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SUMMARY

The endoplasmic reticulum body (ER body) is an organelle derived from the ER that occurs in only three

families of the order Brassicales and is suggested to be involved in plant defense. ER bodies in Arabidopsis

thaliana contain large amounts of b-glucosidases, but the physiological functions of ER bodies and these

enzymes remain largely unclear. Here we show that PYK10, the most abundant b-glucosidase in A. thaliana

root ER bodies, hydrolyzes indole glucosinolates (IGs) in addition to the previously reported in vitro sub-

strate scopolin. We found a striking co-expression between ER body-related genes (including PYK10), glu-

cosinolate biosynthetic genes and the genes for so-called specifier proteins affecting the terminal products

of myrosinase-mediated glucosinolate metabolism, indicating that these systems have been integrated into

a common transcriptional network. Consistent with this, comparative metabolite profiling utilizing a num-

ber of A. thaliana relatives within Brassicaceae identified a clear phylogenetic co-occurrence between ER

bodies and IGs, but not between ER bodies and scopolin. Collectively, our findings suggest a functional link

between ER bodies and glucosinolate metabolism in planta. In addition, in silico three-dimensional model-

ing, combined with phylogenomic analysis, suggests that PYK10 represents a clade of 16 myrosinases that

arose independently from the other well-documented class of six thioglucoside glucohydrolases. These find-

ings provide deeper insights into how glucosinolates are metabolized in cruciferous plants and reveal varia-

tion of the myrosinase–glucosinolate system within individual plants.

Keywords: ER body, glucosinolate, myrosinase, Arabidopsis thaliana, Brassicaceae, co-expression,

molecular phylogeny.
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INTRODUCTION

Plants have evolved sophisticated mechanisms to respond

to adverse biotic and abiotic stresses in a given ecological

niche. One major strategy is dependent on the biosynthe-

sis of low-molecular-weight compounds known as sec-

ondary metabolites, characterized by a huge structural

diversity and high phylogenetic specificity (Bednarek and

Osbourn, 2009; Weng et al., 2012). Sugar conjugation is a

way to control the bioactivities of these compounds, in

which enzymatic cleavage of the sugar moiety can trigger

immediate responses to external stimuli. The enzymes

required for this cleavage are often physically separated

from their substrates at a cellular or subcellular level. It

has been proposed that the endoplasmic reticulum body

(ER body) provides such compartmentalization for the

PYK10/BGLU23 b-glucosidase (Hara-Nishimura and Mat-

sushima, 2003; Yamada et al., 2011; Nakano et al., 2014).

The ER body is a rod-shaped and membrane-bound

organelle that is derived from, and continuous with, the ER

(Figure S1a), and has been observed only in a mono-

phyletic taxonomic lineage within the order Brassicales,

namely the families Brassicaceae, Caparaceae and Cleo-

maceae (Figure S1b) (Bonnett and Newcomb, 1965; Iversen

and Flood, 1969; Iversen, 1970b; Cresti et al., 1974; Hoefert,

1975; Endress and Sjolund, 1976; Jørgensen et al., 1977;

Behnke and Eschlbeck, 1978; Gailhofer et al., 1979; Jørgen-

sen, 1981). ER bodies that are present in Arabidopsis thali-

ana roots accumulate large amounts of PYK10/BGLU23 b-
glucosidase together with its closest homologs BGLU21

and BGLU22 (Matsushima et al., 2003; Nagano et al.,

2008). ER bodies in leaves, whose formation is stimulated

by wounding or methyl jasmonate (MeJA) treatment, con-

tain another b-glucosidase designated as BGLU18 (Mat-

sushima et al., 2002; Ogasawara et al., 2009).

In line with the typical role of plant b-glucosidases in plant

immunity (Morant et al., 2008), a role of PYK10 and ER bod-

ies in plant defense has been proposed (Yamada et al.,

2011; Nakano et al., 2014). Consistent with this, PYK10

expression is increased in roots parasitized by the nematode

Heterodera schachtii (Nitz et al., 2001) and in leaves during

induced systemic resistance triggered upon root coloniza-

tion by the growth-promoting rhizobacterium Pseudomonas

fluorescens (Pozo et al., 2008). In addition, genetic depletion

of either PYK10 or the whole ER body system by knocking

out the NAI1 transcription factor results in slightly increased

colonization with the mutualistic root-endophytic fungus

Piriformospora indica, which caused a loss of growth-pro-

motion activity by the fungus (Sherameti et al., 2008).

The narrow taxonomic distribution of the ER body to few

lineages within the order Brassicales raises the possibility

that the substrate(s) of PYK10 is also restricted to these evo-

lutionary clades. Based on this idea, early studies suggested

that ER bodies (formerly referred to as ‘dilated cisternae’)

could serve as a repository for b-thioglucoside glucosyl

hydrolases (referred to as myrosinases), which are involved

in the metabolism of Brassicales-specific b-S-glucosides,
known as glucosinolates (Figures 1a and S1) (Iversen, 1970a,

b; Behnke and Eschlbeck, 1978; Jørgensen, 1981; Mithen

et al., 2010). Myrosinase-mediated hydrolysis of glucosino-

lates leads to various end products, some of which are

important components of plant defense against insects and

microbial pathogens (Barth and Jander, 2006; Bednarek

et al., 2009; Clay et al., 2009). The processes that determine

the end products following glucosinolate hydrolysis are con-

trolled by the functions of epithiospecifier protein,

epithiospecifier modifier protein and nitrile specifier pro-

teins, which in turn determine the target of the whole meta-

bolic/catabolic cascade (Wittstock and Burow, 2010; Iven

et al., 2012). Sequence-based prediction did not assign ER

body-accumulated b-glucosidases as myrosinases (Burmeis-

ter et al., 1997; Rask et al., 2000). This was further supported

by a study showing undetectable activity of PYK10, BGLU21

and BGLU22 towards sinigrin, a methionine-derived alipha-

tic glucosinolate (AG) (Ahn et al., 2010), and a study showing

that the bulk of root-associated myrosinase activity toward

sinigrin is dependent on the root-specific myrosinases THIO-

GLUCOSIDE GLUCOHYDROLASE 4 (TGG4) and TGG5 (Fu

et al., 2016). Instead, these ER-body b-glucosidases hydro-

lyzed a series of coumarinyl O-glucosides (scopolin, esculin

and 4-methylumbelliferyl-b-D-glucopyranoside; Figure 1a),

with highest activity towards scopolin (Ahn et al., 2010).

However, there has so far been no functional evidence con-

necting ER bodies and scopolin metabolism in planta. Of

note, studies on the PENETRATION2 (PEN2) b-glucosidase,
which belongs to a sister clade of PYK10, revealed that TGG-

specific sequence signatures (Burmeister et al., 1997) are not

necessarily required for myrosinase activity toward trypto-

phan-derived indole glucosinolates (IGs) (Bednarek et al.,

2009; Clay et al., 2009). This led us to hypothesize that PYK10

is also able to hydrolyze IGs (Nakano et al., 2014), but experi-

mental validation for this is lacking.

Here we show that PYK10 indeed has in vitro myrosinase

activity toward IGs and that the co-expressed gene cluster

of PYK10 is enriched in genes required for the production

of glucosinolates. We thereby propose that glucosinolates

are in planta substrates for PYK10 that are tightly linked to

the physiological functions of ER bodies. Our phyloge-

nomic and three-dimensional (3D) structural modeling anal-

ysis identified the presence of two independent classes of

myrosinases, represented by PYK10/PEN2 and thiogluco-

side glucohydrolases (TGGs). Overall, our results point to a

functional link between ER bodies and glucosinolate meta-

bolism and provide an insight into the diversity and evolu-

tionary processes of glucosinolate/myrosinase systems in

the order Brassicales.
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RESULTS

PYK10 exhibits in vitro myrosinase activity against

indol-3-ylmethyl glucosinolate

PYK10 was shown to be unable to hydrolyze sinigrin (Ahn

et al., 2010), a short-chain AG, but its activity toward IGs

was not investigated. We assayed in vitro activity of

recombinant PYK10 protein (Figure S2a) toward indol-

3-ylmethyl glucosinolate (I3G) and 4-methylumbelliferyl-

b-D-glucopyranoside (4MUG), an artificial coumarinyl

glucoside (Figure 1a). The results showed that PYK10

exhibited a five times higher activity toward I3G than
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Figure 1. PYK10 is a novel myrosinase whose activ-

ity is conferred by distinct basic residues.(a) Chemi-

cal structures of the compounds described in this

study. I3G, indol-3-ylmethyl glucosinolate; 1MI3G,

1-methoxyindol-3-ylmethylglucosinolate; 4OHI3G,

4-hydroxyindol-3-ylmethylglucosinolate; 4MI3G, 4-

methoxyindol-3-ylmethylglucosinolate; IAN, indol-

3-acetonitrile; 1MIAN, 1-methoxyindol-3-acetoni-

trile; 4MIAN, 4-methoxyindol-3-acetonitrile; 4MUG,

4-methylumbelliferyl-b-D-glucoside. (b) PYK10 exhi-

bits both O-glucosidase and S-glucosidase activity.

Activity of purified PYK10 protein with the wild-type

(WT) sequence and with alanine substitution at the

deduced catalytic center (E418A) was examined

using either 4MUG or I3G in vitro. (c) Both O- and

S-glucosidase activities displayed sharp pH optima

under acidic conditions. Activity is shown relative

to the activity at pH 5.5. (d) Total myrosinase activ-

ity toward I3G in root protein extract from Col-0,

pyk10-1, pyk10-2, bglu21-1, bglu21-3, pyk10-1

bglu21-1 and nai1-1 measured in vitro. Letters indi-

cate statistically significant differences (Tukey’s

honestly significant difference, P < 0.05). (e)

Sequence comparison of myrosinases (TGG4 of

Arabidopsis thaliana and Myr of Sinapis alba),

PEN10 and PEN2 atypical myrosinases, and b-glu-
cosidase not annotated as myrosinases [BGLU42 of

A. thaliana and CYANOGENIC BETA-GLUCOSIDASE

(CBG) of Trifolium repens]. PYK10 and PEN2 pos-

sess substrate-binding basic residues at different

positions (+6 and +7, yellow shaded) from those

previously identified in myrosinases (+0). Substitu-
tion of proton donor glutamate residue at the �7

position by glutamine was seen in annotated

myrosinases but not the others. Deduced glucosi-

nolate-binding residues are indicated by red letters,

and glutamate and glutamine residues at position

�7 are indicated by blue and green letters, respec-

tively. (f) 3D structures at the substrate pocket of

TGG4 (cyan), PEN2 (yellow) and PYK10 (green) are

modeled based on sequence alignment with S. alba

myrosinase (magenta). Side chains of +0 residues

of TGG4 and Myr and of +6/+7 residues of PEN2

and PYK10 are shown with wire models. Two pan-

els depict the same region from different directions

as indicated. All basic residues identified in (e) ori-

ented their side chains toward the negative charge

of glucosinolates (red and yellow spheres, marked

as SO4
�). Backbone positions of respective residues

are highlighted.
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4MUG (Figure 1b, WT), both activities having a sharp

acidic pH optimum at 5.5 (Figure 1c). The activities were

abolished when the glutamate residue at the deduced cat-

alytic center was substituted by alanine (Figure 1b, E418A).

The kinetics of the enzyme revealed that PYK10 preferred

I3G by 5.6 times over 4MUG, as estimated by the catalytic

efficiency (VMax/KM; Table S1 and Figure S2b). Consis-

tently, hydrolytic activity toward I3G in root crude protein

extracts was reduced by approximately 80% in two inde-

pendent pyk10 alleles (Figure 1d). Comparable levels of

activity reduction were observed in nai1-1 and pyk10

bglu21 root extracts, but not in bglu21 roots. These results

show that PYK10 hydrolyzes both coumarin glucosides

and glucosinolates, and accounts for the bulk of total

myrosinase activity against I3G in A. thaliana roots. Analo-

gous results were reported in a recent study, in which tgg4

tgg5 double-mutant plants exhibited a major reduction of

myrosinase activity toward sinigrin in root protein extracts

(Fu et al., 2016), suggesting that the major myrosinases in

A. thaliana hydrolyzing this short-chain AG are TGG4 and

TGG5.

In contrast, we did not detect any significant differences

in the accumulation of IG between the roots of a similar

set of wild type (WT) and mutants, even upon MeJA treat-

ment, which is known to stimulate the biosynthesis of IG

in leaves (Figure S3) (Mikkelsen et al., 2003). Untargeted

comparative metabolomic analyses also failed to find clear

evidence that PYK10 affects steady-state levels of sec-

ondary metabolites (Figure S4, Appendix S1). These

results suggest that PYK10 is metabolically sequestered

and inactivated in intact root cells.

Previous crystal structure analyses of a TGG from

Sinapis alba identified the amino acid residues that are

exclusively conserved across myrosinases and therefore

thought to be required for their activity (Burmeister et al.,

1997; Zhou et al., 2012). These signatures include a glu-

tamine residue at one catalytic position (serves as a pro-

ton donor, �7 position; Figure 1e) and a basic arginine

residue at the surface of the substrate-binding pocket (+0
position; Figure 1e), the latter provides positive charge to

the binding pocket and enables electrostatic interaction

with negatively charged glucosinolates. Although neither

signature was found in PYK10 or PEN2, our 3D structural

modeling identified two basic residues shared between

PYK10 and PEN2 orienting their side chains toward the

sulfate group of the glucosinolate, as the +0 signature

residue does, which explains the unexpected activity of

these b-glucosidases (Figures 1e,f). These amino acids

were located only six and seven residues away (+6 and

+7) from the typical +0 basic residue. We found no evi-

dence for an indel polymorphism between the +0 and +6/
+7 positions that could cause a residue shift (Figure 1e),

suggesting that these substrate-binding sites arose inde-

pendently.

The ER body formation/functions and IG biosynthesis/

metabolism form a tightly connected transcriptional

network

Our results, together with a previous report that identified

PYK10 activity toward scopolin (Ahn et al., 2010),

prompted the question of which class of substrates,

namely coumarinyl glucosides or IGs, is more tightly

linked to the physiological function of ER bodies in planta.

It has been reported that PYK10 is significantly co-

expressed with genes encoding NAI2, jacalin-related lec-

tins (JALs), a GDSL lipase-like protein (GLL) and Meprin

and TRAF homology (MATH) domain-containing proteins

(MATHs), which are either required for ER body formation

(Yamada et al., 2008) or define the components of hetero-

meric PYK10 protein complexes (Figure S5) (Nagano et al.,

2008; Nakano et al., 2012). Two genes encoding enzymes

involved in IG modification pathways [a cytochrome P450

monooxygenase (CYP81F4) and INDOLE GLUCOSINOLATE

O-METHYLTRANSFERASE 5 (IGMT5)] were also found to

be co-expressed with PYK10, which is similar to the

co-expression among PEN2, CYP81F2 and IGMT1/-2/-3/-4

(see below), suggesting a link between the ER body system

and IG metabolism.

We next employed a comprehensive, targeted approach

to test for co-expression among the genes involved in vari-

ous primary/secondary metabolic pathways, including glu-

cosinolate, flavonoid, lignin and coumarin pathways

(Shirley et al., 1995; Vanholme et al., 2010; Chan et al.,

2011; Siwinska et al., 2014), as well as other BGLUs and

genes involved in the ER body system. Sequence homo-

logs of these genes with a low similarity threshold were

included in order to ensure sufficient coverage, and the

cross-hybridized genes on the ATH1 gene chip were incor-

porated by utilizing a probe-wise co-expression dataset.

Probe-wise and genome-wide mutual ranks (MRs) (Obaya-

shi and Kinoshita, 2009) were calculated from 15 275 pub-

lic microarray data (ATTED-II, v. Ath-m6.0) for each

combination of the 1474 probes corresponding to 1549

genes and a log2-transformed MR matrix was used for

hierarchical clustering. The co-expressed gene clusters

responsible for each metabolic pathway were objectively

determined by silhouette widths analysis (Rousseeuw,

1987) (Figure S6, Table S2; see Appendix S1 for details).

The heatmap and the dendrogram shown in Figure 2 indi-

cate that the genes indeed formed a number of co-

expressed gene clusters, as represented by the green

boxes aligned on the diagonal axis. Clusters optimized for

CYP79B2, CYP79F1/F2 and PYK10 contained almost all the

genes required for biosynthesis of Trp and IGs, AGs and

ER bodies, respectively (Data S1), which is consistent with

previous studies (Hirai et al., 2007; Chan et al., 2011). The

PYK10 cluster also contained nitrile specifier proteins

(NSP1/-3/-4) that affect the terminal products of
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glucosinolate metabolism. Notably, CYP79B2, CYP79F1/F2

and PYK10 clusters collectively formed a monophyletic

branch in the clustering dendrogram, suggesting that the

ER body system and glucosinolate biosynthetic pathway

are transcriptionally linked to each other. In contrast, the

cluster optimized for F6’H1, and therefore likely to be cou-

marin-related, was far apart from all three aforementioned

clusters, even from the CYP98A3 cluster that corresponded

to the common pathway of phenylpropanoid biosynthesis.

The F6’H1 cluster also contained genes required for cama-

lexin and 4-hydroxyindole-3-carbonyl nitrile (4-OH-ICN)

biosynthesis, namely CYP71A12/13, PAD3 (Nafisi et al.,

2007; Muller et al., 2015) and CYP82C2 (Rajniak et al.,

2015). Furthermore, the F6’H1 cluster was located close to

the PEN2 cluster, composed of PEN2, MYB51 and IG modi-

fication genes (IGMT1-4 and CYP81F2). This suggests a

metabolic/functional link between the Phe/Tyr-derived cou-

marin biosynthetic pathway and Trp-derived branch path-

ways. Interestingly, the BGLU18 cluster composed of

BGLU18, TSA1 (the only sequence homolog of NAI2 in

A. thaliana; Figure 5b) and other GLLs, JALs and MATHs

was closely located to the AG/IG/ER body clusters. This

suggests that the inducible leaf ER body accumulating

BGLU18 (Ogasawara et al., 2009) is also linked with glu-

cosinolate metabolism.

A condition-wise co-expression analysis using a limited

number of microarrays (Obayashi et al., 2011) failed to

detect an increased degree of co-expression between ER

bodies and glucosinolate biosynthesis when developmen-

tal patterns were used to calculate correlations (Fig-

ures S7–S9, Tables S3 and S4, Data S2 and Appendix S1),

rejecting the possibility that the correlation was merely

due to a high expression in specific tissues/organs. This is

consistent with the fact that the spatiotemporal distribu-

tions of AGs and IGs largely differ from each other (Brown

et al., 2003). Instead, the analysis depicted a co-expression

facilitated by hormone treatments between BGLU18,

MYB34, NAI1 and IG biosynthetic genes, supporting the

link between inducible ER bodies and IG metabolism

(Appendix S1).

Overall, this analysis identified a tight link between tran-

scriptional regulation of genes required for AG production,

IG production and ER body formation. This finding, com-

bined with a previous study that suggested a co-occur-

rence of ER bodies and IG in root cortex cells (Moussaieff

et al., 2013), supports our hypothesis that ER bodies serve

in physical and biochemical sequestration that is indis-

pensable for concomitant production of glucosinolates and

PYK10 myrosinase within the same cell.

Phylogenetic co-occurrence of ER bodies and IGs

Assuming that the functions of ER bodies are evolutionar-

ily conserved, we tested the hypothesis that the taxonomic

occurrence of the physiological substrates of PYK10 is

associated with the occurrence of ER bodies. We investi-

gated the distribution of root-associated ER bodies, IGs

and scopolin among eight selected Brassicaceae species

(Figure 3a), which covered the broad phylogenetic diver-

sity of Brassicaceae (Couvreur et al., 2010). Among these

species, only Cardamine hirsuta and Arabis alpina have

previously been reported to develop ER bodies in their

roots (Iversen, 1970b), whereas no detailed analysis has

been reported for the other species. All species were previ-

ously analyzed for glucosinolate accumulation in leaves

(Bednarek et al., 2011), but not in roots. Scopolin accumu-

lation has only been analyzed for A. thaliana (Bednarek

et al., 2005).

Transient expression of an ER-localized GFP (pro35S::

SP-GFP-HDEL construct) (Hayashi et al., 2001) in root epi-

dermis cells of Arabis alpina, Crucihimalaya lasiocarpa,

Capsella rubella and Olimarabidopsis pumila labeled rod-

shaped structures that were similar to A. thaliana ER bod-

ies, in addition to the typical ER network (Figure 3b). The

ER bodies in Cardamine hirsuta and A. thaliana roots were

clearly delineated when the ER membranes were stained

with the ER-specific fluorescent dye (ER-tracker Green; Fig-

ure 3c). We also subjected Arabis alpina, Thellugiella sal-

suginea, Sisymbrium irio, Cardamine hirsuta and Capsella

rubella roots to transmission electron microscopy (TEM)

for ultrastructural analysis. TEM images of A. thaliana

roots show that ER bodies have a relatively high electron

density and are often surrounded by ribosomes (Hayashi

et al., 2001; Matsushima et al., 2002). For all five species

tested with ultrastructural analysis, TEM identified similar

rod-shaped structures that resembled ER bodies in

A. thaliana and were dissimilar to any other organelles

reported previously (Figure 3d). Taken together, all eight

species tested formed ER body-like structures in their root

cells, as indicated by at least one of the three methods

used. This was also supported by the identification of NAI2

Figure 2. PYK10 and other ER body-related genes are tightly co-expressed with genes required for glucosinolate biosynthesis.

(a) Mutual ranks (MRs) amongst 1474 probes (see Appendix S1) were calculated and illustrated as a heatmap. Green and magenta indicate high and low co-

expression, respectively. Probes are aligned in the same order in rows and columns, according to hierarchical clustering using log2-transformed MRs, as shown

as a dendrogram above the heatmap. Green rectangles aligned on the diagonal axis indicate gene clusters with high co-expression. Clusters responsible for dif-

ferent metabolic pathways are objectively determined (see Appendix S1 and Figure S6) and the corresponding branches in the dendrogram are colored accord-

ing to the clusters.

(b) Schematic representation of the pathways analyzed for co-expression. Biosynthesis of phenylalanine (Phe), tyrosine (Tyr), tryptophan (Trp), cysteine (Cys)

and methionine (Met) are not shown. Boxes and letters outside the boxes indicate (sub-)pathways and compounds produced out of the pathways with color

coding identical to (a). For each pathway, representative genes are indicated in the boxes. Co-expressed gene modules are indicated with the same colors and

connected with thick lines.
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in all genome sequences from Brassicaceae species depos-

ited in the Phytozome database (version 11, released on 12

January 2016), but not in a basal Brassicales species, Car-

ica papaya (Figures 4a,b).

Almost all species accumulated the four IGs analyzed

(Figure 3e). The only exception was Capsella rubella,

which has lost the ability to accumulate IGs in leaves (Bed-

narek et al., 2011). A series of CYP enzymes required for IG

biosynthesis was also conserved in, and was in most cases

specific to, Brassicaceae (Figures 4c–f and S10a–c). In con-

trast, we detected scopolin in roots of only four out of the

eight tested species at levels clearly lower than those of

IGs (Figure 3f). The putative F6’H1 oxygenase orthologs,

on the other hand, are distributed throughout dicotyle-

donous species (Figures 4g and S10d) (Schmid et al.,

2014), suggesting high variability in the products of this

pathway. This also raised a possibility that the tested spe-

cies accumulate discrete sets of coumarin glucosides that

(a)

(b)

(d)

(c)

(e) (f)

Figure 3. Endoplasmic reticulum (ER) bodies and indole glucosinolates (IGs) taxonomically co-occur in Brassicaceae.

(a) Detection of ER bodies (c, d, e), IGs (e), and scopolin (f) summarized with a phylogenetic tree according to a previous study (Couvreur et al., 2010; not shown

to scale). The presence of IGs in leaves is shown according to Bednarek et al. (2011). Black checks and gray crosses indicate presence and absence, respectively.

(b) ER-localized GFP (SP-GFP-HDEL) was transiently expressed in Crucihimalaya lasiocarpa, Capsella rubella, Olimarabidopsis pumila and Arabis alpina, which

visualized rod-shaped structures that resembled ER bodies in Arabidopsis thaliana (arrowheads in bottom panels). (c) The ER membrane was chemically stained

in living roots of A. thaliana and Cardamine hirsuta, which outlined ER bodies (arrowheads). (d) Roots of C. rubella, C. hirsuta, Thellugiella salsuginea, A. alpina

and Sisymbrium irio were analyzed by transmission electron microscopy, which identified electron-dense and ribosome-attached spindle structures (arrow-

heads). The bottom panels (b, c, d) are enlarged view of insets in the top panels. (e) Amounts of IGs in the Brassicaceae species quantified by HPLC/UV. All

tested species except for C. rubella accumulated substantial amount of IGs. (f) Scopolin abundance in the same set of species was assessed with HPLC/fluores-

cence detectors; nd, not detected. Bars are shown with standard deviations.
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were not detected in our analysis, but this requires a more

complex experimental design using an identical set of spe-

cies/isolates in both metabolomics and phylogenetic analy-

sis. A detailed phylogenetic analysis of coumarins also

requires identification of further enzymes specifically

involved in this pathway (Siwinska et al., 2014). For

instance, genes encoding UGT76B1 and UGT73D1 were

tightly co-expressed with F6’H1 (Data S1), and therefore

76

51

55

100

64
100

72

100

26

35
16

84

100

53

56

96

45
100

86

100

36

100
65
19

100

53
19

61
33 89

97
45100

33 100

5698
64

100

97

99
7269

95

6938
100

81

93

100
100

53

24

4590
100

38

65
89

100

90
72

47
100

98

46
37

99

100
91

55

54

98

97
10091

56
99 78

97 42 50

33

57
93
100

40
3999 73

13

98 68 94
30

11

13
28

57
51

CYP81Ds

C
Y

P
81

K
1/

2

CYP81G1/H1

C
Y

P
81

Fs

Arabidopsis thaliana

Capsella rubella

Brassica rapa

Thellungiella salsuginea

Carica papaya

Citrus sinensis

Manihot esculenta

Glycine max

Vitis vinifera

Solanum lycopersicum

Sorghum bicolor

Oryza sativa

Selaginella moellendorffii

Physcomitrella patens

Chlamydomonas reinhardtii

100

95 51 100

54

97

100

100

95
100

100

57

90

28

52

100

87

86

90 79

87
50

40

10012

74

100
31

42

100

100
93

100

100

100
100

50

10030

10094100

15

6

56

83

100

55
51

39

100

100

80

100

93

100

100

69

25
60

37 74

12

4139

65

61
100

100
7

6

2

19

2599

SUR1

At4g28420

At4g28410
JR2

At4g23590

At5g53970

At5g36160

TAT3

94

100

80

100

67

56

100

68

0.10.1 C. papaya (evm.TU.supercontig_26.241)

A. thaliana (At4g13770; CYP83A1)

C. rubella (Carubv10004635m.g)

T. salsuginea (Thhalv10024982m.g)

B. rapa (Bra032734)

B. rapa (Bra016908)

T. salsuginea (Thhalv10004064m.g)

B. rapa (Bra034941)

C. rubella (Carubv10007516m.g)

A. thaliana (At4g31500; CYP83B1)

A. thaliana (At2g24180; CYP71B6) - outgroup

95
100

100 32

60
56

100

56

59

56

25

46

100

98

100

44 100

100 96

6460100

94

68
51

93
100

31
25

99

10047

46

84

100

72

100

57

100

100

100

28

95

49

9789

86

69 94
100 100

12

26

53

CYP79B2B3

CYP79As

CYP79Fs

C
YP

79
C

s

*

** **

33

45

85
31

99

14

22
89

19

96
6

1

6
22

93
100

9995

100

100

100

98

40

28

6450

86

20

100

100

49

19
38 41

38

54
53

83 100

100
100

43

F6’H1

F6’H2

At3g12990

At5g12270

C
Y

P
81D

/F?

A. thaliana (At3g15950; NAI2)

B. rapa (Bra027198)

B. rapa (Bra021148)

T. salsuginea (Thhalv10020122m.g)

A. thaliana (At1g52410; TSA1)

C. rubella (Carubv10008445m.g)

T. salsuginea (Thhalv10011252m.g)

B. rapa (Bra030385)

B. rapa (Bra018970)

A. thaliana (At3g15960) - outgroup

100

88
52

100

100

98

96

100

0.1
0.1

C. rubella (Carubv10016224m.g)

(a) (b)

(c) (d) (e)

(f) (g)

Figure 4. All Brassicaceae species retain genes required for endoplasmic reticulum (ER) body formation and indole glucosinolate (IG) biosynthesis.

(a) Schematic representation of the species used for phylogenomic analysis, according to the Phytozome database (not shown to scale). Tree leaves colored

with blue, cyan, green, light purple, red and yellow indicate Arabidopsis thaliana, other Brassicaceae plant, Carica papaya, other dicotyledonous plants, mono-

cotyledonous plants, and other basal plants, respectively. Color strips beside the tree correspond to the colors of strips next to neighbor-joining (NJ) tree shown

in this figure (blue, green, purple and red for Brassicaceae-specific, Brassicales-specific, dicotyledonous-specific and angiosperm-specific clades, respectively).

(b)–(g) The NJ trees of NAI2s, CYP79s, CYP81s, SUR1s, CYP83s and F6’H1s (see Appendix S1 for details). (b) NAI2 homologs were only present in Brassicaceae,

not in C. papaya or other tested species. The scale bar indicates substitutions per site. (c) Sequence homologs of CYP79B2/B3 were commonly found in angios-

perms (indicated by red bars), including Manihot esculenta (cassava) CYP79D1/D2 and CYP79A1 (asterisks). CYP79Cs and CYP79Fs appear to be specific to Bras-

sicaceae. (d) The closest homolog of CYP81Fs in C. papaya was found to be also ancestral to CYP81Ds, the function of which is unknown. (e) SUR1 homologs

contained a series of genes with function unknown, including TAT3 and JR2. (f) CYP83s formed an exclusive monophyletic clade composed of Brassicales

genes, amongst a huge diversity of CYP71s. Carica papaya CYP83 is ancestral to both CYP83As and CYP83Bs. The scale bar indicates substitutions per site. (g)

F6’H1 and F6’H2 were widely conserved in dicotyledonous plants but not in monocotyledonous plants. Bootstrap values with 100 replications are indicated for

each node. Trees in (c, d, e and g) are not shown to scale, and respective trees with branch length and gene IDs can be found in Figure S10.
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these two UDP-glucosyltransferases may be good candi-

dates for coumarin glucosylating enzymes.

Our results from both phylogenetic co-occurrence pat-

terns (ER body formation and IG metabolites in roots) and

correlated transcriptional regulation in A. thaliana point to

a tight link between ER bodies and glucosinolate biosyn-

thesis. Thus, we propose that the physiological function of

ER bodies in planta is at least partially associated with glu-

cosinolate metabolism.

Evolutionary origin of myrosinases

Finally, we asked whether other b-glucosidases stored in

ER bodies (BGLU18, BGLU21 and BGLU22) could also

hydrolyze glucosinolates. As described above, we identi-

fied a set of potential glucosinolate-binding residues at

positions +6 and +7 that explained the ‘atypical’ myrosi-

nase activity of PYK10 and PEN2 (Figures 1e,f). Notably,

the presence and structural location of at least one of these

basic residues is conserved in 16 (BGLU18–BGLU33) out of

47 annotated A. thaliana b-glucosidases (Figures S11 and

S12a). This suggests that almost half of the A. thaliana b-
glucosidases (22 out of 47) possess myrosinase activity.

Hereafter, we refer to the ‘atypical’ versus ‘classic’ classes

of myrosinases as EE versus QE myrosinases, respectively,

based on their sequence signatures.

To address whether EE- and QE-type b-glucosidase
enzymes share a common ancestral myrosinase, we con-

ducted a phylogenomic analysis using 52 public plant gen-

ome sequences in the Phytozome database (see

Appendix S1 for details). The neighbor-joining (NJ) tree

shown in Figure 5(a) illustrates that TGG1–TGG6 (QE

myrosinases) and BGLU18–BGLU33 (EE myrosinases)

formed monophyletic clades with high bootstrap values

(96 and 100, respectively) that were specific to Brassicales,

as reported previously (Xu et al., 2004; Nakano et al.,

2014). The distribution of glucosinolate-binding signatures

exhibited an irregular pattern, except for those amongst EE

and QE myrosinases, indicating that these signatures are

under purifying selective pressure (Figure 5a, outer rings).

In contrast, the other signature of myrosinases (i.e. a glu-

tamine residue at the �7 position) was specific to QE but

not to EE myrosinases. Carica papaya TGG1 and TGG2

were reported to have no basic residues for glucosinolate

binding (Nong et al., 2010). However, we identified yet

another basic residue at position +4, the side chain of

which was also oriented to the deduced substrate-binding
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Figure 5. Lineage specific distribution of b-glucosidases and glucosinolate-binding residues across the plant kingdom.

(a) Neighbor-joining tree of 962 b-glucosidases from 52 plant species with genome sequences deposited to the Phytozome database (details can be found at

https://phytozome.jgi.doe.gov). Scale bar indicated substitutions per site. Branches are colored according to the taxonomy. Rings surrounding the tree indicate

taxonomy and the residues at positions �7, +0, +4, +6, and +7. Color coding is shown in the inset. BGLU34–BGLU39 (TGG1–TGG6) and BGLU18–BGLU33, corre-

sponding to QE and EE myrosinases, form monophyletic clades that are specific to Brassicales. The glutamine residue at �7 and the basic residue at +0 are con-

served within QE myrosinases, and basic residues at +4/+6/+7 are conserved within EE myrosinases. Other BGLUs have basic residues at any of the +0/+4/+6/+7
positions and a glutamine residue at �7, but in a irregular pattern.

(b) b-Glucosidases from Brassicales and Malvales were subjected to maximum likelihood analysis. BGLU subfamilies that were grouped with high bootstrap val-

ues (>97%) were collapsed. EE and QE myrosinases are indicated by yellow and red letters. No footprint for common acquisition of glucosinolate-binding capac-

ity between EE and QE myrosinases was found.
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pocket (Figure S12b, cyan and green side chains). A subset

of EE myrosinases, namely BGLU33 orthologs, also pos-

sessed +4 basic residues in addition to +6 and +7 (Fig-

ure S12c), which was in contrast to QE myrosinases

among which we did not detect any TGGs that possessed

both +0 and +4 signatures (Figure 5a). One of the Carica

papaya EE myrosinases (evm.TU.supercontig_444.5) that

also possessed three basic residues at positions +4/+6/+7
was used to confirm that the direction of the side chain

spanned from the +4 position is conserved within Carica

papaya myrosinases (Figure S12b) and between Carica

papaya and A. thaliana EE myrosinases (Figure S12c).

Interestingly, the two clades of myrosinases constituted

independent groups in the NJ tree. This was also sup-

ported by a maximum likelihood (ML) analysis using b-glu-
cosidases only from Brassicales species, with those from

Malvales species as out-groups, namely cotton (Gossyp-

ium raimondii) and cocoa bean (Theobroma cacao) (Fig-

ure 5b). The Carica papaya TGGs formed an independent

clade that was separated from both subclasses of TGGs

(TGG1–TGG3 and TGG4–TGG6) (Nong et al., 2010), sug-

gesting that the divergence of TGG subclasses was

obtained after Carica papaya was separated from the other

Brassicales species. The Carica papaya gene evm.TU.su-

percontig_561.2 encoded a b-glucosidase that belongs to

the EE myrosinase clade supported by a high bootstrap

value (97%); however, none of the glucosinolate-binding

sites (+0, +4, +6, and +7) was a basic amino acid residue.

This might suggest that this gene is the common ancestor

for all EE myrosinases, which is also supported by the

finding that the closest sequence homolog of this

gene (evm.TU.supercontig_561.1) was found in the

BGLU12–BGLU16 clade.

Overall, our analysis strongly suggests that all ER-resi-

dent type b-glucosidases, including ER body-stored

BGLU18, BGLU21 and BGLU22, are potent to act as myrosi-

nases, further supporting the idea that ER bodies are func-

tionally linked with glucosinolate metabolism. Independent

evolutionary processes that provided the ER body–EE
myrosinase system and the myrosin cell–QE myrosinase

system point to the complex and highly diversified

machineries of glucosinolate–myrosinase systems in the

Brassicaceae.

DISCUSSION

PYK10 is a novel myrosinase that requires external signals

for activation

Here we have shown that PYK10 hydrolyzes both an S-glu-

coside (I3G) and an O-glucoside (4MUG) with a narrow pH

optimum range (Figure 1b). The pH in the ER body is pre-

sumably identical to the canonical ER, i.e. neutral around 7

(Shen et al., 2013), which would render PYK10 enzyme

inactive inside intact cells. This is consistent with the lack

of significant differences in steady-state accumulation of

secondary metabolites between wild-type and pyk10

mutant plants (Figures S3 and S4). Hence we propose that

ER bodies provide a dual-layer safeguard system that

physically segregates PYK10 from its substrates, and bio-

chemically inactivates the enzyme. This provides a clear

contrast to the foliar myrosin cells, where myrosinases and

glucosinolates are stored in discrete cells and therefore the

system does not require biochemical inactivation of the

enzymes (Jørgensen, 1981; Koroleva et al., 2000, 2010;

Ueda et al., 2006). Moreover, as accumulation in separate

cells does not require stringently co-regulated transcrip-

tional machineries, expression of TGG1/-2 is not linked to

glucosinolate biosynthesis (Figure 2). Activity of the other

reported EE-myrosinase, PEN2, is also safeguarded by two

independent machineries (Lipka et al., 2005; Bednarek

et al., 2009; Fuchs et al., 2016). This similarity may suggest

a common ancestral innovation that enabled intra-cellular

mustard bombs that are linked with EE myrosinases, which

is independent from inter-cellular mustard bombs. Unlike

feeding damage by insects, abiotic and microbial stresses

are not necessarily accompanied by cell disruption, which

might have facilitated innovation of such dual-layer safe-

guarding systems within a single cell.

ER bodies are potentially engaged in plant–microbe

interactions via IG metabolism and in abiotic stress

responses via coumarin metabolism

The IG metabolic pathway comprises Brassicales-specific

defense strategies against microbial pathogens such as

powdery mildew fungi (Bednarek et al., 2009; Clay et al.,

2009) and a nectrotrophic fungus Plectosphaerella cuc-

umerina (Frerigmann et al., 2016). Recent studies also

assigned that the A. thaliana IG metabolic pathway an

essential role in the establishment of beneficial interactions

with fungal root endophytes, namely Piriformospora indica,

Sebacina vermifera (Lahrmann et al., 2015) and Col-

letotrichum tofieldiae (Hiruma et al., 2016). Similarly,

mutants lacking either NAI1 or PYK10 showed hypercolo-

nization by P. indica that resulted in loss of the beneficial

interaction (Sherameti et al., 2008). This phenotypic similar-

ity, combined with the transcriptional link between ER bod-

ies and IG biosynthesis described in this study, suggests

that ER bodies are engaged in interactions with soil-borne

microbes, including both pathogenic and beneficial fungi.

Scopolin metabolism, on the other hand, appears to

have a role in iron uptake in A. thaliana roots (Fourcroy

et al., 2014; Schmid et al., 2014). Recent work has demon-

strated that another b-glucosidase, BGLU42, is crucial for

the secretion of phenolic compounds under iron defi-

ciency, most likely including scopolin derivatives (Zamiou-

dis et al., 2014). BGLU42 belongs to one of the most

conserved clades of BGLUs (Figure 5a), implying that the

ability to hydrolyze coumarin glucosides is an ancient
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feature of conserved BGLUs. This is consistent with the

broader distribution of coumarins and F6’H1 orthologs in

dicotyledonous plants (Figure 4g) (Gutierrez-Mellado et al.,

1996; Churngchow and Rattarasarn, 2001; Chong et al.,

2002). However, this does not exclude the possibility that

PYK10 is involved in coumarin glucoside metabolism in

A. thaliana, for example under specific adverse environ-

mental conditions. Similarly, it also remains conceivable

that AG metabolism is linked to the physiological functions

of ER bodies. To determine which class of substrates is

linked to the physiological function(s) of ER bodies, single

and multiple mutants that lack both ER bodies and either

class of glucosides (e.g. myb34/51/122 for IGs, myb28/29

for AGs and f6’h1 for coumarins) need to be tested for

common phenotypic differences from the wild type.

Co-expression analysis is a powerful tool but requires

careful interpretation

The ability of co-expression analysis to infer metabolic

pathways has been evident from a number of past studies

(e.g. Obayashi et al., 2007; Saito et al., 2008; Saito and

Matsuda, 2010; Yonekura-Sakakibara and Saito, 2013),

including identification of glucosinolate biosynthetic/modi-

fication enzymes (Hirai et al., 2007). In our analysis, we

confirmed a functional link between PEN2 and IG metabo-

lism, a metabolic link known to play an important role in

plant immunity (Bednarek et al., 2009; Clay et al., 2009).

We also detected co-expression of BGLU42 with MYB72

(Figure 2 and Data S1), which is consistent with previous

reports that identified a shared role for BGLU42 and

MYB72 in the secretion of fluorescent coumarin derivatives

(Fourcroy et al., 2014; Schmid et al., 2014; Zamioudis et al.,

2014). Remarkably, a potential role for TGG4 and TGG5 in

auxin production suggested by a very recent study (Fu

et al., 2016) is supported by our result that YUCCA genes,

which are involved in CYP79B2/B3-mediated auxin biosyn-

thesis (Zhao, 2014), are indeed located next to the TGG4/-5

cluster (Data S1). These results validate the relevance of

our co-expression analysis and allowed us to look for fur-

ther functional links between other genes.

On the other hand, despite its potential to identify func-

tional gene modules, co-expression analysis fails to iden-

tify functional segregation. This is mainly because

functional coordination is not always accompanied by

transcriptional co-regulation, as indeed is demonstrated

by the lack of co-expression between TGG1/-2 and

glucosinolate pathways despite a clear functional relation-

ship. Therefore, our analysis does not suggest any func-

tional separation between PYK10/ER bodies and coumarin

glucoside metabolism. Nonetheless, the tight co-expres-

sion between ER bodies and glucosinolate biosynthetic

pathways, combined with the biochemical properties of

PYK10 as a myrosinase, suggest a functional link between

these systems.

Gene modules composed of IG modification, hydrolysis

and catabolism genes may facilitate a functional

differentiation among myrosinases

The IG modification genes, such as IGMTs and CYP81Fs

(Pfalz et al., 2011), were included in PEN2 and PYK10 clus-

ters but not in the CYP79B2 cluster, suggesting that IG

modification is linked with metabolic activity of the respec-

tive myrosinases. In fact, the production of 4MI3G by

CYP81F2 is indispensable for PEN2-mediated immunity

against microbial pathogens (Bednarek et al., 2009; Clay

et al., 2009; Pfalz et al., 2009; Sanchez-Vallet et al., 2010;

Fuchs et al., 2016; Lu et al., 2015). This in turn suggests

that 1-methoxylation of I3G by CYP81F4 and IGMT5 is

important for the specific function of PYK10.

The end products of glucosinolate hydrolysis are deter-

mined by the conditions and proteins co-occurring with

myrosinases during this metabolic process (Wittstock and

Burow, 2010). These proteins include epithiospecifier pro-

tein (ESP), epithiospecifier modifier 1 (ESM1) and nitrile

specifier proteins (NSPs). In our analysis ESP, encoding a

protein promoting epithionitrile and nitrile formation (Lam-

brix et al., 2001; Burow et al., 2009), was found to be

tightly co-expressed with TGG1 and TGG2, whereas

NSP1/-3/-4, encoding proteins promoting simple nitrile for-

mation (Burow et al., 2009; Kissen and Bones, 2009), were

found in the PYK10 cluster (Data S1). This finding is con-

sistent with the preferential end products in shoots and

roots (Wentzell and Kliebenstein, 2008). In the case of IGs,

it has been shown that ESP and ESM1 promote production

of indole acetonitrile (IANs; Appendix S1) (Burow et al.,

2008).The type of end product of glucosinolate metabolism

appears to be crucial for the physiological output (Jander

et al., 2001; Lambrix et al., 2001; Buxdorf et al., 2013).

Hence, a stringent transcriptional control to coordinately

express ER body structural proteins, myrosinases,

substrate modification enzymes and specifier proteins

may be crucial for orderly function of the myrosinase–
glucosinolate system.

Convergent evolution of myrosinases in plants, insects

and bacteria

Our results indicate that PYK10 belongs to the class of EE

myrosinases with a greater number of members than the

classic QE myrosinases (Figure 5a). Our NJ and ML analy-

ses did not find any clear evidence that EE myrosinases

arose from QE myrosinases, or vice versa. We also found

no evidence for insertion or deletion between positions +0
and +4/6/7, making it less likely that short-length structural

variation caused a shift of binding residues. Considering

the frequent but irregular emergence of basic residues at

these positions across the plant kingdom (Figure 5a), we

conclude that the two classes of myrosinases arose inde-

pendently during differentiation of the order Brassicales. In
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the animal kingdom some specialist herbivores [Brevico-

ryne brassicae (cabbage aphid), Lipaphis erysimi (turnip

aphid) and Phyllotreta striolata (a flea beetle)] have been

reported to be myrosinase innovators (Bridges et al., 2002;

Beran et al., 2014). These insect enzymes possess a gluta-

mate residue as a proton donor at position �7 and a basic

residue at position +0, a combination distinct from both

classes of plant myrosinases. Interestingly, a bacterial

myrosinase was recently isolated from Citrobacter strain

WYE1 (Albaser et al., 2016). This enzyme belongs to

another class of glycosidases (family 3 glycosyl hydrolase)

and depicts convergent evolution of myrosinase activity

across three different kingdoms.

Diversification of glucosinolate–myrosinase systems

accompanied with multiple transcriptional co-options

Our findings on the huge diversity of myrosinases and on

transcriptional co-regulations, combined with phyloge-

nomic analysis, have revealed that the glucosinolate–my-

rosinase system has been remarkably diversified during the

differentiation of Brassicales (Figure 6). The ancestral Bras-

sicales species evolved only benzyl glucosinolates, together

with one subclass of QE myrosinases stored in myrosin

cells and one subclass of EE myrosinases localized in vac-

uoles (Figure 6a–c). Subsequently, both EE and QE myrosi-

nases have undergone diversification into three subclasses

of EE myrosinases (BGLU18–BGLU25, PEN2/BGLU27 and

BGLU28–BGLU33) and two of QE myrosinases (TGG1/-2

and TGG4/-5) (Figure 6d,g). Diversification of glucosinolates

resulted in three subclasses of these metabolites (BGs, IGs

and AGs) (Figure 6e,f). In addition, a limited number of spe-

cies have acquired specific subcellular compartments (i.e.

ER bodies) to store EE myrosinases that acquired ER reten-

tion signals (BGLU18–BGLU25) (Figure 6h). Root constitu-

tive ER bodies and leaf-inducible ER bodies are

transcriptionally linked with the core glucosinolate biosyn-

thetic pathway (Figure 6j), as well as IG modification path-

ways (Figure 6i). The co-option between glucosinolate

biosynthesis and JA response pathways (Schweizer et al.,

2013; Frerigmann and Gigolashvili, 2014; Frerigmann et al.,

2014) (Figure 6l) and between TGG1/-2-accumulating myro-

sin cells in shoots and stomatal development (Shirakawa

et al., 2014, 2016) (Figure 6m) require MYC2/-3/-4 and

FAMA, respectively, which are widely conserved in land

plants (Kazan and Manners, 2013; Ran et al., 2013). This

raises the question of how a lineage-specific innovation can

become integrated with an evolutionarily common path-

way. Similarly, further investigation is required for the puta-

tive transcriptional links between auxin biosynthesis and

TGG4/-5 (Figure 6n) and between camalexin/4-OH-ICN path-

ways and coumarin biosynthesis (Figure 6o).

Currently, plants of the Brassicaceae family are equipped

with a glucosinolate–myrosinase system that has much

higher complexity than that of the ancestral Brassicales

species. However, it remains unclear when the sub-diver-

gence within QE myrosinases and the subcellular diversifi-

cation of EE myrosinases occurred. Importantly, the

evolutionary origin of ER bodies remains elusive, as we

detected the orthologs of NAI2 and TSA1 only within Bras-

sicaceae but not in Carica papaya, even with a low E-value

threshold (Figure 4b, Appendix S1). Nevertheless, the core

Brassicales species underwent multiple innovations com-

prising metabolic enzymes (myrosinases), secondary

metabolites (glucosinolates) and a subcellular structure

(ER bodies), which contributed to the functional diversity

and sophistication of the overall system.

EXPERIMENTAL PROCEDURES

Plant materials

We used wild-type A. thaliana (Col-0) plants and the following
mutants obtained as described previously: nai1-1 (Matsushima
et al., 2004), pyk10-1 (Nagano et al., 2008), bglu21-1, bglu21-3,
pyk10-1 bglu21-1 (Nagano et al., 2009) and cyp79B2 cyp79B3 (Bed-
narek et al., 2009). The pyk10-2 (SAIL_156_E11; N871638) line was
obtained from The European Arabidopsis Stock Centre. Seeds of
O. pumila, Capsella rubella, Crucihimalaya lasiocarpa, Cardamine
hirsuta, S. irio, T. salsuginea and Arabis alpina were obtained as
described previously (Bednarek et al., 2011).

Protein preparation for enzymatic assays

The recombinant PYK10 was expressed in tobacco BY-2 cells
using the tomato mosaic virus (ToMV)-based expression system
(Dohi et al., 2006, 2008). The PYK10 coding sequence was fused
with the His6 tag and purified with a Ni2+ affinity column. The
eluted fraction was dialyzed in 0.1 M sodium phosphate buffer (pH
7.0) and centrifuged for 5 min at 20 000 g to avoid aggregations.
For the preparation of total protein extracts, plants were grown on
vertical agar (0.9% w/v) plates containing complete Murashige–
Skoog (MS) salts at 22°C with a 12-h photoperiod for 4 weeks.
One hundred milligrams of roots were ground in 20 mM HEPES-
KOH buffer (pH 7.5) supplemented with 13% (w/v) sucrose, 1 mM

dithiothreitol, 1 mM EDTA and complete protease inhibitor cocktail
(Roche, http://www.roche.com/).

In vitro myrosinase assays

Enzymatic assays of purified PYK10 with 4MUG (Sigma-Aldrich,
http://www.sigmaaldrich.com/) and I3G were performed essen-
tially as described previously (Bednarek et al., 2009). Prior to the
enzymatic assays, the amount of protein in the eluted fractions
was measured using the Bradford protein assay (Bio-Rad, http://
www.bio-rad.com/). The 100-ll reaction mixture contained either
25 lg of recombinant protein or 3 lg of root-extracted proteins.
Kinetic analysis was performed using various concentrations of
substrate (10, 20, 50, 100, 150, 250, 500, 1000, 1500 and 2000 lM),
and fitting to the Michaelis–Menten formula was done using the
weighted-fitting function of gnuplot v.4.2 software (http://
www.gnuplot.info/).

Extraction of secondary metabolites and targeted HPLC

analysis

For mutant analysis plants were grown on vertical agar media as
described above. Roots of 4-week-old plants were sprayed with
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250 lM MeJA (Sigma-Aldrich) or sterilized water as a mock control
and incubated for 24 h. For phylogenetic analysis the plants were
grown in Jiffy-7 Pellets (44 mm diameter, Jiffy, http://www.jiffy-
group.com/) in a growth chamber at 20–23°C with a 10-h photope-
riod. Adhering soil was washed with distilled water after being
collected gently from the Jiffy Pellets. Collected root samples
homogenized in DMSO (50 ll/20 mg fresh weight) were subjected
to HPLC on an Agilent (http://www.agilent.com/) 1200 HPLC sys-
tem equipped with diode array (DAD) and fluorescence (FLD)
detectors. Samples were analyzed on an Atlantis T3 C18 column
(150 9 2.1 mm, 3 lm; Waters, http://www.waters.com/) and a Zor-
bax SB-Aq column (150 9 2.1 mm, 3.5 lm; Agilent). Detection
and quantification of IG was performed as described previously
(Bednarek et al., 2011). Scopolin was detected in comparison with
a standard isolated from A. thaliana roots and was quantified
based on fluorescence chromatograms (excitation 340 nm; emis-
sion 410 nm) (Bednarek et al., 2005).

In silico co-expression analysis

The non-targeted co-expression analysis was performed with Net-
workDrawer tool integrated in the ATTED-II database (v7.1; http://
atted.jp/top_draw.shtml#NetworkDrawer) using the PYK10 gene
(At3g09260) as a query. The co-expression clustering of target
genes were performed using R software v.3.1.2 (http://www.r-pro-
ject.org/). The list of genes was prepared as described in
Appendix S1. Hierarchical clustering was conducted via the aver-
age-linkage method based on log2-transformed MRs. The silhou-
ette plotting method was applied to determine cluster number.
Detailed protocols are available in Appendix S1.

Comparative phylogenomics

Detailed protocols for the protein search and phylogenetic analy-
sis can be found in Appendix S1. Briefly, the protein search on the

time
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Figure 6. Proposed evolutionary trajectories of endoplasmic reticulum (ER) bodies, myrosinases, glucosinolates, and co-option among them with top-to-bottom

axis of time.

Color keys are as indicated. Yellow circles indicate key innovations as follows. The ancestral Brassicales species initiated to produce benzyl glucosinolates (a).

Concomitant with, or following this, two classes of myrosinases were acquired independently (b) and only QE myrosinases were incorporated into myrosin cells

(c). QE myrosinases were subsequently diversified into TGG1/-2 and TGG4/-5 subclasses (d). During differentiation of the Brassicales, indole glucosinolates (IGs)

and aliphatic glucosinolates (AGs) were sequentially acquired (e, f). The ancestral EE myrosinases localized to vacuoles, whereas BGLU18–BGLU27 acquired dif-

ferent subcellular localizations (BGLU18–BGLU25 in the ER and BGLU26/-27 in the cytosol) (g). The EE myrosinases with ER retention signals were incorporated

into ER bodies when the ancestral core Brassicales species innovated ER bodies by acquiring NAI2 (h). Red connections indicate transcriptional co-option

between innovations in Arabidopsis thaliana as follows. The ER body system and PEN2 pathway were transcriptionally integrated with IG modification path-

ways (i). The general glucosinolate biosynthetic pathway is further co-opted by the ER body system, including inducible ER bodies in leaves (j). Glucosinolate

biosynthesis has also been integrated with the MYC2/-3/-4-mediated jasmonic acid (JA) responsive pathway (k) and the differentiation of foliar myrosin cells

requires the FAMA transcription factor that is known to be a master regulator of stomatal development (l). TGG4/-5 and auxin biosynthesis (m), as well as cama-

lexin/4-OH-ICN and coumarin pathways (n) appear to have co-opted each other. It remains unclear when sub-divergence within thioglucoside glucohydrolases

(TGGs), within EE myrosinases and within glucosinolate occurred and when ER bodies and camalexin/4-OH-ICN were innovated.

© 2016 The Authors
The Plant Journal © 2016 John Wiley & Sons Ltd, The Plant Journal, (2017), 89, 204–220

216 Ryohei T. Nakano et al.

http://www.jiffygroup.com/
http://www.jiffygroup.com/
http://www.agilent.com/
http://www.waters.com/
http://atted.jp/top_draw.shtml#NetworkDrawer
http://atted.jp/top_draw.shtml#NetworkDrawer
http://www.r-project.org/
http://www.r-project.org/


Phytozome database (https://phytozome.jgi.doe.gov) was con-
ducted either by protein Blast search or keyword search using
Pfam IDs. Protein sequences were aligned by the MAFFT (multiple
alignment using fast Fourier transform) algorithm (v.7.164;
http://mafft.cbrc.jp/alignment/server/) (Katoh and Standley, 2013)
with default parameters. Sequence sets were refined by the
MaxAlign algorithm to exclude fragmentary sequences
(Gouveia-Oliveira et al., 2007). Phylogenetic relationships among
b-glucosidases across Brassicales and Malvales species were
estimated with a ML method (RaxML v.8.1.11) (Stamatakis, 2006),
using the GTR+G substitution model following sequence align-
ment using MAFFT. Node support was estimated with bootstrap
analysis with 1000 replicates. The phylogenetic tree was pro-
cessed and modified by Dendroscope 3 software (v.3.2.9;
http://dendroscope.org/) (Huson et al., 2007; Huson and Scor-
navacca, 2012) and the Interactive Tree of Life (iTOL) web tool
(http://itol.embl.de) (Letunic and Bork, 2016).

Molecular 3D modeling

Threading was carried out using HH-suite 2.0 (Soding, 2005; Rem-
mert et al., 2012) with default settings and the pdb70 template
database. Homology models for three templates (Protein Data
Bank entries 2dga, 1v02 and 1e4 m) were rendered by fragment
assembly using Spanner (Lis et al., 2011). The resulting 3D struc-
tures were aligned and processed with Protean 3D (v.11.0.0;
DNASTAR).

Microscopic analysis

Transient expression assay using a particle bombardment system
(Bio-Rad) was performed as described previously (Matsushima
et al., 2004) using 2- to 3-week-old seedlings of Arabis alpina, Cru-
cihimalaya lasiocarpa, Capsella rubella, and O. pumila grown on
vertical agar (1% w/v) plates containing complete MS salts with
1% (w/v) sucrose at 22°C under continuous light. Surface-sterilized
seeds of A. thaliana and Cardamine hirsuta were sown into liquid
media containing half-strength MS salts with 1% sucrose, and
grown at 22°C under continuous light for 1–2 weeks without agita-
tion, followed by staining with 1 lM ER-Tracker Green (Molecular
Probes, Thermo Fisher Scientific, https://www.thermofisher.com/
de/de/home/brands/molecular-probes.html) for 2 h in the dark.
Root samples were observed with a laser scanning confocal
microscope (Zeiss LSM780, Carl Zeiss, http://www.zeiss.com/)
equipped with a 488-nm 40-mW Ar/Kr laser and a 100 9 1.45
numerical aperture oil-immersion objective (alpha Plan-Fluar,
000000-1084-514, Carl Zeiss). Images were analyzed and pro-
cessed with ImageJ (https://imagej.nih.gov/ij/). For TEM, T. salsug-
inea was grown on vermiculite for 4–5 weeks, Capsella rubella
and S. irio were grown in the liquid MS media for 2–3 weeks, and
Arabis alpina and Cardamine hirsuta were grown on the vertical
agar MS media for 3–4 weeks. The roots were collected and fixed
for 2 h with 4% (w/v) paraformaldehyde and 1% (v/v) glutaralde-
hyde in 0.05 M cacodylate buffer, pH 7.4. After following the proce-
dures described previously (Shimada et al., 2003), the ultrathin
sections were stained with 2% uranyl acetate and examined with a
transmission electron microscope (JEM-1011; JEOL, http://www.-
jeol.co.jp/en/) at 100 kV. Images were taken by a CCD camera
(VELETA; Olympus, http://www.olympus.com/) and processed
with ImageJ.

Accession numbers

Sequence data used in Figure 1(e) can be found in the Arabidopsis
Genome Initiative (for A. thaliana), EMBL/GenBank (for T. repens)
or UniPlot (for S. alba) data libraries under the following

accession numbers: PYK10 (At3g09260), PEN2 (At2g44490), TGG4
(At1g47600), BGLU42 (At5g36890), S. alba myrosinase (P29736),
and T. repens CBG (ABV54720). The accession numbers for the
genes used in co-expression analysis (Figures 2 and S6–S9) can
be found in Data S1 and S2. The accession numbers for the pro-
teins used in phylogenomic analysis (Figures 4 and 5) can be
found in Appendix S1.
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Additional Supporting Information may be found in the online ver-
sion of this article.
Figure S1. Glucosinolates and endoplasmic reticulum bodies are
lineage-specific innovations within Brassicales.
Figure S2. Purification and kinetic analysis of PYK10.
Figure S3. Targeted HPLC analysis of indole glucosinolate accu-
mulation in roots of nai1, pyk10, bglu21, and pyk10 bglu21.
Figure S4. Unbiased metabolite profiling of wild-type and pyk10-1
seedlings.
Figure S5. Untargeted co-expressed gene network surrounding
PYK10.
Figure S6. Silhouette plotting associated with the clustering
shown in Figure 2.
Figure S7. Heatmaps of co-expression clustering in specific condi-
tions.
Figure S8. Developmental pattern of gene expression is not the
driving force of co-expression between the endoplasmic reticulum
body system and glucosinolate metabolism.
Figure S9. Boxplots of mutual ranks calculated from condition-
wise co-expression analysis.
Figure S10. Neighbor-joining trees of CYP79s, CYP81s, SUR1s and
F6’H1s with branch length and gene IDs, associated with Figure 4.
Figure S11. Basic residues at positions +6/+7 are conserved
among BGLU subfamilies 3–6.
Figure S12. The basic residues at positions +0/+4/+6/+7 are
exposed to the substrate-binding pocket.

Table S1. Kinetics of PYK10 enzymatic activity in comparison with
PEN2.
Table S2. A list of representative genes for each pathway used in
co-expression analysis.
Table S3. List and details of experiments included in the ATTED-II
dataset Ath-m c4.1.
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Table S4. Genes used for category-wise mutual rank plotting in
Figure S9.

Data S1. Co-expression clustering results of whole dataset as a
gene table, associated with Figure 2.
Data S2. Co-expression clustering results of partial datasets as a
gene table, associated with Figures S7–S9.

Appendix S1. Supplemental texts, methods and references.
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