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Abstract

Plants have evolved tightly regulated signaling networks to respond and adapt to environmental 

perturbations, but the nature of the signaling hub(s) involved have remained an enigma. We have 

previously established that methylerythritol cyclodiphosphate (MEcPP), a precursor of plastidial 

isoprenoids and a stress-specific retrograde signaling metabolite, enables cellular readjustments 

for high-order adaptive functions. Here, we specifically show that MEcPP promotes two 

Brassicaceae-specific traits, namely endoplasmic reticulum (ER) body formation and induction of 

indole glucosinolate (IGs) metabolism selectively, via transcriptional regulation of key regulators 

NAI1 for ER body formation and MYB51/122 for IGs biosynthesis). The specificity of MEcPP is 

further confirmed by the lack of induction of wound-inducible ER body genes as well as IGs by 

other altered methylerythritol phosphate pathway enzymes. Genetic analyses revealed MEcPP-
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mediated COI1-dependent induction of these traits. Moreover, MEcPP signaling integrates the 

biosynthesis and hydrolysis of IGs through induction of nitrile-specifier protein1 and reduction of 

the suppressor, ESM1, and production of simple nitriles as the bioactive end product. The findings 

position the plastidial metabolite, MEcPP, as the initiation hub, transducing signals to adjust the 

activity of hardwired gene circuitry to expand phytochemical diversity and alter the associated 

subcellular structure required for functionality of the secondary metabolites, thereby tailoring 

plant stress responses.
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INTRODUCTION

To survive frequent environmental challenges, plants have evolved delicately balanced 

regulatory mechanisms to reprogram the metabolic output and modify the cellular and 

subcellular structures to ultimately mount appropriate physiological responses. A key goal of 

metabolic reprograming is the biosynthesis of secondary metabolites, a remarkable 

repository of structurally diverse compounds known for their roles in shaping the 

phylogenetic specificity and tailoring plant responses to the nature of the challenges 

encountered (Weng et al., 2012). Among the secondary metabolites with proven adaptive 

roles are the glucosinolates (GSLs), which are nitrogen- and sulfur-containing 

phytochemicals found mainly in the order Capparales. In Arabidopsis thaliana, GSLs are 

produced predominantly from tryptophan (indole glucosinolates [IGs]) and chain-elongated 

methionine (short- or long-chained aliphatic glucosinolates [AGs]) (Sonderby et al., 2010b). 

The accumulation of GSLs is regulated in response to a range of stresses, including 

herbivory or wounding and treatment with jasmonates (Kliebenstein et al., 2002; Petersen et 

al., 2002; Brown et al., 2003; Mikkelsen et al., 2003; Mewis et al., 2006; Kim and Jander, 

2007; Bidart-Bouzat and Kliebenstein, 2008). The GSL profile displays both quantitative 

and qualitative variation depending not only on genetic variation between Arabidopsis 
accessions but also in response to various developmental and environmental cues (Kerwin et 

al., 2015). This leads to each tissue having differing GSL patterns such as high 

concentrations of AGs in seeds, flowers, and siliques, and the IGs being predominantly in 

the vegetative parts of plants, rosette leaves, and roots (Kliebenstein et al., 2001; Brown et 

al., 2003). Moreover, in addition to natural selection favoring a given GSLs profile, there is a 

highly regulated and robust co-expression of the respective genes within plants, as 

demonstrated by grouped induction of genes in the IGs and the tryptophan biosynthetic 

pathways in response to stress stimuli (Gachon et al., 2005), and by omics-based 

identification of transcription factors regulating AGs biosynthesis (Hirai et al., 2007).

Biosynthesis of GSLs occurs in three steps: (1) amino acid chain elongation, (2) core 

structure synthesis, and (3) secondary modifications, with the biosynthetic genes being 

regulated by at least two transcription factor families, R2R3-MYB and basic helix-loop-

helix (bHLH) MYC (Gachon et al., 2005; Grubb and Abel, 2006; Gigolashvili et al., 2007; 

Sonderby et al., 2010b; Frerigmann and Gigolashvili, 2014; Li et al., 2014). Transcription 
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factors MYB28, MYb29, and MYB76 predominantly regulate AG synthesis (Hirai et al., 

2007; Gigolashvili et al., 2008; Sonderby et al., 2010a), whereas MYB34, MYB51, and 

MYB122 largely control IG synthesis (Gigolashvili et al., 2007; Frerigmann and 

Gigolashvili, 2014; Frerigmann et al., 2016). MYC transcription factors mainly MYC2, 

MYC3, and MYC4 interact with both sets of MYBs to regulate the biosynthesis of both 

aliphatic and indolic GSLs (Dombrecht et al., 2007; Schweizer et al., 2013). The complexity 

of the regulatory network controlling GSL is further revealed through post-translational 

modification by mitogen-activated protein kinase3 (MPK3) and MPK6 via their substrate 

ethylene response factor 6 (ERF6) on regulation of MYB51 and MYB122 (Xu et al., 2016).

The hydrophilic GSLs are spatially compartmentalized apart from their specific β-

glucosidase hydrolyzing enzymes, myrosinases (Wittstock and Burow, 2010). Cellular 

disruption caused by insect chewing or wounding enables mixing of the intact GSLs with the 

activating myrosinase, thereby facilitating defense-induced activation of GSLs. 

Subsequently, myrosinases hydrolyze the thioglucosidic bond to produce unstable aglycones 

(Bones and Rossiter, 2006). Rapid conversion of aglycones to various bioactive compounds 

such as isothiocyanates, thiocyanates, and nitriles by specifier proteins and associated 

modifier proteins, provide direct and indirect defense against a range of invaders, including 

insects, nematodes, and microorganisms (Lambrix et al., 2001; Burow et al., 2007, 2008, 

2009; Pfalz et al., 2009; Fan et al., 2011; Bednarek, 2012; Fan and Doerner, 2012).

Classical myrosinases are expressed in scattered cells termed myrosin cells, allowing 

cellular level compartmentalization of enzymes from GSLs, which are stored in S cells 

(Koroleva et al., 2000; Andreasson et al., 2001; Husebye et al., 2002; Ueda et al., 2006; 

Shroff et al., 2008; Kissen et al., 2009). However, some non-canonical myrosinases are 

separated from IGs not at the cellular level but at the subcellular level in structures known as 

ER bodies, derived from and continuous with the ER (Yamada et al., 2009; Nakano et al., 

2014, 2017). The ER bodies in Arabidopsis thaliana are induced de novo by wounding or 

jasmonic acid (JA) treatment, suggestive of their potential function in defense responses 

such as resistance against pathogens or herbivores (Yamada et al., 2009; Nakano et al., 2014, 

2017). In roots, ER bodies are constitutively present and contain large amounts of the 

putative non-canonical myrosinase proteins, mainly BGLU23/PYK10 (Nakano et al., 2017). 

In addition to housing β-glucosidase/myrosinases, the root ER bodies also contain two other 

family proteins, jacalin-related lectin (JAL) and GDSL lipase-like/myrosinase associated 

protein (GLL) (Nagano et al., 2005, 2008; Ahn et al., 2010). In fact, four of the JALs are 

nitrile-specifier proteins (NSP1–4) that control production of the end bioactive metabolites, 

nitriles and isothiocyanates (Lambrix et al., 2001; Burow et al., 2008, 2009; Nagano et al., 

2008; Agee et al., 2010). Similarly, several of the GLLs are modifier proteins (ESM1/AGG1 

family members include GLL22, 23, and 25) functioning as putative myrosinase chaperones 

and controlling nitrile and isothiocyanate production (Zhang et al., 2006; Burow et al., 

2008). Thus, the composition of the ER bodies may control both the rate of GSL activation 

and the ultimate bioactive end product, thereby providing a structural platform with key 

roles in plant defense responses against biotic stresses (Barth and Jander, 2006; Bednarek et 

al., 2009).
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The formation of ER body structure is controlled by the basic helix-loop-helix type 

transcription factor NAI1 and, by extension, the genes encoding ER-body-localized proteins, 

including BGLU23, NAI2, MEB1, MEB2, NSP/JALs, and ESM/GLLs, which collectively 

form activated myrosinase complex regulating the turnover of GSLs end products 

(Matsushima et al., 2004; Yamada et al., 2008, 2013; Nakano et al., 2014).

GSLs activation and ER body formation have been implicated in tailoring Arabidopsis 
response to various biotic stimuli, including infection by the beneficial fungus 

Piriformospora indica (P. indica). Interestingly, the bglu23/pyk10 and the respective 

transcription factor nai1 mutants do not display beneficial effects of P. indica but instead 

allow uncontrolled fungal overgrowth. This suggests that the defense response conferred by 

the ER body enables controlled fungal colonization, thereby establishing a mutualistic 

interaction between the symbiotic partners (Sherameti et al., 2008). Accordingly, the roots of 

pen2 mutant, deficient in a BGLU23/PYK10 phylogenetically related BGLU gene, also 

display enhanced fungus colonization (Jacobs et al., 2011).

We have previously identified methylerythritol cyclodiphosphate (MEcPP), an intermediate 

of the plastidial methylerythritol phosphate (MEP) pathway, as a stress-specific retrograde 

signal, using ceh1 (constitutively expressing hydroperoxide lyase1), a mutant line with 

constitutively high levels of this signaling metabolite (Xiao et al., 2012; Walley et al., 2015; 

Benn et al., 2016). This mutant is the result of a point mutation in the enzyme, 4-hydroxy-3-

methylbut-2-enyl diphosphate synthase (HDS), responsible for conversion of MEcPP to 

HMBPP (Xiao et al., 2012). In addition, we have established that accumulation of MEcPP 

results in a range of pleiotropic stress phenotypes, including stunted growth, high salicylic 

acid (SA) levels, high expression of JA response genes, constitutive general stress response, 

and potentiation of unfolded protein response in the ER (Xiao et al., 2012; Walley et al., 

2015; Benn et al., 2016; Lemos et al., 2016; Bjornson et al., 2017). These phenotypes led us 

to hypothesize a potential expanded function of MEcPP in the reorganization of subcellular 

structures, such as the ER body, a storage body for myrosinases, and to explore the profile of 

the GSLs as the substrate for myrosinases.

Here, we have utilized a combination of genetics and multi-omics approaches to reveal the 

principles by which MEcPP functions as the initiating signaling hub coordinating the two 

Brassicaceae-specific traits, through reprogramming the transcriptional output responsible 

for ER body formation and selective induction of the biosynthesis and hydrolysis of IGs. 

Collectively, these findings highlight the role of MEcPP, a primary metabolic intermediate, 

as a master switch for expansion of the phytochemical diversity by enabling selective 

biosynthesis and degradation of secondary metabolites, in concert with formation of the 

associated subcellular structures, thus providing a previously unidentified foundation for the 

regulatory roles of core metabolites in stress biology.

RESULTS

Stress-inducible ER Bodies Are Constitutive in the ceh1 Mutant

It is well established that ER bodies are constitutively present in the epidermal cells of 

cotyledons, hypocotyls, and roots of young Arabidopsis seedlings, but are absent in rosette 
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leaves (Ogasawara et al., 2009). However, stresses such as wounding not only increase the 

number of constitutive ER bodies but also induce their formation in rosette leaves 

(Ogasawara et al., 2009). Formation of the ER bodies is accompanied by induction of at 

least 17 genes encoding proteins that either regulate, associate, or localize to ER bodies 

(Supplemental Table 1) (Matsushima et al., 2004; Nagano et al., 2008; Yamada et al., 2008; 

Agee et al., 2010; Nakano et al., 2012, 2014; Hakenjos et al., 2013; Yamada et al., 2013; 

Nakano et al., 2017).

We have previously established that MEcPP induces a number of ER stress response genes 

and their encoded proteins (Walley et al., 2015). Closer examination of these data revealed a 

statistically significant increase in the expression levels of ~50% of ER-body-associated 

genes and ~60% of ER body proteins in ceh1, the high MEcPP accumulating mutant 

(Supplemental Table 2). Using qRT-PCR analyses of selected genes such as NAI2 and 

BGLU23, whose transcripts are regulated by developmental cues, and those regulated by 

environmental stress signals such as TSK-associating protein 1 (TSA1) and BGLU18, in 

various genotypes (wild-type [WT], ceh1, and HDS complemented [CP] lines) further 

confirmed the earlier transcriptomic data and identified HDS mutation in the ceh1 mutant 

background as the causative agent responsible for induction of the genes (Figure 1A and 

1B).

Next, we questioned whether the induction of the ER body marker genes could have resulted 

in the constitutive presence of otherwise stress-inducible ER bodies in the ceh1 leaves. To 

address this, we generated homozygous lines resulting from crosses performed between ER-

localized yellow fluorescent protein (ER-YFP) (Nelson et al., 2007) and the ceh1 mutant 

line. Subsequent confocal imaging of the leaves clearly displayed the presence of ER-

derived spindle-shaped structures earlier designated as ER bodies (Matsushima et al., 2003) 

in epidermal cells of rosette leaves in ceh1, but not in WT (Figure 1C). To confirm the 

potential role of MEcPP in the ceh1 mutant in ER body formation, we used a competitive 

inhibitor of DXR fosmidomycin (FSM) previously shown to arrest the flux through the MEP 

pathway (Gonzalez-Cabanelas et al., 2015) (Figure 1E). These data clearly show notable 

reduction of ER body formation in FMS-treated ceh1 plants, thereby providing evidence for 

he specificity of MEcPP in the formation of this subcellular structure (Figure 1F and 1G).

To confirm the specificity of MEcPP in the induction of gene expression, we further 

examined the relative transcript levels of NAI2 and BGLU23 in WT plants exogenously 

treated with MEcPP (Figure 1D). The data clearly confirm the induction of these genes 30 

min post treatment, thereby providing evidence for the function of MEcPP in transcriptional 

regulation of these genes. In addition, we examined the expression levels of two wound-

inducible ER body genes (TSAI and BGLU18) exploiting various RNAi lines silencing the 

MEP-pathway genes (Supplemental Figure 1). Exclusive induction of TSA1 and BGLU18 in 

the ceh1 mutant and none of the other MEP pathway silenced lines establishes the specificity 

of MEcPP function in the induction of wound-inducible ER-body-forming genes.

Collectively, the data established the constitutive presence of otherwise stress-inducible ER 

body structures in the ceh1 mutant, supported by the induction of the pertinent transcripts.
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Constitutive Presence of ER Bodies in ceh1 Is SA-Independent

The presence of high levels of the defense-induced hormone SA in addition to elevated 

MEcPP in the ceh1 mutant (Xiao et al., 2012) led us to examine a potential role of SA in the 

constitutive induction of otherwise stress-inducible ER bodies. Toward this goal, we 

obtained homozygous ceh1/eds16 lines (Xiao et al., 2012) generated from crosses between 

the ceh1 harboring ER-YFP and eds16–1, an SA-deficient mutant encoding a dysfunctional 

Isochorismate synthase 1 (Wildermuth et al., 2001). These plants together with the 

corresponding controls, namely WT, ceh1, and eds16–1 (herein referred to as eds16), were 

examined for the presence of ER bodies in their leaves. Representative confocal images 

clearly showed the constitutive presence of ER bodies in the ceh1 and ceh1/eds16 genotypes 

but not in the respective controls (WT and eds16), thus establishing SA-independent 

constitutive formation of otherwise stress-inducible ER body structures (Figure 2A).

In addition, qRT-PCR-based examination of the expression profile of ER body marker genes 

in the aforementioned genotypes confirmed higher transcripts levels of all genes examined in 

the ceh1 and ceh1/eds16 compared with WT and eds16 plants (Figure 2B). Among the most 

notably induced genes are the two known co-expressed genes, namely TSA1 and BGLU18 
(Nakano et al., 2014).

In concordance with the transcriptomic data, the relative abundance of the detectable ER-

body-associated proteins, as described by a previous report (Walley et al., 2015) and 

accessible at (massive.ucsd.edu/ProteoSAFe/static/massive.jsp), is also higher in ceh1 and 

ceh1/eds16 compared with the controls (Figure 2C). However, one notable discordance 

between the transcriptomics and proteomic data is the statistically significantly higher 

relative protein abundance of TSA1 and BGLU18 in ceh1/eds16 compared with ceh1 
(Figure 2C). This suggests that while SA is not involved in determining the expression levels 

of TSA1 and BGLU18, it is involved in enhancement of the stability and or translational 

capacity of the respective encoded products.

Altogether, these results support the notion that elevated MEcPP causes constitutive 

formation of typically stress-inducible ER bodies through enhanced expression levels and, 

by extension, abundance of the respective encoded products, predominantly independently 

of SA.

ER Body Formation in the ceh1 Mutant Is NAI1-Dependent

The ER body formation in roots is regulated by a basic helix-loop-helix- (bHLH) type 

transcription factor NAI1 (AtbHLH20) that controls expression of BGLU23, NAI2, MEB1, 

MD2-related lipid recognition protein 3 (ML3), NSP1 /JALs, and ESM1/GDSL lipase-like 

myrosinase chaperone genes (GLL23 and GLL25) (Matsushima et al., 2004; Nagano et al., 

2005, 2008; Hakenjos et al., 2013). To examine the role of NAI1 in MEcPP-mediated 

regulation of ER body formation, homozygous ceh1/nai1 double mutants were generated 

through performing crosses between the ceh1 -harboring ER-YFP line and the knockdown 

nai1 mutant (nai1–3 allele) line. The similar phenotype between WT and nai1 opposed to 

enhanced compromised growth of the ceh1/nai1 double mutant relative to ceh1, suggests the 

role of a functional NAI1 in seedling growth in the ceh1 mutant background (Supplemental 
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Figure 2). The representative confocal images from the leaves of the four genotypes (WT, 

ceh1, ceh1/nai1, and nai1) showed that in contrast to the abundant presence ER bodies in 

ceh1, these structures are no longer visible rosette leaves of ceh1/nai1 (Figure 3A).

In concordance with the ER body phenotype, the qRT-PCR-based analyses using the 

aforementioned genotypes showed reduced expression levels of genes associated with 

constitutive ER body formation in ceh1/nai1 compared with the ceh1 mutant (Figure 3B). 

However, the expression levels of TSA1 and BGLU18 in ceh1/nai1 lines remained similar to 

that of the ceh1 plant (Figure 3B). These results corroborate the earlier report on NAI1-

independent wounding induction of BGLU18 (Ogasawara et al., 2009) and further establish 

the key role of NAH in ER body formation in ceh1.

We also measured the MEcPP levels of these four genotypes to ascertain that the absence of 

ER body phenotype in ceh1/nai1 mutant lines is not due to alterations in the MEcPP levels 

(Supplemental Figure 3). These data clearly show similarly high MEcPP levels in ceh1 and 

ceh1/nai1 mutant lines compared with the controls, thereby negating any possible regulation 

of MEcPP levels by NAI1. This result supports the notion that the MEcPP-mediated ER 

body formation is NAI1-dependent.

Constitutive ER Body Formation in ceh1 Is Dependent on the Jasmonate Signaling 
Pathway

Reports showing JA-dependent de novo formation of ER bodies locally and systemically in 

wounded leaves (Matsushima et al., 2002; Ogasawara et al., 2009) led us to test the 

intersection of MEcPP and JA signaling in ER body formation in the ceh1 mutant 

background. Toward this goal, we generated homozygous double-mutant lines of ceh1/aos 
and ceh1/coi1 (Lemos et al., 2016) by performing crosses between ceh1 harboring ER-YFP 

and jasmonate synthesis mutant (Allene oxide synthase [aos]) and the signaling component 

mutant coi1 (co/7–7) (Xie et al., 1998; Savchenko et al., 2014). The larger plant phenotype 

in ceh1/coi1 versus ceh1 compared with the similar size of WT and coi1 seedlings suggests 

that the presence of jasmonate perception in the ceh1 mutant contributes to the compromised 

growth in this mutant line (Supplemental Figure 4). Furthermore, representative images of 

the ER structure displayed a significant reduction, albeit not total abolishment, of ER bodies 

both in ceh1/aos and ceh1/coi1 double mutants compared with the ceh1 mutant background 

(Figure 4A). In addition, expression analyses of selected ER body genes indicated a 

reduction in transcript levels of all genes examined in the double=mutant backgrounds 

compared with ceh1 alone (Figure 4B). Among the genes examined, the expression levels of 

TSA1 and BGLU18 are most significantly reduced, as their transcript levels in single (aos 

and coi1) and double mutants (ceh1/aos or/coi1) are below the basal WT levels (Figure 4B). 

This suggests that MEcPP function is mediated via the jasmonate signaling pathway 

followed by the consequential NA11-dependent induction of ER-body-associated genes and 

ultimately formation of the ER body structure.

MEcPP Mediates the Induction of Genes Associated with IG Synthesis

The presence of high levels of β-glucosidases in ER bodies together with the reported 

remarkable co-expression of ER body and GSLs genes and the genes encoding nitrile 
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specifier proteins that control the profile of the activation products of myrosinase-mediated 

GSLs metabolism strongly support the notion of integration of the transcriptional network 

and functional coordination between ER bodies and GSLs (Yamada et al., 2008; Nakano et 

al., 2014, 2017). Accordingly, we tested the potential role of MEcPP in the induction of GSL 

accumulation.

Using existing RNA-seq data measuring the transcriptional network response to MEcPP, we 

investigated the regulation of all known GSL genes divided into three categories: known 

transcription factors (TFs), core structure, and side-chain modification of the IG and AG 

biosynthetic pathway (Figure 5A and 5B and Supplemental Figure 5). To distinguish 

between MEcPP regulation and potential secondary effects from elevated SA in ceh 1, we 

performed the analyses in four genotypes (WT, ceh1, ceh1/eds16, and eds16).

This analysis showed that the IG genes (TFs, core structure synthesis, and side-chain 

modification) are induced in both ceh1 and ceh1/eds16, as displayed by a high ratio (9/19) of 

IG biosynthesis-associated genes significantly changed (q value <0.05, log2 fold change >2) 

in ceh1, with an even higher ratio of genes in ceh1/eds16 (14/19) (Figure 5A and 5B and 

Supplemental Table 3). This finding enables identification of fully or partially SA-

independent genes. Interestingly, however, the ratio for the AG altered genes is rather 

modest, as there are only 4 and 5/27 genes in ceh1 and ceh1/eds16 mutants, respectively 

(Supplemental Figure 5B and 5C and Supplemental Table 3). The higher ratio of genes 

altered in the IG pathway compared with those of the AG pathway strongly suggests a 

preference for IG biosynthesis.

Guided by the heatmap results, we focused on confirmation of altered transcriptomic data by 

qRT-PCR analyses. We specifically analyzed the expression levels of selected genes, among 

them two of the three TFs (MYB51 and MYB122) whose co-functionality in regulating IG 

biosynthesis is established (Frerigmann and Gigolashvili, 2014). We also included MYC2, a 

TF-encoding gene with the capacity to regulate the accumulation of both IGs and AGs, as 

well as two downstream genes encoding IG-specific modifying enzymes, cytochrome P450 

monooxygenases (CYP81F2 and CYP81F4). In addition, the expression levels of ERF6, a 

gene with an established link to the regulation of specific IG structures was also examined 

(Xu et al., 2016). The results illustrate equal induction of most genes in ceh1 and ceh1/eds16 
with the exception of MYB51 and MYB122, whose expression is lower in ceh1/eds16 
compared with ceh1, reflecting the synergistic function of MEcPP and SA in the induction 

of the two (Figure 5C).

To confirm the specificity of MEcPP in the induction of gene expression, we further 

examined the relative transcript levels of two TFs (MYB51 and ERF6) and one biosynthetic 

gene (CYP81F2) in WT plants exogenously treated with MEcPP (Figure 5D). The data 

clearly confirm induction of these genes 30 min post treatment, thereby providing evidence 

for the function of MEcPP in transcriptional regulation of both TFs and the biosynthetic 

gene. Together, these analyses suggest that the plastidial metabolite MEcPP selectively 

mediates the induction of IG’s regulatory and metabolic genes.
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Specificity of MEcPP in the Induction of IG Production

The altered transcriptomic profiles of IG regulatory genes prompted us to include 

metabolomics analyses and to explore the concordance between the two omics approaches in 

the four genotypes of WT, ceh1, ceh1/eds16, and eds16. Initial analyses performed using 

LC-MS are consistent with metabolic reprogramming for increased GSL biosynthesis 

(Bjornson et al., 2017). Moreover, direct measurement of GSLs revealed increased levels of 

various IGs, including I3M, 4MOI3M, and NMOI3M in ceh1 and ceh1/eds16, albeit at 

different levels (Figure 6A). Next, we exploited the well-established targeted HPLC methods 

(Kliebenstein et al., 2001) to more accurately quantitate the levels of these metabolites. 

These analyses established enhanced levels of various species of IGs at comparable levels 

between ceh1 and ceh1/eds16 and further illustrate SA-independent but MEcPP-mediated 

induction of these IGs (Figure 6B). However, these data do not differentiate between the 

specific function of MEcPP and the potential general impact of MEP-pathway perturbation 

in the ceh1 mutant backgrounds.

To differentiate between the role of MEcPP and general MEP-pathway perturbation, we first 

examined the levels of different IGs in complemented HDS lines and established the 

reversion of the high IG levels in the HDS complementation line back to the WT levels 

(Figure 6C). Next, we performed these analyses using all the previously described RNAi 

lines with reduced levels of the individual MEP-pathway genes (Xiao et al., 2012) (Figure 

6D). Specifically, we examined different species of IGs as well as AGs, as the control, in the 

RNAi and HDS co-suppression (csHDS) lines in concert with the control empty vector 

transgenic lines (Figure 6C–6E and Supplemental Figure 5). These comparative analyses 

using lines altered in the levels of all the seven MEP-pathway enzymes displayed enhanced 

IG levels exclusively in the csHDS line (Figure 6E). Furthermore, these analyses showed no 

specificity in changing the levels of AG species among various MEP-pathway altered lines 

(Supplemental Figure 6). Lastly, measurement of NMOI3M levels in ceh1 and the 

aforementioned RNAi lines 3 days post botrytis (B05) infection further established the 

function of MEcPP in the induction of IG production (Supplemental Figure 7). Collectively, 

these data identified MEcPP as the specific signaling core metabolite that selectively induces 

IGs biosynthesis.

MEcPP-Mediated Selective Induction of IGs Is COI1-Dependent

The induction of JA-responsive genes in spite of high SA levels in the ceh1 mutant (Lemos 

et al., 2016), together with the tight regulation of IG synthesis by the jasmonate pathway 

(Brader et al., 2001; Dombrecht et al., 2007), and the dependency of ER body formation on 

the pathway (Figure 4A and 4B), led us to question the intersection of MEcPP and 

jasmonate signaling in the induction of IGs. Thus, we examined the accumulation of 

different IGs and the transcript levels of IG regulatory genes in homozygous ceh1/aos and 

ceh1/coi1 double mutants in concert with the single mutants and the WT plants (Figure 7A 

and 7B). These analyses showed significantly decreased levels of the common substrate I3M 

in jasmonate synthesis and signaling mutant lines (ceh1/aos, aos, ceh1/coi1, and coi1) 

relative to the levels in ceh1 and WT seedlings (Figure 7A). The I3M downstream 

metabolites, 4MOI3M and NMOI3M, display a different trend, i.e., modest but statistically 

significant higher levels in the double (ceh1/aos and ceh1/coi1) than the single mutants, 
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implying an MEcPP-targeted function in mediating the conversion of I3M to 4MOI3M 

and/or NMOI3M (Figure 7A).

We also examined the expression levels of genes encoding TFs and the modifying enzymes 

of the IG pathway using qRT-PCR in the aforementioned genotypes (Figure 7B). The 

analyses show notable reduction of MYC2 expression in the absence of a functional 

jasmonate signaling pathway in all backgrounds examined. In contrast, the ERF6 expression 

level is unresponsive to production and perception of jasmonates, specifically in the ceh1 
background. This is consistent with the model that MYC2 is a specific component in the JA 

pathway, whereas ERF6 expression is regulated by multiple hormones and stress cues. 

Moreover, the expression levels of the direct IG regulator, MYB51, is not reduced in 

jasmonate signaling pathway mutants in the ceh1 background, whereas the transcript level of 

MYB122 is reduced in ceh1/aos and ceh1/coi1 compared with the ceh1 mutant, although 

these levels are still higher than that of the WT. Lastly, while the transcript level of 

CYP81F2 is only slightly changed in ceh1/coi1 compared with ceh1, the expression of 

CYP81F4 is notably reduced in the single and double mutants of the jasmonate pathway, 

consistent with the corresponding profiles of IG metabolites in the respective lines (Figure 

7A and 7B). The above data support the predominant but not exclusive COM-dependent 

MEcPP-mediated selective induction of IGs.

MEcPP-Mediated Induction of Simple Nitriles Is Partially NAH-Dependent

The constitutive presence of normally stress-inducible ER bodies together with the elevated 

BGLU23 expression levels in the ceh1 mutant prompted us to examine the interplay between 

ER bodies and the hydrolysis of IGs in the ceh1 mutant (Yamada et al., 2009; Nakano et al., 

2014). Toward this goal, we compared ceh1 with the nai1 single and ceh1/nai1 double 

mutants as they lack ER body structures and show reduced BGLU23 expression levels 

(Figure 3A and 3B). We first examined the levels of various species of IGs in these 

genotypes and determined that downregulation of NAI1 has not reduced the levels of any of 

the IG species examined; if anything the levels are slightly but significantly increased in 

ceh1/nai1 compared with the ceh1 single mutant (Figure 8A). With the notion that MEcPP 

regulates ER bodies which harbor the enzymes catalyzing IG hydrolysis, we postulated that 

the GSL activation products may potentially be altered in ceh1 compared with ceh1/nai1 
mutants. To examine this possibility, we employed a targeted approach and analyzed the 

formation of indole-3-acetonitrile, one of the end products of simple nitrile, which is 

normally produced during GSL activation through myrosinase-catalyzed glucosinolate 

hydrolysis (Figure 8B) (Burow et al., 2009). Consistent with the role of ER bodies in storing 

the myrosinases, ceh1/nai1 indeed displays lower levels of indole-3-acetonitrile compared 

with the ceh1 mutant background (Figure 8C).

The formation of nitriles from GSLs following tissue disruption is controlled by multiple 

genes, among them epithiospecifier modifier 1 (ESM1), a GLL in the ER body 

nomenclature that inhibits the formation of indol-3-acetonitrile from I3M following tissue 

disruption (Burow et al., 2008). The others are nitrile-specifier proteins (NSPs, JAL in the 

ER body nomenclature) responsible for the enzymatic formation of simple nitriles. Here, we 

specifically focused on NSP1 since the expression of this gene is strongly induced by 
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herbivory in the rosette leaves, and leaves of nsp1 knockout lines fail to produce simple 

nitriles (Burow et al., 2009; Wittstock and Burow, 2010). Interestingly, the search of the 

proteomic dataset on eds16, ceh1, and ceh1/eds16 lines exhibited enhanced abundance of 

NSP1 and reduced levels of ESM1 proteins in ceh1 compared with the WT, independently of 

SA (Figure 8D). These findings led us to examine the transcript levels of NSP1 and ESM1 in 

single and double ceh1/nai1 mutants. The analyses show the presence of higher levels of 

NSP1 in ceh1 relative to the WT or nai1 single-mutant background, and the reduced levels in 

ceh1/nai1 mutant plants (Figure 8E). In contrast, the expression levels of ESM1 in both ceh1 
and ceh1/nai1 remained below that of the of WT or nai1 plants. These results collectively 

establish MEcPP-mediated induction of NSP1 and suppression of ESM1 as a molecular 

mechanism enabling accumulation of simple nitrile.

DISCUSSION

A central quest of modern biology is to decipher how regulatory functions result in 

secondary metabolite diversification and alteration of the associated subcellular 

infrastructure reflecting higher-order adaptive responses. Among such adaptive responses 

are the evolutionarily associated traits present in a few lineages of the order Brassicales: 

production of specialized metabolite, IGs, structurally specific activation of the IGs, and 

formation of ER body structures storing the associated activation enzymes. A transcriptional 

link between these taxonomically limited traits regulating the adaptive responses within the 

Brassicaceae family has been suggested (Nelson et al., 2007) but the nature of the regulatory 

switch that coordinates these processes had remained elusive. In this study, we revealed that 

MEcPP, a bifunctional metabolite acting as an intermediate of the essential plastidial MEP 

pathway present in all plants, as well as a stress-specific retrograde signaling metabolite, is 

an initiator of the signal transduction pathway leading to the induction of ER body formation 

and selective metabolism of IGs.

We specifically established that MEcPP mediates induction of a number of ER body 

formation genes and their corresponding translated proteins via the jasmonate signaling 

component COI1. We further demonstrated that the MEcPP function is independent of the 

stress-inducible hormone SA. On the contrary, SA reduces the abundance of TSA1 and 

BGLU18 proteins, the two components of stress-inducible ER body structures. Among the 

MEcPP-induced genes is NAI1, encoding a central TF required for ER body formation 

(Matsushima et al., 2004; Yamada et al., 2008, 2013; Nakano et al., 2014). It is noteworthy 

that the constitutive presence of ER bodies in roots and cotyledons as opposed to their 

stress-inducible formation in rosette leaves illustrates a different activation mechanism of 

NAI1. In green tissue such as leaves, general stresses such as wounding or high light result 

in accumulation of MEcPP, thereby activating the COI1-dependent jasmonate signaling 

pathway resulting in enhanced expression of NAI1 and ultimately ER body formation. In 

addition, using various genotypes in the nai1 mutant background confirmed NAI1 as the 

master transcriptional activator of stress-inducible ER body formation as the presence of 

high levels of stress-inducible retrograde signal MEcPP or the elevated BGLU18 transcripts 

in the ceh1/nai1 background cannot substitute for the NAI1 function in the formation of ER 

bodies. Moreover, expression of BGLU18 in the nai1 mutant background corroborates the 

earlier report on NAI1-independent wound induction of BGLU18 (Ogasawara et al., 2009), 
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illustrating the complexity of the regulatory components involved and further raising a 

question about the subcellular localization of BGLU18 described earlier to be exclusively 

present in the ER bodies formed directly at wound site (Matsushima et al., 2002; Ogasawara 

et al., 2009). One explanation for this observation is that BGLU18 may also accumulate in 

the ER, as previously shown by transient expression assays in protoplasts (Lee et al., 2006). 

The neutral pH in the ER (Shen et al., 2013), similar to ER bodies, renders the enzyme 

inactive while physically barring it from reaching the substrate in an intact cell. 

Alternatively, the ER body functions not only as the repository site but also as a stabilizing 

site for the BGLU18-encoded product.

Our data further support the previously suggested link between the BGLU18 gene cluster 

and the metabolism of GSLs as it provides evidence for the MEcPP-mediated regulation of 

ER body formation and selective induction of IGs, thereby expanding the notion of 

developmental (Brown et al., 2003), to stress-specific differential regulation and potentially 

distribution of AGs and IGs.

The initiation of MEcPP signaling both for diversification of IGs and the ER body formation 

is via the jasmonate pathway in a COM-dependent manner. Interestingly, however, our 

previous data showed that accumulation of MEcPP enhances mainly the levels of the JA 

precursor, 12-OPDA, a plastidial produced metabolite that upon transfer to the peroxisome is 

converted to JA (Lemos et al., 2016; Bjornson et al., 2017). The function of 12-OPDA as a 

signaling molecule, with distinct as well as overlapping responses with JA (Savchenko and 

Dehesh, 2014; Savchenko et al., 2014), further denotes the role of plastids as the sensory 

hub for shaping adaptive responses.

Furthermore, high levels of 4MOI3M and the corresponding biosynthetic enzyme CYP81F2 
in ceh1/aos and ceh1/coi1 relative to aos or coi1 single mutants suggests the CO11 -

independent role of MEcPP in the regulation of this group of IGs. These data, together with 

the reported role of CYP81F2 in plant innate immune response (Clay et al., 2009) and 

defense specifically against the green peach aphid (Pfalz et al., 2009), raises a question 

about the mode of MEcPP function in fine-tuning 4MOI3M production in response to 

stresses.

In addition to regulation of biosynthesis, MEcPP mediates hydrolysis of IGs by inverse 

regulation of two functionally opposing genes, namely by reducing the levels of ESM1 
expression and inducing NSP1 transcripts. The end result is enhanced levels of the terminal 

product, simple nitriles in the plants with high MEcPP levels in the absence of an external 

inducer such as wounding. Collectively, these data establish MEcPP as the regulatory switch 

for integration of IG biosynthesis/degradation as well as the formation of the ER body 

structure.

In summary, as depicted in the simplified schematic model (Figure 9), MEcPP initiates a 

stringent transcriptional regulation, predominantly via COM, enabling diversification of 

secondary metabolites and the formation of the associated stress-inducible subcellular 

structures in the ER. The identification of MEcPP, a precursor of plastidial isoprenoids and a 

retrograde signaling metabolite initiating these adaptive responses, expands the function of 
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the metabolic hub, plastids, to a stress-sensing center providing cues enabling cellular 

readjustments for high-order adaptive functions. As an example, the mutualistic interaction 

between plants and P. indica requiring ER body formation and IG metabolism (Sherameti et 

al., 2008; Jacobs et al., 2011), the two supported traits by MEcPP, highlights plastidial 

sensory functions. This notion offers an exciting paradigm of strategies for plastidial-derived 

metabolic control of plant-specialized metabolism and uncovers the intersection between 

primary and secondary metabolisms and new principles of metabolic regulation in support of 

biological processes central to tailored adaptive responses.

METHODS

Plant Materials and Growth Conditions

All the experiments were conducted on seedlings grown under 16 h light/8h dark cycles for 

2 weeks on half-strength Murashige and Skoog (MS) medium.

Fosmidomycin and Botrytis Treatment

Seedlings were grown for 8 days on half-strength MS containing 10 μM FSM prior to 

confocal imaging of the ER body structure. Images were from 14-day-old seedlings grown 

on half-strength MS containing 10 μM FSM.

Botrytis B05 infection was carried out as described previously (Xiao et al., 2012).

RNA-Seq and Quantification of Gene Expression

RNA-seq data were obtained from the previously described report (Bjornson et al., 2017). 

Gene expression quantification was conducted using quantitative real-time PCR. Real-time 

PCR and data normalization were performed as described previously (Walley et al., 2015). 

All primer sequences are listed in Supplementary Table 3.

Glucosinolate Extraction and Quantification

The glucosinolates levels were initially extracted from the metabolomics data described 

previously (Bjornson et al., 2017) followed by generation of the heatmap using the ggplot2 

package in R. Targeted GSL extraction and quantification were performed as described 

previously (Kliebenstein et al., 2001). The statistical analysis for GSL levels was conducted 

by Tukey’s method using ANOVA.

Simple Nitrile Extraction and Analyses

Approximately 55 (±7) mg of rosette leaves was placed in 1.5 ml Eppendorf-like tubes with 

two glass beads (2.5 mm in diameter) and frozen in liquid N2. The material was ground in 

liquid N2 using a bead beater (2x for 30 s; Mini-Beadbeater; Biospecs Products). Samples 

were extracted with 400 μl of 9:1 water:methanol (methanol containing 1% acetic acid). 

Samples were vortexed thoroughly, incubated on ice for 20 min with vortexing every 5 min, 

followed by 5 min centrifugation at 4°C and 18 000 RCF. After centrifugation, the material 

was vortexed and centrifuged once more at 4°C and 18 000 RCF. The supernatant was 

collected into a fresh tube and centrifuged at 4°C and 18 000 RCF to pellet any remaining 
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debris. A suitable aliquot of the supernatant (100 μl) was collected into LC-MS vials for 

injection.

LC-MS analysis was conducted on a Dionex Ultimate 3000 binary RSLC system coupled to 

a Thermo Q-Exactive Focus mass spectrometer with a heated electrospray ionization source. 

Chromatographic separation was done on an Acclaim RSLC 120 C18 column (100 × 2.1 

mm, particle size 2.2 μm; Thermo Scientific 068982). Gradient elution was done with 

acetonitrile containing 0.1 % formic acid (A) and water containing 0.1 % formic acid (B). 

The separation was conducted using the following gradient profile (f (min), %A, %B): (0, 5, 

95), (20, 95, 5), (25, 95, 5), (25.01, 5, 95), (35, 5, 95). The injected volume was 20 μl and the 

flow rate was kept at 200 μl/min. The column temperature was maintained at 35°C. Mass 

spectra in negative mode were acquired under the following conditions: spray voltage, 4.50 

kV; sheath gas flow rate 45, auxiliary gas flow rate 20, sweep gas flow rate 2, capillary 

temperature of 250°C, S-lens RF level 50, and auxiliary gas heater temperature 250°C. The 

compound of interest was identified by accurate mass (MS1), retention time, and mass 

transition monitoring on purified standards (indole-3-acetonitrile; Sigma-Aldrich 129453) 

and plant extracts. The area under the peak (MS1; Thermo Trace Finder Software) divided 

by the initial fresh weight mass was used for relative quantitation and the final data 

presented are normalized to WT levels.

MEcPP Measurements and Treatment

Analyses of MEcPP levels were carried out as described previously (Lemos et al., 2016). 

Exogenous MEcPP treatment was performed on 2-week old seedlings sprayed with 100 μM 

MEcPP.

Confocal Laser Scanning Microscopy

The ER-YFP seeds were obtained from ABRC. The construct was introduced into different 

backgrounds using crosses. Homozygous lines were employed in confocal laser scanning 

microscopy analysis. Images were taken with a Zeiss Axio inverted microscope Observer Z1 

coupled to an LSM 710 laser scanning confocal system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Stress-lnducible ER Bodies Are Constitutive in the ceh1 Mutant.
(A) Depiction of ER body marker genes induced by developmental or stress signals.

(B) Relative expression levels of genes regulated by developmental (NAI2 and BGLU23) 

and stress (TSA1 and BGLU18) signals, in WT, ceh1, and ceh1 complemented (CP) lines. 

Total RNA extracted from these genotypes was subjected to real-time qPCR analysis. The 

transcript levels were normalized to At4g26410 (M3E9) measured in the same samples. 

Data are the mean fold difference ± SD of three biological replicates each with three 

technical repeats. Different letters represent statistically significant differences (p < 0.05). p 
values were determined by Student’s t-test.

(C) Representative confocal images of WT and the ceh1 mutant rosette leaves depicting 

constitutive presence of otherwise wound-inducible ER bodies exclusively in ceh1. White 

arrows show the ER body. Bars, 5 μm.

(D) Relative expression levels of genes in WT plants treated exogenously with MEcPP. The 

transcript levels were normalized to At4g26410 (M3E9) measured in the same samples. 

Data are the mean fold difference ± SD of three biological replicates each with three 
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technical repeats. Asterisks show the statistically significant differences relative to time 0 (p 
< 0.05). p values were determined by Student’s t-test.

(E) Schematic presentation of the MEP pathway depicting the site of fosmidomycin (FSM) 

action.

(F and G) Representative images of seedlings (F) together with the confocal images 

depicting ER body structure selectively shown by white arrows (G), grown in the presence 

(+) or absence (−) of FSM. Bars, 5 μm.
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Figure 2. Constitutive Presence of ER Bodies in the ceh1 Is SA Independent.
(A) Representative confocal images of WT, the SA-deficient mutant eds16, ceh1, and ceh1/
eds16 leaves depicting constitutive presence of otherwise wound-inducible ER bodies 

independently of SA in ceh1 mutant backgrounds. White arrows show the ER body. Bars, 5 

μm.

(B) Relative expression levels of ER marker genes in the aforementioned genotypes. Total 

RNA extracted from these genotypes was subjected to real-time qPCR analysis. The 

transcript levels were normalized to At4g26410 (M3E9) measured in the same samples. 
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Data are the mean fold difference ± SD of three biological replicates each with three 

technical repeats. Different letters represent statistically significant differences (p < 0.05).

(C) Normalized iTRAQ protein abundance ratios of detected ER marker proteins in mutants 

(eds16, ceh1, and ceh1/eds16) relative to the WT plants. Data are means of n = 3 ± SEM. 

Single and double asterisks denote a statistically significant difference relative to WT and 

ceh1, respectively (p < 0.05) as determined by t-tests.
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Figure 3. ER Body Formation in the ceh1 Mutant Is NAI1 Dependent.
(A) Representative confocal images of WT, nai1, ceh1, and ceh1/nai1 leaves depicting the 

NAI1-dependent constitutive presence of otherwise wound-inducible ER bodies the in ceh1 
mutant background. White arrows show the ER body. Bars, 5 μm.

(B) Relative expression levels of ER marker genes in the aforementioned genotypes. Total 

RNA extracted from these genotypes was subjected to real-time qPCR analysis. The 

transcript levels were normalized to At4g26410 (M3E9) measured in the same samples. 

Data are the mean fold difference ± SD of three biological replicates each with three 

technical repeats. Different letters represent significant differences (p < 0.05). p values were 

determined by Student’s t-test.
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Figure 4. Constitutive ER Body Formation in ceh1 Is Dependent on the Jasmonate Signaling 
Pathway.
(A) Representative confocal images of WT, ceh1, ceh1/aos, aos, ceh1/coi1, and coi1 leaves 

depicting the jasmonate-dependent constitutive presence of otherwise wound-inducible ER 

bodies in the ceh1 mutant background. White arrows show the ER body. Bars, 5 μm.

(B) Relative expression levels of ER marker genes in the aforementioned genotypes. Total 

RNA extracted from these genotypes was subjected to real-time qPCR analysis. The 

transcript levels were normalized to At4g26410 (M3E9) measured in the same samples. 

Data are the mean fold difference ± SD of three biological replicates each with three 

technical repeats. Different letters represent statistically significant differences (p < 0.05). p 
values were determined by Student’s t-test.
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Figure 5. MEcPP Mediates Induction of Genes Associated with Indole Glucosinolate Synthesis.
(A) Schematic of the indole glucosinolate (IGs) biosynthesis pathway depicting the TFs in 

boxes and the enzyme substrates lassoed.

(B) Heatmap of genes within each IG category (TFs, the core structure synthesis, and 2° 

modification proteins). The log2 fold change for ceh1 (left), ceh1/eds16 (middle), and eds16 
(right) versus WT is represented by color, from −2 (blue) to 2 (yellow).

(C) Relative expression levels of selected genes within each of the three aforementioned 

categories. Total RNA extracted from these genotypes was subjected to real-time qPCR 

analysis. The transcript levels were normalized to At4g26410 (M3E9) measured in the same 

samples. Data are the mean fold difference ± SD of three biological replicates each with 

three technical repeats. Different letters represent significant differences (p < 0.05). p values 

were determined by Student’s t-test.

(D) Relative expression levels of genes in WT plants treated exogenously with MEcPP. The 

transcript levels were normalized to At4g26410 (M3E9) measured in the same samples. 

Data are the mean fold difference ± SD of three biological replicates each with three 

technical repeats. Asterisks show the statistically significant differences relative to time 0 (p 
< 0.05). p values were determined by Student’s t-test.
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Figure 6. MEcPP Specifically Induces the Production of IGs.
(A) Heatmap of IG levels in ceh1, ceh1/eds16, and eds16 relative to WT extracted from the 

metabolomics analyses using LC-MS-based methods. The log2 fold change is presented by 

color, from −2 (blue) to 2 (yellow).

(B and C) HPLC-based targeted measurements of IG levels in WT, ceh1, ceh1/eds16, and 

eds16 (B), and in WT, ceh1, and HDS complementation line (CP) (C). Data are means ± 

SEM; n = 3. Different letters represent statistically significant differences (p < 0.05).

(D) Schematic of the MEP-pathway genes and lassoed selected metabolites involved.

(E) Measurement of IG levels in WT transformed with empty vector (EV), RNAi lines 

silencing MEP-pathway genes individually, and co-suppressed HDS (csHDS). Data are 

means ± SEM; n = 3. Asterisks show the statistically significant differences relative to EV (p 
< 0.05). All the statistical analyses were performed using ANOVA.
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Figure 7. MEcPP-Mediated Selective Induction of IGs Is COI1 Dependent.
(A) HPLC-based measurement of IG levels in WT, ceh1, ceh1/aos, aos, ceh1/coi1, and coi1. 

Data are means ± SEM; n = 3. Different letters represent significant differences (p < 0.05). p 
values were determined by ANOVA.

(B) Relative expression levels of IG-associated genes encoding transcription factors (MYC2, 

ERF2, MYB51, and MYB122) and biosynthetic enzymes (CYP81F2, CYP81F4) in the 

aforementioned genotypes by qRT-PCR. Total RNA extracted from these genotypes was 

subjected to real-time qPCR analysis. The transcript levels were normalized to At4g26410 
(M3E9) measured in the same samples. Data are the mean fold difference ± SD of three 

biological replicates each with three technical repeats. Different letters represent significant 

differences (p < 0.05). p values were determined by Student’s t-test.
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Figure 8. MEcPP-Mediated Induction of Simple Nitriles Is Partially NAI1 Dependent.
(A) HPLC-based measurement of IG levels in WT, nai1, ceh1, and ceh1/nai1. Data are 

means ± SEM; n = 3. Asterisks show the statistically significant differences relative to WT 

(p < 0.05).

(B) Schematic of IG hydrolysis with intermediate and terminal products lassoed and 

associated enzymes and cofactors.

(C) Relative levels of indole-3-acetonitrile in WT, nai1, ceh1, and ceh1/nai1 measured by 

LC-MS. Data are means ± SEM; n = 4. Letters represent significant differences if not shared 

(p < 0.05).

(D) Normalized protein abundance of NSP1 and ESM1 (eds16, ceh1, and ceh1/eds16) 

relative to the WT plants. Data are means ± SEM, n = 3. Asterisks denote a statistically 

significant difference relative to WT (p < 0.05).

(E) Relative expression levels of NSP1 and ESM1 in WT, nai1, ceh1, and ceh1/nai1. Data 

are means ± SEM; n = 4. Letters represent statistically significant differences if not shared (p 
< 0.05). P values were determined by Student’s t-test for (C-E).
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Figure 9. Simplified Schematic Models of MEcPP-Mediated Induction of IG Biosynthesis/
Breakdown and the Associated ER Body Formation.
Stress-induced accumulation of MEcPP enables readjustment of the activity of hard-wired 

gene circuitry (lassoed), resulting in alteration of the levels of IG biosynthesis and hydrolytic 

products (boxed), and the formation of the associated cellular infrastructure ER bodies.
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