al., 2003; Agerbirk et al., 2018). Three subclasses of GLSs — aliphatic, benzenic and indole GLSs — are biosynthesized from different precursor amino acids with independent regulatory systems by MYB and MYC transcription factors (Figure 1) (Frerigmann, 2016). Thus, it is conceivable that each GLS class could participate in distinct biological processes, as indole GLSs are known to play an essential role in plant immunity via coordination with the metabolism of other phytoalexins (Bednarek et al., 2009; Pedras et al., 2011; Klein and Sattely, 2015, 2017; Frerigmann et al., 2016). In addition, different bioactivities of ITCs, dependent on their side-chain structures, are well recognized despite their non-specific nucleophilicity, which may contribute to fitness performance of plants (Burow et al., 2010; Andersson et al., 2015; Urbancsok et al., 2017). Moreover, the production of various end products even from a single GLS species, directed by the specifier proteins, is likely to expand the endogenous biological targets of GLSs in different signaling pathways (Lambrix et al., 2001; Wittstock et al., 2016a, b). In contrast, the genetic and biochemical diversity in myrosinases is less understood, even though a new class of beta-glucosidases capable of hydrolyzing GLSs has been identified. Compared with the well-documented class of myrosinases that are widely found in the order Brassicales, these so-called atypical myrosinases possess unique features with respect to both amino acid sequences and enzymatic profiles. In this review, we therefore focus on the considerable diversity of beta-glucosidases in A. thaliana as a model to discuss their possible contribution to the broad utility of GLSs in plants, even at the subcellular level.

CLASSICAL VERSUS ATYPICAL MYROSINASES

In A. thaliana, glucosyl hydrolase family I is composed of 47 BETA-GLUCOSIDASE (BGLU) genes and a BGLU-like gene, AFR2 (Xu et al., 2004). According to the crystal structure of a thioglucosidase from Sinapis alba, a few amino acid residues are conserved in myrosinases among a wide range of GLS-producing plants (Burmeister et al., 1997). For example, Gln and Glu residues within the catalytic site are considered to be essential for cleavage of the thioglucoside moiety. Thus, six genes (BGLU34–BGLU39) named THIOGLUCOSIDE GLUCOHYDROLASE (TGG) had previously been considered as the only class encoding myrosinases in A. thaliana. Myrosinases possessing these amino acid signatures have been found in a wide range of GLS-producing plants (Rask et al., 2000).

In 2009, however, it was revealed that PENETRATION 2 (PEN2)/BGLU26 is capable of hydrolyzing indole GLSs and that generation of the putative degradation products is critical for the plant immune response (Bednarek et al., 2009; Clay et al., 2009). Although the key Gln residue is replaced by Glu in PEN2, the recombinant PEN2 protein clearly showed myrosinase activity against indol-3-ylmethyl glucosinolate (I3G) and its 4-methoxy analog (Bednarek et al., 2009). Moreover, Nakano et al. (2014) demonstrated that PYK10/BGLU23 is a major component of the endoplasmatic reticulum (ER) body — an organelle found primarily in the family Brassicaceae — and also has functions as a myrosinase against I3G (Nakano et al., 2017). PYK10 also has Glu instead of the key Gln residue found in TGGs. Based on these findings, PEN2 and PYK10 were newly categorized as atypical or EE-type myrosinases, in contrast to TGG1–TGG6, which are referred to as classical or QE-type myrosinases (“EE” and “QE” represent their conserved amino acid residues).

It should be noted that the two Glu residues identified in PEN2 and PYK10 are conserved among the 16 genes named BGLU18–BGLU33 in A. thaliana (Table 1). A phylogenomic analysis of BGLUs from more than 50 plant species revealed that the monophyletic clade composed of these 16 BGLUs is specific for the order Brassicales (Nakano et al., 2017). These BGLU members lack the Gln and other amino acid signatures conserved in the classical myrosinases, whereas additional basic residues oriented to the deduced substrate-binding pocket occur only in this subclass. Detailed amino acid signatures in A. thaliana BGLUs are shown in Nakano et al. (2017), especially in their Figure 5 and Supplementary Figure S11. Considering the distinct amino acid signatures conserved in each BGLU subclass and their frequent emergence across plant species, it is suggested that the QE and EE myrosinases have arisen independently during evolution (Nakano et al., 2017). Not limited to PEN2 and PYK10, interestingly, transcriptional changes and mutations in some of these BGLUs have suggested their relevance in response to specific stresses (Figure 2, Tables 1, 2, and Supplementary Tables S2, S3). It is also to be noted that GLS metabolism is affected independent of tissue disruption under those conditions (Table 2). Therefore, other members of this BGLU subclass may have myrosinase activities and regulate different machineries for GLS turnover that are perhaps more specialized in substrate selectivity, tissue localization and developmental stage, rather than the broad-scale chemical defense against herbivores deployed by classical myrosinases.

TABLE 1. Current insights on BGLU18–BGLU39, putative EE-type myrosinases in Arabidopsis thaliana.
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FIGURE 2. Expression patterns of BGLU18–BGLU33 in Arabidopsis thaliana. Publications and Affymetrix ATH1 array data were extracted using ePlant (https://bar.utoronto.ca/eplant/). In the ATH1 chip, BGLU21 and BGLU22 are crosshybridized to the same probe. (A) The number of publications by 2017 extracted using each BGLU as a query. (B) Expression levels of BGLU18–BGLU33 in different tissues. Original data comes from Nakabayashi et al. (2005) and Schmid et al. (2005). Top three tissues exhibiting the highest signal levels of each gene are summarized in Supplementary Table S1. (C) Expression levels of BGLU18–BGLU33 in shoots and roots under different abiotic stresses for 0, 0.25, 0.5, 1, 3, 4, 6, 12, and 24 h. Original data comes from Kilian et al. (2007). Dots exhibiting more than 2-fold or less than 1/2-fold expression of control are highlighted as colored diamonds. Cold (navy), continuous 4°C on crushed ice in cold chamber; Osmotic (skyblue), 300 mM mannitol; Salt (yellow), 150 mM NaCl; Drought (orange), rafts were exposed to the air stream for 15 min with loss of app.10% fresh weight; Genotoxic (brown), bleomycin 1.5 μg/ml plus mitomycin C 22 μg/ml; Oxidative (green), 10 μM methyl viologen; UV-B (magenta), 15 min UV-B light field; Wounding (purple), punctuation of the leaves by three consecutive applications of a custom made pin-tool consisting of 16 needles; Heat (red), 3 h at 38°C followed by recovery at 25°C.



TABLE 2. Relevance of glucosinolates (GLSs) and the Brassicales-specific beta-glucosidases (BGLUs) in Arabidopsis thaliana under abiotic stress.
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In this review, we aim to discuss the hypothesis that a wide range of these Brassicales-specific BGLUs can function as myrosinases to regulate the multiple functions of GLSs in planta. Although current insights into this BGLU subclass are highly limited, essentially three types of previous studies could be useful for considering this hypothesis: analyses of (1) the phenotype of mutants lacking genes responsible for the GLS metabolic/breakdown pathway; (2) the changes in GLS levels/metabolism under specific conditions; and (3) the response of plants treated with GLSs or their hydrolytic products (Table 2). Here, mainly based on studies in A. thaliana, we consider phenotypic information related to BGLU18–BGLU33, fluctuations in GLS metabolism, and the effects of exogenous GLS breakdown products on plants to review the physiological importance of GLS breakdown in particular situations. In addition to a specific focus on atypical myrosinases, more diverse functions of classical TGGs are described with reference to the most recent insights. Finally, we suggest the types of experiment that are effective in gaining a more complete understanding of the multi-functionality of GLSs in plants.

A PLANT IMMUNE PATHWAY REGULATED BY PEN2, THE FIRST ATYPICAL MYROSINASE

Here, we describe the general understanding of the PEN2 pathway in brief, as the relevance of PEN2 and indole GLSs in plant immunity has been well documented (Bednarek, 2012a; Johansson et al., 2014; Frerigmann et al., 2016; Pastorczyk and Bednarek, 2016; Xu et al., 2016). PEN2 was first identified as a component of the pre-invasive resistance in A. thaliana against the powdery mildew fungi, Blumeria graminis f. sp. hordei and Erysiphe pisi (Lipka et al., 2005; Bednarek et al., 2009). PEN2 is also responsible for the callose deposit in A. thaliana seedlings induced by fungal pathogens or flg22, a bacterial flagellin-derived peptide (Clay et al., 2009), even though it is suggested that penetration resistance and callose deposition are not directly linked (Lipka et al., 2005; Maeda et al., 2009; Hiruma et al., 2010). These stimuli induce a decrease of indole GLS levels mediated by PEN2 and the accumulation of plausible end products including indol-3-ylmethylamine (I3A), raphanusamic acid (RA), and 4-O-beta-D-glucosyl-indol-3-yl formamide (4OGlcI3F) (Bednarek et al., 2009, 2011; Lu et al., 2015). Notably, hydroxylation of I3G at position 4 mediated by CYP81F2 is a critical step for the PEN-dependent immune response. This is an interesting example of a GLS with a particular side chain exhibiting a specialized biological function. On the other hand, the unstable indol-3-ylmethyl ITC can serve as an intermediate for the biosynthesis of several phytoalexins (Bednarek et al., 2009; Klein and Sattely, 2017). Thus, the molecular mechanisms and actual bioactive metabolite(s) relevant in this pathway remain to be further investigated.

In a recent study, a co-expression analysis for genes involved in the PEN2 immune system identified GLUTATHIONE S-TRANSFERASE CLASS-TAU MEMBER 13 (GSTU13) as a critical component of that pathway (Piślewska-Bednarek et al., 2018). The gstu13 mutants were more susceptible to several pathogens and were impaired in callose deposition induced by the bacterial flg22 epitope. Furthermore, the formation of pathogen-triggered specific metabolites such as indol-3-ylmethyl amine was broadly repressed in these mutants. Therefore, the conjugation of ITCs with glutathione catalyzed by GSTU13 was revealed to be strictly essential for the activation of the indole GLS-related immune system.

PYK10, BGLU18 AND ER-RETAINED BGLUS COULD MAINTAIN AN INTRACELLULAR GLS–MYROSINASE SYSTEM

In the GLS–myrosinase system, physical separation of glucose-conjugated precursor compounds from their hydrolases is an efficient means to control the bioactivity of these metabolites, and this strategy may function even at the subcellular level. The ER body, a rod-shaped organelle continuous with the ER, is considered to provide such an intracellular compartment; a few BGLUs including PYK10/BGLU23 are significantly enriched in these structures in A. thaliana (Matsushima et al., 2003; Ogasawara et al., 2009). Among the Brassicales-specific BGLUs, BGLU18–BGLU25 commonly have ER-retention signals in their signal peptides and C-terminal regions (Nakano et al., 2014). Indeed, ER bodies that are constitutively present in roots accumulate large amounts of PYK10 and the closest homologs BGLU21 and BGLU22, whereas BGLU18 is the major component of another class of ER body that is induced by wounding or methyl jasmonate treatment (Matsushima et al., 2002, 2003; Nagano et al., 2008; Ogasawara et al., 2009). More detailed information on the physiology and molecular network in ER bodies is available in specific reviews (Yamada et al., 2011; Nakano et al., 2014; Shirakawa and Hara-Nishimura, 2018).

Notably, ER bodies have been observed in only a few families of the order Brassicales, namely, Brassicaceae, Capparaceae, and Cleomaceae. Therefore, substrate(s) of the BGLUs could also be restricted to a narrow range of phylogenetic clades. Although PYK10, BGLU21, and BGLU22 neither have the amino acid signatures conserved in classical myrosinases nor display myrosinase activities toward aliphatic allyl GLS (sinigrin) in vitro (Ahn et al., 2010), previous studies on PEN2 led Nakano and co-authors to hypothesize that PYK10 can hydrolyze indole GLSs. As expected, root protein extracts of the pyk10 and several ER-body mutants in A. thaliana, as well as the recombinant PYK10 protein, showed myrosinase activity against I3G (Nakano et al., 2017). Interestingly, co-expression analysis revealed that PYK10 is more closely related to biosynthetic genes for indole GLSs than to those of coumarin glucosides, putative substrates predicted from in vitro assays (Ahn et al., 2010; Nakano et al., 2017). Therefore, the physiological function of PYK10 in planta is more likely to be associated with GLS metabolism. Furthermore, a suite of informatics analyses performed in Nakano et al. (2017) indicated that a broad class of BGLUs, not limited to the classical myrosinases, may have the potential to hydrolyze GLSs, as described above.

The myrosinase activity of PYK10 toward indole GLSs is further supported by a very recent study on a new class of ER bodies, referred to as leaf ER bodies (Nakazaki et al., 2019). Compared with the aforementioned known classes of ER bodies, leaf ER bodies occur constitutively in a few types of epidermal cells in rosette leaves and accumulate both PYK10 and BGLU18. The pyk10 bglu18 mutant was shown to lack leaf ER bodies and became more susceptible to attack by the terrestrial isopod Armadillidium vulgare compared with the wild type plants (Nakazaki et al., 2019). In addition, the levels of most endogenous GLS species decrease rapidly in homogenates of the rosette leaves, mainly due to the activities of TGG1 and TGG2, whereas degradation of 4-methoxyindol-3-ylmethyl glucosinolate (4MI3G) was found to be selectively and significantly delayed in the pyk10 bglu18 mutant (Nakazaki et al., 2019). 4MI3G is a key GLS species in the PEN2-dependent immune pathway (Bednarek et al., 2009; Clay et al., 2009). Given that damage to leaves of the tgg1 tgg2 mutant caused by A. vulgare in a feeding assay was comparable to that in the wild type, it has been suggested that leaf ER bodies are involved in the production of the defensive chemicals from 4MI3G that protect A. thaliana leaves against herbivore attack. Since neither pyk10 nor bglu18 single mutants were examined in these experiments, it would be of interest to determine whether BGLU18 can also hydrolyze indole GLSs. In combination with previous findings, these findings suggested that ER bodies can provide a further class of GLS–myrosinase compartment at the subcellular level (i.e., GLSs retained in vacuoles and myrosinases retained in the ER bodies), that plays an important role in plant defense against attacks of herbivores and pathogens.

DO BGLU18 AND BGLU33 HAVE OTHER SUBSTRATES IN ADDITION TO GLUCOSE-CONJUGATED ABSCISIC ACID?

In addition to its potential roles in the ER bodies, BGLU18 is known to participate in abscisic acid (ABA) metabolism. ABA, one of the most important phytohormones active during a plant’s life cycle, is involved in a variety of biological processes, including the adaptation to environmental stresses (Sakata et al., 2014; Daszkowska-Golec, 2016). The cellular ABA level is partially regulated via a complex de novo biosynthetic pathway (Nambara and Marion-Poll, 2005). In addition, the discovery of ABA-glucosyltransferase, which generates an ABA glucosyl ester (ABA-GE), led us to hypothesize that release of ABA from the pool of inactive ABA analogs can potentially modulate ABA concentrations more dynamically (Xu et al., 2002). BG1/BGLU18 was reported as the first enzyme that can hydrolyze ABA-GE as part of the drought stress response (Lee et al., 2006). Subsequently, BG2/BGLU33 was identified as a further member of the ABA-GE hydrolases localized in vacuoles and was shown to play an important role under conditions of salt stress (Xu et al., 2012). Although the enzymatic potential of these BGLUs to hydrolyze ABA-GE and their relevance in ABA functions have been well investigated by independent groups (Merilo et al., 2015; Ondzighi-Assoume et al., 2016; Yamashita et al., 2016), it is questionable whether ABA-GE is the sole substrate of these BGLUs under physiological conditions, based on a consideration of the following observation.

In the first place, the response to drought and salinity is subject to complex regulation, not only by ABA but also by other small molecules including GLSs. Their contribution to the drought stress response has been discussed with regard to stomatal closure in guard cells, which is the major response of plants under low water conditions. The signal cascade for stomatal movement is initiated by multiple inputs from plant hormones and several primary/specialized metabolites in response to environmental stresses, whereas they are finally integrated into a single output — the production of reactive oxygen species (ROS) and Ca2+ oscillation followed by protein phosphorylation (Murata et al., 2015). Hence, depletion of one signal molecule could be compensated by the function of another compound. Notably, application of exogenous allyl ITC or several GLS breakdown products has been shown to induce stomatal closure in A. thaliana leaves (Khokon et al., 2011; Hossain et al., 2013). Furthermore, TGG1 and TGG2 have been reported to be major components of guard cells and shown to be involved in stomatal movement (Zhao et al., 2008; Islam et al., 2009). The stomatal closure induced by allyl ITC and the subsequent ROS production does not require endogenous ABA, but is dependent on methyl jasmonate (Khokon et al., 2011), indicating that ABA and ITC function as independent inputs for stomatal movement. Some researchers have hypothesized that the accumulation of TGGs and GLSs in guard cells represents the evolutionary origin of the GLS–myrosinase system, because stomata can serve as the initial gateway to bacterial invasion (Shirakawa and Hara-Nishimura, 2018). However, whether breakdown of internal GLSs in guard cells occurs under drought conditions to induce stomatal closure and the relevance of BGLU18 in this process are still to be investigated. Involvement of GLSs in the salt stress response has also been suggested based on the findings of several studies that have examined the fluctuation of GLS contents in Brassicaceae plants and the response of A. thaliana mutants lacking aliphatic GLSs under salinity stress (López-Berenguer et al., 2008; Keling and Zhu, 2010; Martinez-Ballesta et al., 2015), even though the detailed mechanisms remain unclear.

Secondly, the EE-type myrosinases tend to have a dual function as S- and O-glucosidases. PYK10 has been reported to hydrolyze coumarin glucosides such as scopolin in vitro (Ahn et al., 2010), whereas co-expression analysis has indicated that indole GLSs are more likely to be the actual substrates in planta (Nakano et al., 2017). PEN2 is also known to have enzymatic potential to catalyze the deglycosylation of 4-methylumbelliferyl-beta–D-O-glucoside, albeit at a lower rate than for the hydrolysis of indole GLSs (Bednarek et al., 2009). Drought stress appears to promote the degradation of a wide range of GLS species not limited to indole GLSs (Ren et al., 2009). One possible reason is that GLSs are hydrolyzed after transportation to the compartments/cells containing classical myrosinases. Alternatively, as is the case for GLS degradation induced by sulfur depletion or prolonged darkness (see the following sections), it is also conceivable that EE-type myrosinases, which may include BGLU18 and BGLU33, could hydrolyze other GLS subclasses.

Thirdly, whereas ABA is one of the indispensable hormone compounds in the plant kingdom, the BGLU subclass containing BGLU18 and BGLU33 is distributed only in the order Brassicales (Xu et al., 2004; Nakano et al., 2017). Notably, BGLU18 is a major and essential component of ER bodies, an organelle observed in only a few families of the order Brassicales, as described above. One possibility is that BGLU18 and BGLU33 may have other substrate(s) restricted to these small evolutionary clades, like PYK10. Another possible explanation is that there are several molecular systems to release ABA from the repository of inactive ABA derivatives, and these BGLUs may belong to one of those conserved only in the Brassicales. As a similar case, in some Brassicaceae plants, the metabolism of indole GLSs is closely related to that of auxin, another essential phytohormone (Malka and Cheng, 2017; Vik et al., 2018). Although similar machineries for dynamic regulation of ABA levels may exist in a wide range of plant families, such enzymes hydrolyzing inactive ABA derivatives have yet to be identified.

Taken together, the aforementioned findings indicate that we should not exclude the hypothesis that BGLU18 and BGLU33 can also function as myrosinases. If these BGLUs were proven to be dual-functional, the regulatory mechanism of these enzymatic activities in planta would inevitably attract greater attention.

GLS BREAKDOWN TO RECYCLE SULFUR MAY BE MEDIATED BY BGLU28 AND BGLU30

This and the next section discuss the possibility that GLS itself could work as nutrient storage, not only as a precursor of toxic chemicals and signaling molecules. Brassicaceae plants containing GLSs need larger amounts of sulfur than other plants (Castro et al., 2003; Walker and Booth, 2003; Yang et al., 2006). Since GLSs have at least two sulfur atoms in each molecule and represent 10–30% of the total sulfur content in plant organs, these metabolites have been considered a potential source of sulfur for other metabolic processes (Falk et al., 2007). The effects of sulfur supply and depletion on GLS levels in plants have been well studied, including in agricultural practice (Falk et al., 2007; Schnug and Haneklaus, 2016). In A. thaliana, sulfur deficiency strongly induces down-regulation of GLS content as well as expression levels of GLS biosynthetic genes (Hirai et al., 2005; Zhang et al., 2011). To date, a few transcription factors, SULFUR LIMITATION 1 (SLIM1), SULFUR DEFICIENCY-INDUCED 1 (SDI1) and SDI2, have been reported to work as repressors of GLS biosynthesis under low sulfur conditions (Maruyama-Nakashita et al., 2006; Aarabi et al., 2016). In addition, developmental defects of GLS-less seeds as a result of mutations in GLS transporters (gtr1 gtr2) under sulfur deficiency further supported the potential role of GLSs as a sulfur reserve (Nour-Eldin et al., 2012). Nevertheless, most mechanisms underlying GLS turnover in that condition are still not known. It would be desirable to gain more direct evidence for the re-distribution of sulfur atoms from GLSs, e.g., by incorporating isotopes into primary sulfur metabolites from labeled GLSs.

Based on their observed up-regulation, BGLU28 and BGLU30 are suggested to be relevant in the hydrolysis of GLSs caused by sulfur depletion (Hirai et al., 2003, 2004; Maruyama-Nakashita et al., 2003; Nikiforova et al., 2003). BGLU28 and BGLU30 form a sister clade close to those containing PEN2 and PYK10 in the phylogenetic tree of A. thaliana BGLUs (Xu et al., 2004). Although their possible contribution to GLS turnover was suggested more than 15 years ago (Hirai and Saito, 2004), there have been few reports on the physiological functions of these genes. To our knowledge, only two studies (Zhang et al., 2014; Jackson et al., 2015) have monitored BGLU28 promoter activity, using the GUS reporter gene as a marker of low-sulfur response upon plant hormone treatment and mutations in SULTR1;2. In this context, it should be noted that sulfur deficiency primarily affects contents of aliphatic GLSs, whereas PYK10 and PEN2 have been reported to hydrolyze only indole GLSs. If BGLU28 and BGLU30 can indeed hydrolyze aliphatic GLSs, the broad chemodiversity of EE-type myrosinases would undoubtedly gain more recognition. Compared with the TGGs that exhibit low selectivity for GLS species (Zhou et al., 2012), EE-type myrosinases may have narrower substrate specificities and thus regulate only particular biotic/abiotic stress responses. Both the protein functions and physiological roles of these BGLUs need to be further investigated beyond the context of sulfur assimilation.

ACTIVATION OF GLS TURNOVER IN DARKNESS AND POSSIBLE CONTRIBUTION OF BGLU30 TO RECOVER CARBOHYDRATES

Light is an essential energy source for the development and metabolism of higher plants, and the expression levels of a number of genes are known to be regulated by light; for example, the sulfur assimilation pathway is activated during the light period (Kocsy et al., 1997; Kopriva et al., 1999; Pruneda-Paz and Kay, 2010). Although the photo-regulation of sulfur assimilation has been investigated in different species under a variety of growth conditions (Buwalda et al., 1988; Passera et al., 1989; Lee E.-J. et al., 2007; Lee et al., 2011), there tends to be little consensus regarding its coordination with GLS biosynthesis/catabolism.

The regulation of GLS metabolism by light has been discussed from two aspects, namely, the substantial degradation of GLSs under conditions of prolonged darkness and the diurnal fluctuation of GLS contents. In A. thaliana, there is a marked reduction in the GLS content of leaves under conditions of extended darkness (Huseby et al., 2013; Brandt et al., 2018). Given that inhibition of photosynthesis is a strong stimulus inducing carbohydrate starvation and leaf senescence, GLS degradation may be a mechanism designed to cope with nutrient starvation via the mobilization of D-glucose units from those molecules. In this regard, BGLU30, also referred to as DARK-INDUCIBLE 2 (DIN2) or SENESCENCE-RELATED GENE 2 (SRG2), is known to be significantly up-regulated in response to prolonged darkness, senescence, and sugar starvation (Fujiki et al., 2001; Lee J. et al., 2007). The key factor for the induction of BGLU30 expression appears to be endogenous sugar levels rather than light conditions. A high abundance of BGLU30 transcript was detected in detached leaves even under illumination in the presence of a photosynthesis inhibitor, 3-(3,4-dichlorophenyl)-1,1-dimethylurea, whereas it was barely detected under co-treatment with sucrose (Fujiki et al., 2001). Given that the BGLU30 expression is also induced by sulfur depletion, this enzyme may regulate a release of stored GLSs to overcome nutrient starvation under various conditions. Notably, the expression of BGLU28 is induced neither by prolonged darkness nor by sugar starvation. In addition to their enzymatic functions, the difference in the regulatory systems between these closely related BGLUs is of particular interest.

Cooperating with the sulfur assimilation pathways, GLS levels have been shown to be higher during the day than at night in A. thaliana (Huseby et al., 2013). Simultaneously, the expression levels of GLS biosynthetic genes as well as the incorporation of inorganic 35S into GLSs were found to be enhanced by light. Moreover, a further study revealed a diurnal increase in total myrosinase activity and the abundance of TGG1 and TGG2 proteins in A. thaliana seedlings (Brandt et al., 2018). These findings accordingly indicate that GLS metabolism is highly co-regulated with sulfur assimilation in response to the circadian rhythm, even though the physiological importance of this phenomenon remains unclear. Since the correlation between GLS contents and the expression levels of GLS biosynthetic genes was relatively low during the light period (Rosa, 1997; Klein et al., 2006; Schuster et al., 2006), not only de novo biosynthesis but also turnover could regulate the diurnal rhythm of endogenous GLSs. In this context, however, a contribution of BGLU30 to GLS degradation is less likely because an increase of BGLU30 transcripts was observed only after 12 h or longer of dark treatment (Fujiki et al., 2001; Lee J. et al., 2007). In addition to the transcriptomic changes of other BGLUs, post-translational regulation of myrosinase activities, including those of TGG1 and TGG2 (Brandt et al., 2018), should be considered in order to gain a better understanding of the dynamic control of GLS contents over a 24-h period.

ADDITIONAL ROLES OF CLASSICAL TGGs BEYOND THE “MUSTARD OIL BOMB”

Several new findings on members of the QE-type myrosinases (TGG1-TGG6) have indicated their broader physiological importance in various situations, beyond the classical intercellular “mustard oil bomb” system deployed against predators. As described above, TGG1 and TGG2 might be involved in guard cell ITC production (Zhao et al., 2008; Islam et al., 2009) and the diurnal control of GLS levels in the absence of tissue disruption (Brandt et al., 2018). In this section we discuss two recent studies that have reported the detailed analysis of root-specific TGGs and the function of TGG6, which had hitherto been considered a pseudogene (Fu et al., 2016a,b).

Currently, QE-type myrosinases are classified into two subclasses, namely, Myr I and Myr II (Wang et al., 2009a). Members of subclass Myr I are found in all GLS-containing plants and are typically deposited in myrosin cells, thereby establishing the compartmentalization required for the intercellular GLS–myrosinase system (Rask et al., 2000). Thus, Myr I class myrosinases are considered to be critical for biochemical defense against herbivores. Myr II members differ from those in subclass Myr I with respect to several features, including sequence divergence and gene structure (Wang et al., 2009a; Nong et al., 2010; Fu et al., 2016a). Functional analysis of TGG4 and TGG5, the first examples of the Myr II subfamily to be examined, indicated their root-specific roles differ from those of leaf-localized Myr I members. A comparison of the enzymatic properties of TGG4 and TGG5 with those of TGG1 using recombinant proteins expressed in Pichia pastoris revealed that TGG4 and TGG5 have higher stability than TGG1 under adverse conditions, such as high temperature, low pH, and excess NaCl (Andersson et al., 2009). In a more recent study, Fu et al. investigated the tissue localization, regulation of root growth, and possible contribution to auxin biosynthesis of TGG4 and TGG5 (Fu et al., 2016b). Analyses of GUS reporter gene expression and myrosinase activities of the single and double KO mutants tended to indicate that TGG5 is more predominant in roots. The defective root elongation under flooded conditions and expression patterns of the auxin-responsive DR5:GUS reporter system in these mutants indicated that TGG4 and TGG5 may contribute to auxin biosynthesis at the root tip by hydrolyzing indole GLSs to form indole-3-acetonitrile, a direct precursor of indole-3-acetic acid, even though their enzymatic activities against indole GLSs remain to be confirmed. Given that the aforementioned experiments were performed under non-invasive conditions, it is conceivable that GLS breakdown by the Myr II myrosinases may be less dependent on tissue damage. Hence, not only EE-type but also classical myrosinases could regulate subcellular GLS–myrosinase systems in addition to the so-called “mustard oil bomb.” Our understanding in this regard will be ameliorateded by single-cell-level analysis of the specialized compartments in different cell types, as reviewed by Chen et al. (2019) in this issue.

A further surprising finding is that TGG6, which had previously been reported to be a pseudogene but is specifically expressed in pollen (Wang et al., 2009b), is still functional in a number of A. thaliana accessions (Fu et al., 2016a). The authors identified 10 functional alleles of TGG6 from 29 accessions and the recombinant TGG6 derived from Tsu-1 showed a clear myrosinase activity against sinigrin. The predominant expression pattern of functional TGG6 alleles in pollen was relatively similar to that of the non-functional TGG6 in Col-0. Given that an ortholog of TGG6 is predicted to be functional in Arabidopsis lyrata, an outcrossing relative of A. thaliana (Kusaba et al., 2001; Sherman-Broyles et al., 2007; Tang et al., 2007), it is suggested that its ancestral role was the defense of pollen against herbivores. However, subsequent evolutionary acquisition of a self-fertilization system rendered it no longer critical in A. thaliana, thereby resulting in a loss of function in most accessions. A hypothesis proposed based on the findings on TGG6 is that BGLUs with low expression levels in Col-0, the most studied accession of A. thaliana, could still be functional in other accessions. As GLS compositions have become significantly differentiated during evolution even within the same species (Kliebenstein et al., 2001; Edger et al., 2015; Kliebenstein and Cacho, 2016; Barco and Clay, 2019), it is possible that a BGLU plays a critical role in a few accessions but is not important in others. Accession- and species-wide analysis of the same BGLU orthologs may help us to gain a better understanding of the specific functions of these enzymes in planta and how they have acquired these specific roles during the course of evolution.

CURRENT UNDERSTANDING OF THE OTHER BRASSICALES-SPECIFIC BGLU

Other than BGLUs described above, current insights on the Brassicales-specific BGLUs are highly limited. To get an overview of BGLU18–BGLU33, we performed a public data analysis using ePlant1 (Waese et al., 2017) (Figure 2). In many cases, only a few publications were extracted when each BGLU was used as a query (Figure 2A). Our lack of knowledge on several BGLUs is probably due to their almost undetectable expression. Using the Plant eFP viewer, we can see that signal levels of these BGLUs in the Affymetrix ATH1 microarray are very low in almost all tissues, except for BGLU18 and PEN2 (Figure 2B). Although the low signal does not mean a low abundance of the actual transcript, it hinders performance of many biological analyses. Instead, some BGLUs exhibit very specific expression patterns in particular tissue(s), e.g., BGLU19 in mature seeds (Figure 2B and Supplementary Table S1). Moreover, expression levels of each BGLU under broad abiotic stresses are summarized (Figure 2C and Supplementary Tables S2, S3). In addition to the known information such as up-regulation of BGLU18 by drought or wounding, we can expect drastic changes in the expression of uncharacterized BGLUs in response to specific stresses, such as the highly increased expression of BGLU24 in roots as a result of osmotic and salt stress. It should also be noted that according to ATTED-II2 (Obayashi et al., 2018), several BGLUs show high co-expression scores with specifier proteins: BGLU19 with NSP2, BGLU30 with NSP5, and PYK10 with NSP1/NSP3/NSP4 (crosshybridized to the same probe). Broad end products might be generated even in the atypical myrosinase-mediated GLS breakdown. Hence, numerous public data previously collected could help us hypothesize a specific relevance of these BGLU(s) in particular developmental stages or abiotic stress responses.

CONCLUDING REMARKS AND FUTURE PERSPECTIVE

In the past decade, subsequent to the identification of PEN2 in 2009, only PYK10 has been reported as a further member of the EE-type myrosinases. As reviewed here, however, this does not exclude the possible contribution of Brassicales-specific BGLUs to GLS breakdown under specific conditions. In particular, discovery of EE-type myrosinases catalyzing the hydrolysis of aliphatic GLSs in addition to indole GLSs would generate heightened interest amongst researchers in their physiological importance and catalytic mechanisms, compared with the classical myrosinases. In addition, recent studies have demonstrated that classical myrosinases such as TGGs can also participate in non-tissue-disruptive GLS breakdown beyond the well-known “mustard oil bomb” system at the tissue level. Furthermore, we should pay attention to the accession-wide functional differentiation of the same ortholog with a single species, as highlighted in the case of TGG6. For example, substrate specificity may be dependent on the GLS composition of an accession. It may also be possible that a BGLU has evolved to regulate specialized signals initiated by GLS species present in only a few accessions. Addressing the broad distribution and different myrosinase activities of BGLUs in Brassicaceae and closely related families will enable us to elucidate how the multi-functionality of GLSs is controlled in planta, and how the GLS–myrosinase systems have diversified during evolution.

In vitro enzymatic assays using recombinant proteins would be helpful in determining the physiological functions of these enzymes in planta. In this regard, Pichia pastoris and tobacco BY-2 cells seem to be the preferable organisms to express the A. thaliana myrosinases with enzymatic functions, according to previous studies (Andersson et al., 2009; Bednarek et al., 2009; Fu et al., 2016a; Nakano et al., 2017). However, we should bear in mind the fact that the myrosinase assay using sinigrin, an easily available substrate, may not identify (and perhaps has not identified) the actual enzymatic potential of candidate BGLUs of interest. As the classical myrosinases tend to hydrolyze a diverse range of GLS structures (Zhou et al., 2012), most studies have examined the “myrosinase activity” using only sinigrin, a GLS with a simple allyl chain. However, the EE-type myrosinases may have a restricted substrate selectivity and require optimal conditions to work under particular conditions, as emphasized by the findings for PEN2 and PYK10, which preferentially hydrolyze indole GLSs within a narrow optimal pH range (Bednarek et al., 2009; Nakano et al., 2017). It is also notable that sinigrin is detected only in certain A. thaliana accessions other than Col-0 (Kliebenstein et al., 2001). Since the side chain structures of GLSs can substantially alter the physicochemical properties of the corresponding degradation products such as ITCs, it would be preferable to examine the activity of myrosinases against a broader range of GLS species to establish the physiological importance of the BGLUs of interest. Recent advances in the methods for extraction of intact GLSs from plant materials and quantitative analysis of GLS contents may contribute to promoting this approach (Bianco et al., 2017; Doheny-Adams et al., 2017).

In addition to the abiotic stresses discussed herein, there are a few physiological conditions that are potentially related to GLS metabolism and catabolism (Table 2). For example, pre-treatment with phenethyl ITC confers heat stress tolerance on A. thaliana seedlings, probably by up-regulating a suite of heat-shock proteins (Hara et al., 2012; Kissen et al., 2016). In addition, the mechanisms underlying the degradation of total GLS amount independent of TGG1 and TGG2 during early developmental stages remain to be clarified (Barth and Jander, 2006). Given that up-regulation of particular BGLUs has yet to be observed under these conditions, we should consider the post-translational regulation of myrosinase activities with regard to myrosinase-associated proteins or small molecule elicitors such as ascorbate (Wittstock et al., 2016a; Bhat and Vyas, 2019; Chen et al., 2019). Under non-disruptive conditions, the physiological functions of myrosinases, including TGGs, are probably controlled more strictly and dynamically than expected till now.

AUTHOR CONTRIBUTIONS

RS and MH prepared the manuscript. RS prepared the figures and tables. MH finalized the manuscript for submission.

FUNDING

This work was supported by the JSPS KAKENHI Grant-in-Aid for Early-Career Scientists (No. 18K14348 to RS) and the RIKEN Special Postdoctoral Researcher Program (to RS).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2019.01008/full#supplementary-material

FOOTNOTES

1
https://bar.utoronto.ca/eplant/

2
http://atted.jp

REFERENCES

Aarabi, F., Kusajima, M., Tohge, T., Konishi, T., Gigolashvili, T., Takamune, M., et al. (2016). Sulfur-deficiency-induced repressor proteins optimize glucosinolate biosynthesis in plants. Sci. Adv. 2:e1601087. doi: 10.1126/sciadv.1601087

Agerbirk, N., Matthes, A., Erthmann, P. O., Ugolini, L., Cinti, S., Lazaridi, E., et al. (2018). Glucosinolate turnover in Brassicales species to an oxazolidin-2-one, formed via the 2-thione and without formation of thioamide. Phytochemistry 153, 79–93. doi: 10.1016/j.phytochem.2018.05.006

Agerbirk, N., and Olsen, C. E. (2012). Glucosinolate structures in evolution. Phytochemistry 77, 16–45. doi: 10.1016/j.phytochem.2012.02.005

Ahn, Y. O., Shimizu, B., Sakata, K., Gantulga, D., Zhou, C., Bevan, D. R., et al. (2010). Scopolin-hydrolyzing beta-glucosidases in roots of Arabidopsis. Plant Cell Physiol. 51, 132–143. doi: 10.1093/pcp/pcp174

Andersson, D., Chakrabarty, R., Bejai, S., Zhang, J., Rask, L., and Meijer, J. (2009). Myrosinases from root and leaves of Arabidopsis thaliana have different catalytic properties. Phytochemistry 70, 1345–1354. doi: 10.1016/j.phytochem.2009.07.036

Andersson, M. X., Nilsson, A. K., Johansson, O. N., Boztas, G., Adolfsson, L. E., Pinosa, F., et al. (2015). Involvement of the electrophilic isothiocyanate sulforaphane in Arabidopsis local defense responses. Plant Physiol. 167, 251–261. doi: 10.1104/pp.114.251892

Banerjee, S., and Paruthy, S. B. (2017). “Therapeutic paradigm underscoring glucosinolate sulforaphane in chemo- and radiosensitization of cancer: preclinical and clinical perspective,” in Glucosinolates. Reference Series in Phytochemistry, eds J. M. Mérillon and K. Ramawat, (Cham: Springer), 339–379. doi: 10.1007/978-3-319-25462-3_19

Barco, B., and Clay, N. K. (2019). Evolution of glucosinolate diversity via whole-genome duplications, gene rearrangements, and substrate promiscuity. Annu. Rev. Plant Biol. 70, 585–604. doi: 10.1146/annurev-arplant-050718-100152

Barth, C., and Jander, G. (2006). Arabidopsis myrosinases TGG1 and TGG2 have redundant function in glucosinolate breakdown and insect defense. Plant J. 46, 549–562. doi: 10.1111/j.1365-313x.2006.02716.x

Bednarek, P. (2012a). Chemical warfare or modulators of defence responses - the function of secondary metabolites in plant immunity. Curr. Opin. Plant Biol. 15, 407–414. doi: 10.1016/j.pbi.2012.03.002

Bednarek, P. (2012b). Sulfur-containing secondary metabolites from Arabidopsis thaliana and other Brassicaceae with function in plant immunity. Chembiochem 13, 1846–1859. doi: 10.1002/cbic.201200086

Bednarek, P., Piślewska-Bednarek, M., Svatoš, A., Schneider, B., Doubský, J., Mansurova, M., et al. (2009). A glucosinolate metabolism pathway in living plant cells mediates broad-spectrum antifungal defense. Science 323, 101–106. doi: 10.1126/science.1163732

Bednarek, P., Piślewska-Bednarek, M., Ver Loren van Themaat, E., Maddula, R. K., Svatos, A., and Schulze-Lefert, P. (2011). Conservation and clade-specific diversification of pathogen-inducible tryptophan and indole glucosinolate metabolism in Arabidopsis thaliana relatives. New Phytol. 192, 713–726. doi: 10.1111/j.1469-8137.2011.03824.x

Bhat, R., and Vyas, D. (2019). Myrosinase: insights on structural, catalytic, regulatory, and environmental interactions. Crit. Rev. Biotechnol. 39, 508–523. doi: 10.1080/07388551.2019.1576024

Bianco, G., Pascale, R., Lelario, F., Bufo, S. A., and Cataldi, T. R. I. (2017). “Investigation of glucosinolates by mass spectrometry,” in Glucosinolates. Reference Series in Phytochemistry, eds J. M. Mérillon and K. Ramawat, (Cham: Springer), 431–461. doi: 10.1007/978-3-319-25462-3_12

Brandt, S., Fachinger, S., Tohge, T., Fernie, A. R., Braun, H. P., and Hildebrandt, T. M. (2018). Extended darkness induces internal turnover of glucosinolates in Arabidopsis thaliana leaves. PLoS One 13:e0202153. doi: 10.1371/journal.pone.0202153

Brown, P. D., Tokuhisa, J. G., Reichelt, M., and Gershenzon, J. (2003). Variation of glucosinolate accumulation among different organs and developmental stages of Arabidopsis thaliana. Phytochemistry 62, 471–481. doi: 10.1016/s0031-9422(02)00549-6

Burmeister, W. P., Cottaz, S., Driguez, H., Iori, R., Palmieri, S., and Henrissat, B. (1997). The crystal structures of Sinapis alba myrosinase and a covalent glycosyl–enzyme intermediate provide insights into the substrate recognition and active-site machinery of an S-glycosidase. Structure 5, 663–675.

Burow, M. (2016). “Complex environments interact with plant development to shape glucosinolate profiles,” in Advances in Botanical Research, Vol. 80, ed. S. Kopriva, (Cambridge, MA: Academic Press), 15–30. doi: 10.1016/bs.abr.2016.06.001

Burow, M., and Halkier, B. A. (2017). How does a plant orchestrate defense in time and space? Using glucosinolates in Arabidopsis as case study. Curr. Opin. Plant Biol. 38, 142–147. doi: 10.1016/j.pbi.2017.04.009

Burow, M., Halkier, B. A., and Kliebenstein, D. J. (2010). Regulatory networks of glucosinolates shape Arabidopsis thaliana fitness. Curr. Opin. Plant Biol. 13, 347–352. doi: 10.1016/j.pbi.2010.02.002

Buwalda, F., De Kok, L. J., Stulen, I., and Kuiper, P. J. C. (1988). Cysteine, γ-glutamylcysteine and glutathione contents of spinach leaves as affected by darkness and application of excess sulfur. Physiol. Plant. 74, 663–668. doi: 10.1111/j.1399-3054.1988.tb02033.x

Cao, Y.-Y., Yang, J.-F., Liu, T.-Y., Su, Z.-F., Zhu, F.-Y., Chen, M.-X., et al. (2017). A phylogenetically informed comparison of GH1 hydrolases between Arabidopsis and rice response to stressors. Front. Plant Sci. 8:350. doi: 10.3389/fpls.2017.00350

Castro, A., Stulen, I., and De Kok, L. J. (2003). “Nitrogen and sulfur requirement of Brassica oleracea L. cultivars,” in Sulfur Transport and Assimilation in Plants, eds J. C. Davidian, D. Grill, L. J. De Kok, M. J. Stulen, E. S. Hawkesford, et al. (Leiden: Backhuys Publishers), 181–183.

Chen, S., Chhajed, S., Misra, B. B., and Tello, N. (2019). Chemodiversity of the glucosinolate-myrosinase system at the single cell-type resolution. Front. Plant Sci. 10:618. doi: 10.3389/fpls.2019.00618

Clay, N. K., Adio, A. M., Denoux, C., Jander, G., and Ausubel, F. M. (2009). Glucosinolate metabolites required for an Arabidopsis innate immune response. Science 323, 95–101. doi: 10.1126/science.1164627

Daszkowska-Golec, A. (2016). “The role of abscisic acid in drought stress: how ABA helps plants to cope with drought stress,” in Drought Stress Tolerance in Plants, Vol. 2, eds M. Hossain, S. Wani, S. Bhattacharjee, D. Burritt, and L. S. Tran, (Cham: Springer), 123–151. doi: 10.1007/978-3-319-32423-4_5

Doheny-Adams, T., Redeker, K., Kittipol, V., Bancroft, I., and Hartley, S. E. (2017). Development of an efficient glucosinolate extraction method. Plant Methods 13:17. doi: 10.1186/s13007-017-0164-168

Edger, P. P., Heidel-Fischer, H. M., Bekaert, M., Rota, J., Glöckner, G., Platts, A. E., et al. (2015). The butterfly plant arms-race escalated by gene and genome duplications. Proc. Natl. Acad. Sci. U.S.A. 112, 8362–8366. doi: 10.1073/pnas.1503926112

Eisenschmidt-Bönn, D., Schneegans, N., Backenköhler, A., Wittstock, U., and Brandt, W. (2019). Structural diversification during glucosinolate breakdown: mechanisms of thiocyanate, epithionitrile and simple nitrile formation. Plant J. 99, 329–343. doi: 10.1111/tpj.14327

Fahey, J. W., Zalcmann, A. T., and Talalay, P. (2001). The chemical diversity and distribution of glucosinolates and isothiocyanates among plants. Phytochemistry 56, 5–51. doi: 10.1016/s0031-9422(00)00316-2

Falk, K. L., Tokuhisa, J. G., and Gershenzon, J. (2007). The effect of sulfur nutrition on plant glucosinolate content: physiology and molecular mechanisms. Plant Biol. 9, 573–581. doi: 10.1055/s-2007-965431

Francisco, M., Joseph, B., Caligagan, H., Li, B., Corwin, J. A., Lin, C., et al. (2016a). Genome wide association mapping in Arabidopsis thaliana identifies novel genes involved in linking allyl glucosinolate to altered biomass and defense. Front. Plant Sci. 7:1010. doi: 10.3389/fpls.2016.01010

Francisco, M., Joseph, B., Caligagan, H., Li, B., Corwin, J. A., Lin, C., et al. (2016b). The defense metabolite, allyl glucosinolate, modulates Arabidopsis thaliana biomass dependent upon the endogenous glucosinolate pathway. Front. Plant Sci. 7:774. doi: 10.3389/fpls.2016.00774

Frerigmann, H. (2016). “Glucosinolate regulation in a complex relationship – MYC and MYB – No one can act without each other,” in Advances in Botanical Research, Vol. 80, ed. S. Kopriva, (Cambridge, MA: Academic Press), 57–97. doi: 10.1016/bs.abr.2016.06.005

Frerigmann, H., Piślewska-Bednarek, M., Sánchez-Vallet, A., Molina, A., Glawischnig, E., Gigolashvili, T., et al. (2016). Regulation of pathogen-triggered tryptophan metabolism in Arabidopsis thaliana by MYB transcription factors and indole glucosinolate conversion products. Mol. Plant 9, 682–695. doi: 10.1016/j.molp.2016.01.006

Fu, L., Han, B., Tan, D., Wang, M., Ding, M., and Zhang, J. (2016a). Identification and evolution of functional alleles of the previously described pollen specific myrosinase pseudogene AtTGG6 in Arabidopsis thaliana. Int. J. Mol. Sci. 17:262. doi: 10.3390/ijms17020262

Fu, L., Wang, M., Han, B., Tan, D., Sun, X., and Zhang, J. (2016b). Arabidopsis myrosinase genes AtTGG4 and AtTGG5 are root-tip specific and contribute to auxin biosynthesis and root-growth regulation. Int. J. Mol. Sci. 17:892. doi: 10.3390/ijms17060892

Fujiki, Y., Yoshikawa, Y., Sato, T., Inada, N., Ito, M., Nishida, I., et al. (2001). Dark-inducible genes from Arabidopsis thaliana are associated with leaf senescence and repressed by sugars. Physiol. Plant. 111, 345–352. doi: 10.1034/j.1399-3054.2001.1110312.x

Halkier, B. A. (2016). “General introduction to glucosinolates,” in Advances in Botanical Research, Vol. 80, ed. S. Kopriva, (Cambridge, MA: Academic Press), 1–14. doi: 10.1016/bs.abr.2016.07.001

Halkier, B. A., and Gershenzon, J. (2006). Biology and biochemistry of glucosinolates. Annu. Rev. Plant Biol. 57, 303–333. doi: 10.1146/annurev.arplant.57.032905.105228

Hanschen, F. S., Evelyn Lamy, E., Schreiner, M., and Rohn, S. (2014). Reactivity and stability of glucosinolates and their breakdown products in foods. Angew. Chem. Int. Ed. 53, 11430–11450. doi: 10.1002/anie.201402639

Hara, M., Harazaki, A., and Tabata, K. (2012). Administration of isothiocyanates enhances heat tolerance in Arabidopsis thaliana. Plant Growth Regul. 69, 71–77. doi: 10.1007/s10725-012-9748-5

Haughn, G. W., Davin, L., Giblin, M., and Underhill, E. W. (1991). Biochemical genetics of plant secondary metabolites in Arabidopsis thaliana. Plant Physiol. 97, 217–226. doi: 10.1104/pp.97.1.217

Hirai, M. Y., Fujiwara, T., Awazuhara, M., Kimura, T., Noji, M., and Saito, K. (2003). Global expression profiling of sulfur-starved Arabidopsis by DNA macroarray reveals the role of O-acetyl-l-serine as a general regulator of gene expression in response to sulfur nutrition. Plant J. 33, 651–663. doi: 10.1046/j.1365-313x.2003.01658.x

Hirai, M. Y., Klein, M., Fujikawa, Y., Yano, M., Goodenowe, D. B., Yamazaki, Y., et al. (2005). Elucidation of gene-to-gene and metabolite-to-gene networks in Arabidopsis by integration of metabolomics and transcriptomics. J. Biol. Chem. 280, 25590–25595. doi: 10.1074/jbc.m502332200

Hirai, M. Y., and Saito, K. (2004). Post-genomics approaches for the elucidation of plant adaptive mechanisms to sulphur deficiency. J. Exp. Bot. 55, 1871–1879. doi: 10.1093/jxb/erh184

Hirai, M. Y., Yano, M., Goodenowe, D. B., Kanaya, S., Kimura, T., Awazuhara, M., et al. (2004). Integration of transcriptomics and metabolomics for understanding of global responses to nutritional stresses in Arabidopsis thaliana. Proc. Natl. Acad. Sci. U.S.A. 101, 10205–10210. doi: 10.1073/pnas.0403218101

Hiruma, K., Onozawa-Komori, M., Takahashi, F., Asakura, M., Bednarek, P., Okuno, T., et al. (2010). Entry mode-dependent function of an indole glucosinolate pathway in Arabidopsis for nonhost resistance against anthracnose pathogens. Plant Cell 22, 2429–2443. doi: 10.1105/tpc.110.074344

Hossain, M. S., Ye, W., Hossain, M. A., Okuma, E., Uraji, M., Nakamura, Y., et al. (2013). Glucosinolate degradation products, isothiocyanates, nitriles, and thiocyanates, induce stomatal closure accompanied by peroxidase-mediated reactive oxygen species production in Arabidopsis thaliana. Biosci. Biotechnol. Biochem. 77, 977–983. doi: 10.1271/bbb.120928

Huseby, S., Koprivova, A., Lee, B.-R., Saha, S., Mithen, R., Wold, A.-B., et al. (2013). Diurnal and light regulation of sulphur assimilation and glucosinolate biosynthesis in Arabidopsis. J. Exp. Bot. 64, 1039–1048. doi: 10.1093/jxb/ers378

Islam, M. M., Tani, C., Watanabe-Sugimoto, M., Uraji, M., Jahan, M. S., Masuda, C., et al. (2009). Myrosinases, TGG1 and TGG2, redundantly function in ABA and MeJA signaling in Arabidopsis guard cells. Plant Cell Physiol. 50, 1171–1175. doi: 10.1093/pcp/pcp066

Jackson, T. L., Baker, G. W., Wilks, F. R. Jr., Popov, V. A., Mathur, J., and Benfey, P. N. (2015). Large cellular inclusions accumulate in Arabidopsis roots exposed to low-sulfur conditions. Plant Physiol. 168, 1573–1589. doi: 10.1104/pp.15.00465

Johansson, O. N., Fantozzi, E., Fahlberg, P., Nilsson, A. K., Buhot, N., Tör, M., et al. (2014). Role of the penetration-resistance genes PEN1, PEN2 and PEN3 in the hypersensitive response and race-specific resistance in Arabidopsis thaliana. Plant J. 79, 466–476. doi: 10.1111/tpj.12571

Jørgensen, M. E., Nour-Eldin, H. H., and Halkier, B. A. (2015). Transport of defense compounds from source to sink: lessons learned from glucosinolates. Trends Plant Sci. 20, 508–514. doi: 10.1016/j.tplants.2015.04.006

Katz, E., and Chamovitz, D. A. (2017). Wounding of Arabidopsis leaves induces indole-3-carbinol-dependent autophagy in roots of Arabidopsis thaliana. Plant J. 91, 779–787. doi: 10.1111/tpj.13610

Katz, E., Nisani, S., Yadav, B. S., Woldemariam, M. G., Shai, B., Obolski, U., et al. (2015). The glucosinolate breakdown product indole-3-carbinol acts as an auxin antagonist in roots of Arabidopsis thaliana. Plant J. 82, 547–555. doi: 10.1111/tpj.12824

Keling, H., and Zhu, Z. (2010). Effects of different concentrations of sodium chloride on plant growth and glucosinolate content and composition in pakchoi. Afr. J. Biotechnol. 9, 4428–4433.

Khokon, A. R., Jahan, S., Rahman, T., Hossain, M. A., Muroyama, D., Minami, I., et al. (2011). Allyl isothiocyanate (AITC) induces stomatal closure in Arabidopsis. Plant Cell Environ. 34, 1900–1906. doi: 10.1111/j.1365-3040.2011.02385.x

Kilian, J., Whitehead, D., Horak, J., Wanke, D., Weinl, S., Batistic, O., et al. (2007). The AtGenExpress global stress expression data set: protocols, evaluation and model data analysis of UV-B light, drought and cold stress responses. Plant J. 50, 347–363. doi: 10.1111/j.1365-313x.2007.03052.x

Kissen, R., Øverby, A., Winge, P., and Bones, A. M. (2016). Allyl-isothiocyanate treatment induces a complex transcriptional reprogramming including heat stress, oxidative stress and plant defence responses in Arabidopsis thaliana. BMC Genomics 17:740. doi: 10.1186/s12864-016-3039-x

Klein, A. P., and Sattely, E. S. (2015). Two cytochromes P450 catalyze S-heterocyclizations in cabbage phytoalexin biosynthesis. Nat. Chem. Biol. 11, 837–839. doi: 10.1038/nchembio.1914

Klein, A. P., and Sattely, E. S. (2017). Biosynthesis of cabbage phytoalexins from indole glucosinolate. Proc. Natl. Acad. Sci. U.S.A. 114, 1910–1915. doi: 10.1073/pnas.1615625114

Klein, M., Reichelt, M., Gershenzon, J., and Papenbrock, J. (2006). The three desulfoglucosinolate sulfotransferase proteins in Arabidopsis have different substrate specificities and are differentially expressed. FEBS J. 273, 122–136. doi: 10.1111/j.1742-4658.2005.05048.x

Kliebenstein, D. J., and Cacho, N. I. (2016). “Nonlinear selection and a blend of convergent, divergent and parallel evolution shapes natural variation in glucosinolates,” in Advances in Botanical Research, Vol. 80, ed. S. Kopriva, (Cambridge, MA: Academic Press), 31–55. doi: 10.1016/bs.abr.2016.06.002

Kliebenstein, D. J., Kroymann, J., Brown, P., Figuth, A., Pedersen, D., Gershenzon, J., et al. (2001). Genetic control of natural variation in Arabidopsis glucosinolate accumulation. Plant Physiol. 126, 811–825. doi: 10.1104/pp.126.2.811

Kocsy, G., Owttrim, G., Brander, K., and Brunold, C. (1997). Effect of chilling on the diurnal rhythm of enzymes involved in protection against oxidative stress in a chilling-tolerant and a chilling-sensitive maize genotype. Physiol. Plant. 99, 249–254. doi: 10.1034/j.1399-3054.1997.990206.x

Kopriva S. (ed.) (2016). Advances in Botanical Research, Vol. 80. Amsterdam: Academic Press.

Kopriva, S., Muheim, R., Koprivova, A., Trachsel, N., Catalano, C., Suter, M., et al. (1999). Light regulation of assimilatory sulphate reduction in Arabidopsis thaliana. Plant J. 20, 37–44. doi: 10.1046/j.1365-313x.1999.00573.x

Koroleva, O. A., and Cramer, R. (2011). Single-cell proteomic analysis of glucosinolate-rich S-cells in Arabidopsis thaliana. Methods 54, 413–423. doi: 10.1016/j.ymeth.2011.06.005

Kusaba, M., Dwyer, K., Hendershot, J., Vrebalov, J., Nasrallah, J. B., and Nasrallah, M. E. (2001). Self-incompatibility in the genus Arabidopsis: characterization of the S locus in the outcrossing A. lyrata and its autogamous relative A. thaliana. Plant Cell 13, 627–643. doi: 10.1105/tpc.13.3.627

Lambrix, V., Reichelt, M., Mitchell-Olds, T., Kliebenstein, D. J., and Gershenzon, J. (2001). The Arabidopsis epithiospecifier protein promotes the hydrolysis of glucosinolates to nitriles and influences Trichoplusia ni herbivory. Plant Cell 13, 2793–2807. doi: 10.1105/tpc.13.12.2793

Lee, B.-R., Koprivova, A., and Kopriva, S. (2011). The key enzyme of sulfate assimilation, adenosine 5’-phosphosulfate reductase, is regulated by HY5 in Arabidopsis. Plant J. 67, 1042–1054. doi: 10.1111/j.1365-313X.2011.04656.x

Lee, E.-J., Matsumura, Y., Soga, K., Hoson, T., and Koizumi, N. (2007). Glycosyl hydrolases of cell wall are induced by sugar starvation in Arabidopsis. Plant Cell Physiol. 48, 405–413. doi: 10.1093/pcp/pcm009

Lee, J., He, K., Stolc, V., Lee, H., Figueroa, P., Gao, Y., et al. (2007). Analysis of transcription factor HY5 genomic binding sites revealed its hierarchical role in light regulation of development. Plant Cell 19, 731–749. doi: 10.1105/tpc.106.047688

Lee, K. H., Piao, H. L., Kim, H. Y., Choi, S. M., Jiang, F., Hartung, W., et al. (2006). Activation of glucosidase via stress-induced polymerization rapidly increases active pools of abscisic acid. Cell 126, 1109–1120. doi: 10.1016/j.cell.2006.07.034

Lipka, V., Dittgen, J., Bednarek, P., Bhat, R., Wiermer, M., Stein, M., et al. (2005). Pre- and postinvasion defenses both contribute to nonhost resistance in Arabidopsis. Science 310, 1180–1183. doi: 10.1126/science.1119409

López-Berenguer, C., Martínez-Ballesta, M. C., García-Viguera, C., and Carvajal, M. (2008). Leaf water balance mediated by aquaporins under salt stress and associated glucosinolate synthesis in broccoli. Plant Sci. 174, 321–328. doi: 10.1016/j.plantsci.2007.11.012

Lu, X., Dittgen, J., Piślewska-Bednarek, M., Molina, A., Schneider, B., Svatos, A., et al. (2015). Mutant allele-specific uncoupling of PENETRATION3 functions reveals engagement of the ATP-binding cassette transporter in distinct tryptophan metabolic pathways. Plant Physiol. 168, 814–827. doi: 10.1104/pp.15.00182

Ludwig-Müller, J., Krishna, P., and Forreiter, C. (2000). A glucosinolate mutant of Arabidopsis is thermosensitive and defective in cytosolic Hsp90 expression after heat stress. Plant Physiol. 123, 949–958. doi: 10.1104/pp.123.3.949

Lüthy, B., and Matile, P. (1984). The mustard oil bomb: rectified analysis of the subcellular organisation of the myrosinase system. Biochem. Physiol. Pflanzen 179, 5–12. doi: 10.1016/s0015-3796(84)80059-1

Maeda, K., Houjyou, Y., Komatsu, T., Hori, H., Kodaira, T., and Ishikawa, A. (2009). AGB1 and PMR5 contribute to PEN2-mediated preinvasion resistance to Magnaporthe oryzae in Arabidopsis thaliana. Mol. Plant Microbe Interact. 22, 1331–1340. doi: 10.1094/MPMI-22-11-1331

Malinovsky, F. G., Thomsen, M.-L. F., Nintemann, S. J., Jagd, L. M., Bourgine, B., Burow, M., et al. (2017). An evolutionarily young defense metabolite influences the root growth of plants via the ancient TOR signaling pathway. eLife 6:e29353. doi: 10.7554/eLife.29353

Malka, S. K., and Cheng, Y. (2017). Possible interactions between the biosynthetic pathways of indole glucosinolate and auxin. Front. Plant Sci. 8:2131. doi: 10.3389/fpls.2017.02131

Martinez-Ballesta, M. C., Moreno, D. A., and Carvajal, M. (2013). The physiological importance of glucosinolates on plant response to abiotic stress in Brassica. Int. J. Mol. Sci. 14, 11607–11625. doi: 10.3390/ijms140611607

Martinez-Ballesta, M. C., Moreno-Fernández, D. A., Castejon, D., Ochando, C., Morandini, P. A., and Carvajal, M. (2015). The impact of the absence of aliphatic glucosinolates on water transport under salt stress in Arabidopsis thaliana. Front. Plant Sci. 6:524. doi: 10.3389/fpls.2015.00524

Maruyama-Nakashita, A., Inoue, E., Watanabe-Takahashi, A., Yamaya, T., and Takahashi, H. (2003). Transcriptome profiling of sulfur-responsive genes in Arabidopsis reveals global effects of sulfur nutrition on multiple metabolic pathways. Plant Physiol. 132, 597–605. doi: 10.1104/pp.102.019802

Maruyama-Nakashita, A., Nakamura, Y., Tohge, T., Saito, K., and Takahashi, H. (2006). Arabidopsis SLIM1 is a central transcriptional regulator of plant sulfur response and metabolism. Plant Cell 18, 3235–3251. doi: 10.1105/tpc.106.046458

Matsushima, R., Hayashi, Y., Kondo, M., Shimada, T., Nishimura, M., and Hara-Nishimura, I. (2002). An endoplasmic reticulum-derived structure that is induced under stress conditions in Arabidopsis. Plant Physiol. 130, 1807–1814. doi: 10.1104/pp.009464

Matsushima, R., Kondo, M., Nishimura, M., and Hara-Nishimura, I. (2003). A novel ER-derived compartment, the ER body, selectively accumulates a beta-glucosidase with an ER-retention signal in Arabidopsis. Plant J. 33, 493–502. doi: 10.1046/j.1365-313x.2003.01636.x

Mérillon, J. M., and Ramawat, K. (eds) (2017). Reference Series in Phytochemistry. Cham: Springer.

Merilo, E., Jalakas, P., Kollist, H., and Brosché, M. (2015). The role of ABA recycling and transporter proteins in rapid stomatal responses to reduced air humidity, elevated CO2, and exogenous ABA. Mol. Plant 8, 657–659. doi: 10.1016/j.molp.2015.01.014

Murata, Y., Mori, I. C., and Munemasa, S. (2015). Diverse stomatal signaling and the signal integration mechanism. Annu. Rev. Plant Biol. 66, 369–392. doi: 10.1146/annurev-arplant-043014-114707

Nagano, A. J., Fukao, Y., Fujiwara, M., Nishimura, M., and Hara-Nishimura, I. (2008). Antagonistic jacalin-related lectins regulate the size of ER body-type beta-glucosidase complexes in Arabidopsis thaliana. Plant Cell Physiol. 49, 969–980. doi: 10.1093/pcp/pcn075

Nakabayashi, K., Okamoto, M., Koshiba, T., Kamiya, Y., and Nambara, E. (2005). Genome-wide profiling of stored mRNA in Arabidopsis thaliana seed germination: epigenetic and genetic regulation of transcription in seed. Plant J. 41, 697–709. doi: 10.1111/j.1365-313x.2005.02337.x

Nakano, R. T., Piślewska-Bednarek, M., Yamada, K., Edger, P. P., Miyahara, M., Kondo, M., et al. (2017). PYK10 myrosinase reveals a functional coordination between endoplasmic reticulum bodies and glucosinolates in Arabidopsis thaliana. Plant J. 89, 204–220. doi: 10.1111/tpj.13377

Nakano, R. T., Yamada, K., Bednarek, P., Nishimura, M., and Hara-Nishimura, I. (2014). ER bodies in plants of the Brassicales order: biogenesis and association with innate immunity. Front. Plant Sci. 5:73. doi: 10.3389/fpls.2014.00073

Nakazaki, A., Yamada, K., Kunieda, T., Sugiyama, R., Hirai, M. Y., Tamura, K., et al. (2019). Leaf endoplasmic reticulum bodies identified in Arabidopsis rosette leaves are involved in defense against herbivory. Plant Physiol. 179, 1515–1524. doi: 10.1104/pp.18.00984

Nambara, E., and Marion-Poll, A. (2005). Abscisic acid biosynthesis and catabolism. Annu. Rev. Plant Biol. 56, 165–185. doi: 10.1146/annurev.arplant.56.032604.144046

Nikiforova, V., Freitag, J., Kempa, S., Adamik, M., Hesse, H., and Hoefgen, R. (2003). Transcriptome analysis of sulfur depletion in Arabidopsis thaliana: interlacing of biosynthetic pathways provides response specificity. Plant J. 33, 633–650. doi: 10.1046/j.1365-313x.2003.01657.x

Nintemann, S. J., Hunziker, P., Andersen, T. G., Schulz, A., Burow, M., and Halkier, B. A. (2018). Localization of the glucosinolate biosynthetic enzymes reveals distinct spatial patterns for the biosynthesis of indole and aliphatic glucosinolates. Physiol. Plant. 163, 138–154. doi: 10.1111/ppl.12672

Nong, H., Zhang, J.-M., Li, D., Wang, M., Sun, X., Zhu, Y. J., et al. (2010). Characterization of a novel beta-thioglucosidase CpTGG1 in Carica papaya and its substrate-dependent and ascorbic acid-independent O-β-glucosidase activity. J. Integr. Plant Biol. 52, 879–890. doi: 10.1111/j.1744-7909.2010.00988.x

Nour-Eldin, H. H., Andersen, T. G., Burow, M., Madsen, S. R., Jorgensen, M. E., Olsen, C. E., et al. (2012). NRT/PTR transporters are essential for translocation of glucosinolate defence compounds to seeds. Nature 488, 531–534. doi: 10.1038/nature11285

Obayashi, T., Aoki, Y., Tadaka, S., Kagaya, Y., and Kinoshita, K. (2018). ATTED-II in 2018: a plant coexpression database based on investigation of the statistical property of the mutual rank index. Plant Cell Physiol. 59:e3. doi: 10.1093/pcp/pcx191

Ogasawara, K., Yamada, K., Christeller, J. T., Kondo, M., Hatsugai, N., Hara-Nishimura, I., et al. (2009). Constitutive and inducible ER bodies of Arabidopsis thaliana accumulate distinct beta-glucosidases. Plant Cell Physiol. 50, 480–488. doi: 10.1093/pcp/pcp007

Ondzighi-Assoume, C. A., Chakraborty, S., and Harris, J. M. (2016). Environmental nitrate stimulates abscisic acid accumulation in Arabidopsis root tips by releasing it from inactive stores. Plant Cell 28, 729–745. doi: 10.1105/tpc.15.00946

Passera, C., Ghisi, R., and Ferretti, M. (1989). Light-activation of ATPsulfurylase in leaves and chloroplasts of Zea mays. Photosynthetica 23, 166–172.

Pastorczyk, M., and Bednarek, P. (2016). “The function of glucosinolates and related metabolites in plant innate immunity,” in Advances in Botanical Research, Vol. 80, ed. S. Kopriva, (Cambridge, MA: Academic Press), 171–198. doi: 10.1016/bs.abr.2016.06.007

Pedras, M. S. C., Yaya, E. E., and Glawischnig, E. (2011). The phytoalexins from cultivated and wild crucifers: chemistry and biology. Nat. Prod. Rep. 28, 1381–1405. doi: 10.1039/c1np00020a

Piślewska-Bednarek, M., Nakano, R. T., Hiruma, K., Pastorczyk, M., Sánchez-Vallet, A., Singkaravanit-Ogawa, S., et al. (2018). Glutathione transferase U13 functions in pathogen-triggered glucosinolate metabolism. Plant Physiol. 176, 538–551. doi: 10.1104/pp.17.01455

Possenti, M., Baima, S., Raffo, A., Durazzo, A., Giusti, A. M., and Natella, F. (2017). “Glucosinolates in food,” in Glucosinolates. Reference Series in Phytochemistry, eds J. M. Mérillon and K. Ramawat, (Cham: Springer), 87–132.

Pruneda-Paz, J. L., and Kay, S. A. (2010). An expanding universe of circadian networks in higher plants. Trends Plant Sci. 15, 259–265. doi: 10.1016/j.tplants.2010.03.003

Rask, L., Andréasson, E., Ekbom, B., Eriksson, S., Pontoppidan, B., and Meijer, J. (2000). Myrosinase: gene family evolution and herbivore defense in Brassicaceae. Plant Mol. Biol. 42, 93–113. doi: 10.1007/978-94-011-4221-2_5

Ren, H., Zhong, H. X., Dai, S. J., Chen, S. X., and Yan, X. F. (2009). Water stress on glucosinolate contents in Arabidopsis rosette leaves. Acta Ecol. Sin. 8, 4372–4379.

Rosa, E. A. S. (1997). Daily variation in glucosinolate concentrations in the leaves and roots of cabbage seedlings in two constant temperature regimes. J. Sci. Food Agric. 73, 364–368. doi: 10.1002/(sici)1097-0010(199703)73:3<364::aid-jsfa742>3.0.co;2-o

Sakata, Y., Komatsu, K., and Takezawa, D. (2014). “ABA as a Universal Plant Hormone,” in Progress in Botany, Vol. 75, eds U. Lüttge, W. Beyschlag, and J. Cushman, (Berlin: Springer), 57–96. doi: 10.1007/978-3-642-38797-5_2

Schmid, M., Davison, T. S., Henz, S. R., Pape, U. J., Demar, M., Vingron, M., et al. (2005). A gene expression map of Arabidopsis thaliana development. Nat. Genet. 37, 501–506.

Schnug, E., and Haneklaus, S. (2016). “Glucosinolates–the agricultural story,” in Advances in Botanical Research, Vol. 80, ed. S. Kopriva, (Cambridge, MA: Academic Press), 281–302. doi: 10.1016/bs.abr.2016.07.003

Schuster, J., Knill, T., Reichelt, M., Gershenzon, J., and Binder, S. (2006). Branched-chain aminotransferase4 is part of the chain elongation pathway in the biosynthesis of methionine-derived glucosinolates in Arabidopsis. Plant Cell 18, 2664–2679. doi: 10.1105/tpc.105.039339

Sherman-Broyles, S., Boggs, N., Farkas, A., Liu, P., Vrebalov, J., Nasrallah, M. E., et al. (2007). S locus genes and the evolution of self-fertility in Arabidopsis thaliana. Plant Cell 19, 94–106. doi: 10.1105/tpc.106.048199

Shirakawa, M., and Hara-Nishimura, I. (2018). Specialized vacuoles of myrosin cells: chemical defense strategy in Brassicales plants. Plant Cell Physiol. 59, 1309–1316. doi: 10.1093/pcp/pcy082

Tang, C., Toomajian, C., Sherman-Broyles, S., Plagnol, V., Guo, Y.-L., Hu, T. T., et al. (2007). The evolution of selfing in Arabidopsis thaliana. Science 317, 1070–1072.

Traka, M. H. (2016). “Health benefits of glucosinolates,” in Advances in Botanical Research, Vol. 80, ed. S. Kopriva, (Cambridge, MA: Academic Press), 247–279. doi: 10.1016/bs.abr.2016.06.004

Urbancsok, J., Bones, A. M., and Kissen, R. (2017). Glucosinolate-derived isothiocyanates inhibit Arabidopsis growth and the potency depends on their side chain structure. Int. J. Mol. Sci. 18:2372. doi: 10.3390/ijms18112372

Urbancsok, J., Bones, A. M., and Kissen, R. (2018a). Arabidopsis mutants impaired in glutathione biosynthesis exhibit higher sensitivity towards the glucosinolate hydrolysis product allyl-isothiocyanate. Sci. Rep. 8:9809. doi: 10.1038/s41598-018-28099-1

Urbancsok, J., Bones, A. M., and Kissen, R. (2018b). Benzyl cyanide leads to auxin-like effects through the action of nitrilases in Arabidopsis thaliana. Front. Plant Sci. 9:1240. doi: 10.3389/fpls.2018.01240

Variyar, P. S. A., Banerjee, A., Akkarakaran, J. J., and Suprasanna, P. (2014). “Role of glucosinolates in plant stress tolerance,” in Emerging Technologies and Management of Crop Stress Tolerance, Vol. 1, eds P. Ahmad, and S. Rasool, (Cambridge, MA: Academic Press), 271–291. doi: 10.1016/b978-0-12-800876-8.00012-6

Vik, D., Mitarai, N., Wulff, N., Halkier, B. A., and Burow, M. (2018). Dynamic modeling of indole glucosinolate hydrolysis and its impact on auxin signaling. Front. Plant Sci. 9:550. doi: 10.3389/fpls.2018.00550

Waese, J., Fan, J., Pasha, A., Yu, H., Fucile, G., Shi, R., et al. (2017). ePlant: visualizing and exploring multiple levels of data for hypothesis generation in plant biology. Plant Cell 29, 1806–1821. doi: 10.1105/tpc.17.00073

Walker, K. C., and Booth, E. J. (2003). “Sulphur nutrition and oilseed quality,” in Sulphur in Plants, eds Y. P. Abrol, and A. Ahmad, (Dordrecht: Kluwer Academic Publishers), 323–339. doi: 10.1007/978-94-017-0289-8_18

Wang, M., Li, D., Sun, X., Zhu, Y. J., Nong, H., and Zhang, J. (2009a). Characterization of a root-specific beta-thioglucoside glucohydrolase gene in Carica papaya and its recombinant protein expressed in Pichia pastoris. Plant Sci. 177, 716–723. doi: 10.1016/j.plantsci.2009.09.013

Wang, M., Sun, X., Tan, D., Gong, S., Meijer, J., and Zhang, J. (2009b). The two non-functional myrosinase genes TGG3 and TGG6 in Arabidopsis are expressed predominantly in pollen. Plant Sci. 177, 371–375. doi: 10.1016/j.plantsci.2009.06.003

Wittstock, U., Kurzbach, E., Herfurth, A.-M., and Stauber, E. J. (2016a). “Glucosinolate breakdown,” in Advances in Botanical Research, Vol. 80, ed. S. Kopriva, (Cambridge, MA: Academic Press), 125–169. doi: 10.1016/bs.abr.2016.06.006

Wittstock, U., Meier, K., Dörr, F., and Ravindran, B. M. (2016b). NSP-dependent simple nitrile formation dominates upon breakdown of major aliphatic glucosinolates in roots, seeds, and seedlings of Arabidopsis thaliana Columbia-0. Front. Plant Sci. 7:1821. doi: 10.3389/fpls.2016.01821

Xu, J., Meng, J., Meng, X., Zhao, Y., Liu, J., Sun, T., et al. (2016). Pathogen-responsive MPK3 and MPK6 reprogram the biosynthesis of indole glucosinolates and their derivatives in Arabidopsis immunity. Plant Cell 28, 1144–1162. doi: 10.1105/tpc.15.00871

Xu, Z., Escamilla-Treviño, L. L., Zeng, L., Lalgondar, M., Bevan, D. R., Winkel, B. S. J., et al. (2004). Functional genomic analysis of Arabidopsis thaliana glycoside hydrolase family 1. Plant Mol. Biol. 55, 343–367. doi: 10.1007/s11103-004-0790-1

Xu, Z.-J., Nakajima, M., Suzuki, Y., and Yamaguchi, I. (2002). Cloning and characterization of the abscisic acid-specific glucosyltransferase gene from adzuki bean seedlings. Plant Physiol. 129, 1285–1295. doi: 10.1104/pp.001784

Xu, Z.-Y., Lee, K. H., Dong, T., Jeong, J. C., Jin, J. B., Kanno, Y., et al. (2012). A vacuolar beta-glucosidase homolog that possesses glucose-conjugated abscisic acid hydrolyzing activity plays an important role in osmotic stress responses in Arabidopsis. Plant Cell 24, 2184–2199. doi: 10.1105/tpc.112.095935

Yamada, K., Hara-Nishimura, I., and Nishimura, M. (2011). Unique defense strategy by the endoplasmic reticulum body in plants. Plant Cell Physiol. 52, 2039–2049. doi: 10.1093/pcp/pcr156

Yamashita, Y., Ota, M., Inoue, Y., Hasebe, Y., Okamoto, M., Inukai, T., et al. (2016). Chemical promotion of endogenous amounts of ABA in Arabidopsis thaliana by a natural product, theobroxide. Plant Cell Physiol. 57, 986–999. doi: 10.1093/pcp/pcw037

Yang, L., Stulen, I., and De Kok, L. J. (2006). Impact of sulfate nutrition on the utilization of atmospheric SO2 as sulfur source for Chinese cabbage. J. Plant Nutr. Soil Sci. 169, 529–534. doi: 10.1002/jpln.200520574

Zhang, B., Pasini, R., Dan, H., Joshi, N., Zhao, Y., Leustek, T., et al. (2014). Aberrant gene expression in the Arabidopsis SULTR1;2 mutants suggests a possible regulatory role for this sulfate transporter in response to sulfur nutrient status. Plant J. 77, 185–197. doi: 10.1111/tpj.12376

Zhang, J., Sun, X., Zhang, Z., Ni, Y., Zhang, Q., Liang, X., et al. (2011). Metabolite profiling of Arabidopsis seedlings in response to exogenous sinalbin and sulfur deficiency. Phytochemistry 72, 1767–1778. doi: 10.1016/j.phytochem.2011.06.002

Zhao, Z., Zhang, W., Stanley, B. A., and Assmann, S. M. (2008). Functional proteomics of Arabidopsis thaliana guard cells uncovers new stomatal signaling pathways. Plant Cell 20, 3210–3226. doi: 10.1105/tpc.108.063263

Zhou, C., Tokuhisa, J. G., Bevan, D. R., and Esen, A. (2012). Properties of beta-thioglucoside hydrolases (TGG1 and TGG2) from leaves of Arabidopsis thaliana. Plant Sci. 191-192, 82–92. doi: 10.1016/j.plantsci.2012.02.004

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

Copyright © 2019 Sugiyama and Hirai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/fpls-10-01008-g002.jpg
L o =
g 82 =S
o £ 258 5 5
k] T 2 o x <]
8885883= 2
P 90000
o
=3
o
<
1]
2
8%
(2] o 'S =
- o £
w LS .
o ° s ® S
$ . * 8 m
s s+ 2 ==
® ® O = N 9o T L K ® O O = N @
- - oN N N N N o~ o~ N N [5e] o s} «
Q2 2 23 2 2 ¢ 2 2 2 23 3 2 2 23 3 2
p —J - ] - > ] -4 w —J - - - -l - -
O 00 00O 3 OO0 a0 OO 0000 O
WM O @O o o o om 0 O O O O M
-+ ¢ .Q..ﬁ. R b e ok W L
@
2]
¢ mm g
* o
z "
o * +S .2
< N2
n o®
LS g
D x
* ()
* o
* S
<
(S]
LeenTog o [ £€NTO8
tzenog $Fezenos
Fien1o8 4} en1o8
Loen198 =} | 0eN198
+62N198 codh | 6ZN198
L ezn1o8 = | 8zn198
Fzzn1og 4 2znmog
b ZNad o [ ZNId
Fszn1og < (52N198
Fvzniog $Frzn1os
I OLMAd oo o apfb OLMAD
+zznog ® 4 tzzn1og
Fizn1og ® @ t1zn198
+ozn1o8 o w@o¢foznos
L6Ln1o8 o o ° 41610198
81198 oammo® dponde 811198
05 Oy 06 0z O O 0009 000y 0002 O
suonealqnd Jo Jaquinu S|oA8| uoissaidxa

< om





OPS/images/fpls-10-01008-g001.jpg
glucosinolate

.

side chain

myrosinase

classical
TGG1 - TGG6
atypical
sop PEN2, PYK10
(BGLU18 - BGLU33)
end products
spontaneous vith specifier proteins
R=N=C=$S R=C=N R=$—C:
isothiocyanate  simplenitile  thiocyanate
ll P/\c\\‘u
fetler modiicsion epithionitile

(depends on side chain)






OPS/images/cover.jpg
, frontiers

in Plant Science

Atypical Myrosinase as a Mediator
of Glucosinolate Functions
in Plants









OPS/images/fpls-10-01008-t002.jpg
Stress GLS levels Related BGLUs Involvement in GLS metabolism Effects of ITC

treatment?
Drought Decrease’ BGLU182 TGG1, TGG23 Guard cells accumulate a large amount of AITC induces stomatal
TGG1 and TGG2.3 closure.
Salinity Increase® BGLU19,% BGLU33” myb28 myb29 is more susceptible to salt -
stress.®
Sulfur deficiency Decrease® BGLU28,° BGLU30° Growth of gtr1 gtr2 is defected under low -
sulfur.1©
Light/Dark Increase by light/ BGLU30™2 TGG1, TGG218 GLS biosynthetic genes shows the diurnal -
Decrease in the dark!" rhythm. ™1
Temperature = Not determined Alow-GLS mutant (TU8) is more susceptible to AITC and PEITC
heat stress. enhances heat

tolerance.'®
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