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of aliphatic glucosinolate biosynthesis

Doris Albinsky * Yuji Sawada - Ayuko Kuwahara -
Mutsumi Nagano - Akiko Hirai - Kazuki Saito -
Masami Yokota Hirai

Received: 21 May 2010/ Accepted: 25 June 2010/ Published online: 10 July 2010

© Springer-Verlag 2010

Abstract Amino acid and glucosinolate biosynthesis are
two interdependent pathways; amino acid synthesis as a
part of primary metabolism provides the precursors for
glucosinolate biosynthesis in secondary metabolism. In our
previous studies, the combination of coexpression analysis
and metabolite profiling led to the identification of genes
and key regulators involved in glucosinolate biosynthesis.
Moreover, the integration of transcriptome and metabolome
data of sulphur-deprived Arabidopsis plants revealed
coordinate changes in the expression profiles of genes
involved in glucosinolate and amino acid metabolism.
This review provides an overview of our recent studies
involving Arabidopsis mutant plants that exhibit impair-
ment in the side-chain elongation process occurring during
aliphatic glucosinolate biosynthesis by means of coex-
pression analysis and a novel metabolite profiling approach
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based on ultra-performance liquid chromatography coupled
with tandem quadrupole mass spectrometry (UPLC-
TQMS) (Sawada et al. 2009a). Thus, this review highlights
the advantages of the omics-based approach in identifying
genes involved in glucosinolate biosynthesis.
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Introduction

Glucosinolates (GSLs) represent a class of secondary
metabolites that predominantly occur in the Brassicaceae
family. They are sulphur- and nitrogen-rich compounds
(thioglucosides), and their breakdown products confer
resistance to herbivores and pathogens or exhibit anticar-
cinogenic properties in humans.

GSL biosynthesis is closely associated with the synthesis
of the aliphatic amino acids alanine, leucine, isoleucine,
valine, and methionine, and the aromatic amino acids
phenylalanine, tyrosine, and tryptophan, in primary meta-
bolism. These amino acids form the GSL skeleton.
Side-chain elongation, core GSL biosynthesis, and side-
chain modifications lead to the final products, namely,
aliphatic, indolic, and aromatic GSLs (Fig. 1) (for over-
view, see Halkier and Gershenzon 2006).

The biosynthesis of aliphatic and indolic GSLs is con-
trolled by several R2R3-MYB transcription factors
(Schneider et al. 2005; Hirai et al. 2007; Sgnderby et al.
2007; Gigolashvili et al. 2007a, b, 2008; Beekwilder et al.
2008; Malitsky et al. 2008). Myb28 and Myb51 are the
main positive regulators of the aliphatic and indolic
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Fig. 1 Overview of the biosynthesis of aliphatic, indolic, and
aromatic glucosinolates in Arabidopsis thaliana from the main amino
acid precursors methionine, tryptophan, and phenylalanine, respec-
tively. Sgnderby et al. (2010) recently reported a positive regulation

biosynthetic pathways, respectively. Myb29 and Myb76
control the biosynthesis of aliphatic GSLs, and Myb34 and
Myb122 control that of indolic GSLs. These regulators
respond to different environmental cues such as wounding,
methyl jasmonates (MeJAs), and sulphur deficiency;
therefore, the GSL species synthesised vary depending
upon the specific environmental stimuli, developmental
phase or tissue. Moreover, several recent studies (Hemm
et al. 2003; Gigolashvili et al. 2008) have shown that the
aliphatic and indolic GSL biosynthesis pathways are
reciprocally regulated probably in order to balance the GSL
and sulphur content of cells, as described in an overview of

the regulation of indolic and aliphatic GSL biosynthesis
(Gigolashvili et al. 2009a).

Leucine biosynthesis and aliphatic side-chain
elongation

GSL biosynthesis depends on amino acid biosynthesis, and
the regulation of these synthesis pathways is well balanced
in order to adapt to varying developmental and environ-
mental stimuli and to sustain a regular metabolic flow. The
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of Myb29 by Myb28 and Myb76 via a putative interaction partner and
a putative function of Myb29 as repressor of Myb28, in Arabidopsis
plants (Col-0 accession); these are indicated in grey

linkage between GSL and amino acid biosynthesis is evi-
dent from the association between leucine (Leu) biosyn-
thesis and the side-chain elongation process in aliphatic
GSL biosynthesis. The enzymatic steps involved in both
processes are analogous, and the dysregulation of one
pathway can affect the other pathway (Knill et al. 2008).
The similarities between both pathways and the identifi-
cation of genes involved in the bacterial Leu biosynthesis
pathway were the premise for the identification and char-
acterisation of genes involved in the side-chain elongation
process of aliphatic GSL biosynthesis.

Methionine (Met)-derived side-chain elongation begins
with the deamination of Met to 4-methylthio-2-oxobutyrate
(MTOB) that is catalysed by the branched-chain amino-
transferase 4 (BCAT4) in the cytosol (Schuster et al. 2006).
The next three steps occur in the plastid; these steps are
common to the Leu biosynthesis pathway and comprise in
Arabidopsis up to six cycles of: (1) acetyl-CoA conden-
sation, (2) isomerisation and (3) oxidative decarboxylation.
These processes form different GSL end products and
hence contribute to the diversity of GSLs. Step (1), i.e. the
condensation of acetyl-CoA and 2-oxo-acid is catalysed by
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the methylthioalkylmalate synthases MAMI1 and MAM3
and results in aliphatic GSLs with different chain lengths
(Kroymann et al. 2001, 2003; Textor et al. 2007).

The genes involved in the isomerisation (2) and oxida-
tive decarboxylation (3) steps have been recently charac-
terised, mainly on the basis of transcriptome coexpression
analysis and different metabolic profiling approaches
(Sawada et al. 2009b, c; He et al. 2009; Knill et al. 2009;
Gigolashvili et al. 2009b). In the present review, we will
focus on our work related to the elucidation of genes
involved in the side-chain elongation of aliphatic GSLs by
coexpression analysis and widely targeted metabolomics.

Transcriptome coexpression analysis

Coexpression analysis is based on the assumption that genes,
which are simultaneously expressed, are probably involved
in the same metabolic pathway. Thus, it enables the identi-
fication of unknown genes and their functions (Wei et al.
2006; for overview, see Obayashi and Kinoshita 2010; Aoki
et al. 2007; Usadel et al. 2009; Hirai 2009). The number of
plant gene characterisation studies, based on coexpression
analysis, has increased in the last 5 years, thereby high-
lighting the usefulness of this approach (Gachon et al. 2005;
Tohge et al. 2005; Vanderauwera et al. 2005; Ehlting et al.
2006, 2008; Hirai et al. 2007; Yonekura-Sakakibara et al.
2007, Saito et al. 2008).

In our previous coexpression studies, we investigated the
temporal changes occurring in the transcriptome and
metabolome of sulphur-starved Arabidopsis plants (Hirai
et al. 2005). Data analysis using batch-learning self-
organising map (BL-SOM) analysis—a type of cluster
analysis—revealed clustering (coexpression) of many genes
and/or metabolites involved in the same pathway, e.g. GSL
biosynthesis. Homologs of bacterial Leu biosynthesis
genes, i.e. AtLeuCl (At4g13430), AtLeuD1 (At2g43100),
AtLeuD2 (At3g58990) and A#MDI (At5g14200), were
found to be coexpressed with genes known to be involved in
GSL biosynthesis, e.g. MAMs, CYP79s, CYP83s and SURI,
therefore, we focussed on these homologs in our further
studies. The branched-chain aminotransferases 3 and 4
(BCAT3 and BCAT4) were also coexpressed with GSL
biosynthesis genes and later confirmed to be involved in
GSL biosynthesis (Knill et al. 2008; Schuster et al. 2006);
cytosolic BCAT4 deaminates Met and [n]JhomoMet to their
corresponding 2-oxo acids, and BCAT3 in the plastid
catalyses the final transamination of short-chain keto-acids
to homomethionine and dihomomethionine, respectively.
Transcriptome coexpression analysis for the genes
AtLeuCl, AtLeuD1, AtLeuD2 and AtIMDI has been per-
formed using the publicly available databases Arabidopsis
thaliana trans-factor and cis-element prediction database
(ATTED-II; http://atted.jp/) (Obayashi et al. 2007) and

the Arabidopsis coexpression data-mining tool (ACT;
http://www.arabidopsis.leeds.ac.uk/act/coexpanalyser.php)
(Manfield et al. 2006). All the four genes were strongly
coexpressed with known Met-derived GSL biosynthesis
genes (Table 1 for AtLeuCl and AtIMDI). Moreover, our
analysis has revealed that GSL biosynthesis genes and
BASSS, a bile acid: sodium symporter like family protein,
are coexpressed (Table 1).

On the basis of data from coexpression analysis and
from a study investigating the relationship between Myb28
and downstream biosynthetic genes (Hirai et al. 2007), we
assumed that the above-mentioned genes that are homologs
of the Leu biosynthesis genes are probably involved in the
biosynthesis of aliphatic GSLs, especially in the steps of
the side-chain elongation pathway. Based on homology of
the nucleotide sequences, AtLeuCl1, AtLeuDs and AtIMD]
were thought to encode the methylthioalkylmalate isom-
erase (MAM-I) large subunit, the MAM-I small subunits,
and the methylthioalkylmalate dehydrogenase (MAM-D),
respectively. Because BASSS5 was also regulated by Myb28
and its protein was located in the chloroplast (Sawada et al.
2009b; Gigolashvili et al. 2009b), BASS5 was thought to
function as a transporter of intermediates of the Met-
derived GSLs across the chloroplast membrane.

Widely targeted metabolomics and its implication
on the identification of genes involved in aliphatic
side-chain elongation

We analysed the leaves of AtLeuCl (At4gl13430) and
AtIMD1 (At5g14200) knockout Arabidopsis plants by
widely targeted metabolomics and identified changes in the
synthesis profiles of Met-derived GSLs and related
metabolites (Table 2) (Sawada et al. 2009¢), which indi-
cates that both genes are definitely involved in Met-derived
GSL biosynthesis. Therefore, AtLeuCI and AtIMDI were
termed MAM-ILI (MAM-I large subunitl) and MAM-DI,
respectively. Knill et al. (2009) also supported the
conclusion.

Arabidopsis AtLeuD1 knockouts did not exhibit
remarkable changes in the GSL content, suggesting that the
function of AtLeuDI and AtLeuD2 may be redundant
because both genes encode the small subunits of MAM-I in
Leu biosynthesis (Sawada et al. 2009c). Indeed, indications
that AtLeuD1 and AtLeuD?2 perform redundant functions in
the isomerisation step (2) during chain elongation also
came from studies undertaken by Knill et al. (2009). The
authors analysed the metabolite profiles of leaves and seeds
of the two single knockout plants for the two small subunits
of the MAM isomerases (MAM-11/2 and AtLeuD1/D2). In
accordance with our data, they did not observe remarkable
changes in the metabolite profiles; only in seeds of the
AtLeuDI knockout line, the content of short-chain GSLs
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Table 1 Pearson’s correlation coefficient (PCC) for candidate chain elongation genes and genes involved in glucosinolate (GSL) biosynthesis

AGI GSL biosynthesis genes AtLeuCl AtIMD]1 BASS5  References
(MAM-ILI) (MAM-D1)*
At5g61420 MYB28 0.62 0.76 0.77 Hirai et al. 2007; Gigolashvili et al. 2007b;
Se¢nderby et al. 2007
At5g07690 MYB29 0.42 0.58 0.68 Hirai et al. 2007; Gigolashvili et al. 2008;
Sgnderby et al. 2007
At3g49680 Branched-chain aminotransferase 3 0.72 0.78 0.54 Kanill et al. 2008
(BCAT3)
At3g19710 BCAT4 0.66 0.78 0.88 Schuster et al. 2006
At5g23010 Methylthioalkylmalate synthase 1 0.61 0.69 0.84 Kroymann et al. 2001
(MAM1)
At5g23020 2-Isopropylmalate synthase 2 0.49 0.58 0.51 Textor et al. 2007
(MAM3; IMS2)
At1g16410b CYP79F1 0.68 0.80 0.85 Reintanz et al. 2001; Chen et al. 2003
Atlgl6400°  CYP79F2 0.68 0.80 0.85 Chen et al. 2003
At2g22330 CYP79B3 n.d. n.d. 0.46 Hull et al. 2000
At4g13770 CYP83A1 0.71 0.78 0.88 Bak and Feyereisen 2001; Naur et al. 2003
At4g31500 CYP83BI n.d. n.d. 0.36 Bak et al. 2001; Barlier et al. 2000;
Hansen et al. 2001; Smolen and
Bender 2002
At2g20610 Superroot 1 (SURI) 0.63 0.78 0.63 Mikkelsen et al. 2004
At1g24100 UDP-glucosyl transferase 74B1 0.53 0.56 0.53 Grubb et al. 2004; Gachon et al. 2005
(UGT74B1)
At2g31790 UGT74C1 0.71 0.78 0.74 Gachon et al. 2005
Atlg74100 Sulphotransferase 16 (SOT16) n.d. n.d. 0.45 Piotrowski et al. 2004; Hirai et al. 2005
At1g18590 SoT17 0.61 0.71 0.72 Piotrowski et al. 2004; Hirai et al. 2005
At1g74090 SOTI18 0.71 0.82 0.84 Piotrowski et al. 2004; Hirai et al. 2005
At1g65860 Flavin-monooxygenase glucosinolate  0.45 0.74 0.73 Hansen et al. 2007
S-oxygenase 1 (FMOgs.ox1)
At1g62560 FMOgs.ox3 0.56 0.65 0.72 Hansen et al. 2007; Li et al. 2008
At4g03060 Alkenyl hydroxalkyl producing 2 0.38 n.d. 0.59 Kliebenstein et al. 2001
(AOP2)

* Determined from the Arabidopsis Coexpression Data-mining Tool (ACT) database

° Affymetrix probe sets hybridise to transcripts of both homologs of cytochrome P450 79F1/79F2

n.d. not determined

was slightly enhanced. Additionally, liquid chromatogra-
phy mass spectrometry (LC-MS) analysis revealed that
MAM-ILI plays a role in both Leu and GSL biosynthesis
because the intermediates of Leu biosynthesis and Met
chain elongation were accumulated in the respective
Arabidopsis mam-ill lines (Knill et al. 2009).

Widely targeted metabolomics of Arabidopsis knockout
plants for the plastidic bile acid: sodium symporter-like
family protein BASS5 confirmed a predicted function of
this protein in the transport of MTOB from the cytosol to
the plastid for side-chain elongation and/or in the transport
of 2-keto-acids with elongated chains ([nJhomoMet), from
the plastid to the cytosol for conversion into GSLs (Sawada
et al. 2009b) (Fig. 2). Gigolashvili et al. (2009b) reported
similar conclusions by using a different research strategy.

@ Springer

We observed two trends by comparing the metabolite
profiles of leaves of MAM-ILI, MAM-DI1 and BASS5
knockout plants with those of leaves of MAMI, MAM3
knockout plants, which are genes known to be involved in
side-chain elongation (Table 2).

First, short- and long-chain elongation in GSL bio-
synthesis appeared to be distinct processes and dependent
on particular gene functions. The mam-ill, mam-dl and
bass5-2 plants showed significantly reduced long-chained
GSLs, whereas maml and mam3 plants did not (Table 2).
However, GSLs with C3 chains tended to increase in
all the knockout lines except bass5-2 (Table 2). BCAT3
catalyses the final transamination of only short-chain
keto-acids to homomethionine and dihomomethionine
(Knill et al. 2008). However, decrease in the content of
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Table 2 Fold changes of selected Met-derived metabolites and GSLs in mam-ill, mam-dl, bass5, maml, and mam3 Arabidopsis mutants

(Sawada et al. 2009b, c)

Compound name mam-ill (atleucl-1)* mam-dl (atimdI-1)* bass5-2° mam1® mam3®

Fold P Fold p Fold P Fold p Fold p

change value change value change value change value change value
Methionine sulphoxide 53 0.00 3.0 0.00 9.9 0.00 6.3 0.08 53 0.04
Methionine 2.6 0.00 1.6 0.08 7.5 0.00 2.1 0.08 2.0 0.05
S-methylmethionine 2.7 0.00 23 0.06 34 0.00 1.7 0.24 1.5 0.22
S-adenosyllmethionine 2.1 0.04 1.5 0.33 33 0.00 0.9 0.52 1.1 0.65
5'-deoxy-5'- 2.2 0.00 14 0.03 2.9 0.00 2.0 0.04 22 0.08

methylthioadenosine

MTc3 4.2 0.01 35 0.01 0.2 0.08 34 0.14 32 0.12
MSc3 7.8 0.00 5.0 0.01 0.3 0.00 1.8 0.19 1.7 0.16
OHc3 3.0 0.06 2.1 0.07 1.4 0.16 32 026 4.7 0.15
BOc3 3.2 0.01 2.6 0.01 0.8 0.63 1.0 0.88 0.9 0.78
MTc4 0.2 0.00 0.5 0.00 0.5 0.05 0.3 0.00 0.4 0.03
MSc4 0.5 0.01 0.7 0.04 0.5 0.02 0.3 0.00 0.4 0.04
OHc4 1.8 0.14 0.8 0.64 1.5 0.36 0.3 0.03 0.4 0.05
BOc4 0.2 0.01 0.3 0.01 2.0 0.03 1.5 0.38 1.5 0.22
MTc5 0.2 0.00 0.3 0.00 0.5 0.03 0.4 0.01 0.5 0.05
MSc5 04 0.00 0.4 0.00 0.6 0.02 0.5 0.03 0.7 0.35
MTc6 1.2 0.59 0.4 0.01 0.8 0.57 1.0 0.82 0.8 0.44
MSc6 0.1 0.00 0.1 - 04 0.00 0.7 0.37 0.6 0.08
MTc7 0.2 0.00 0.0 - 0.2 0.00 0.6 0.06 0.6 0.02
MSc7 4.7 0.01 2.4 - 2.1 0.51 3.7 - 8.6 0.21
MTc8 1.1 0.72 0.6 - 0.3 0.01 2.5 0.05 1.7 0.06
MSc8 0.02 0.01 0.001 0.01 0.3 0.00 1.4 0.55 0.8 0.64

MT methylthioalkyl GSL, MS methylsulfinylalkyl GSL, OH hydroxyalkyl GSL, BO benzoyloxyalkyl GSL, c¢/n] indicates the number of carbon

chains

Fold changes with p values <0.05 are represented in bold letters

— p values could not be determined because of the small sample number

* 4 weeks after germination

" 3 weeks after germination

aliphatic GSLs of all chain-length classes (i.e. C3-C8)
was observed in bass5-2 (Table 2) and bcat4 plants
(Sawada et al. 2009c). Taken together, these data suggest
that short- and long-chain formation processes are bio-
synthetically separated in terms of condensation, isom-
erisation, oxidative decarboxylation and transamination.
This hypothesis implies that several genes involved in the
side-chain elongation process of GSL biosynthesis, which
are not regulated by the known transcription factor
Myb28, are hitherto unidentified and that they may
respond to specific environmental stimuli. Different GSLs
with varying side-chain lengths were found to be syn-
thesised in response to developmental and environmental
changes (Brown et al. 2003; Mewis et al. 2006). Another
explanation for the partial reduction in the GSL content
of the knockout plants analysed may be a partial

redundancy in the function of genes from other pathways.
In fact, several members of the gene family encoding
genes involved in Leu biosynthesis were shown to have
similar or even dual functions with genes involved in the
side-chain elongation of aliphatic GSLs in Arabidopsis
(Knill et al. 2008; He et al. 2009; Knill et al. 2009)
(Fig. 2).

Further, the knockout plants of all genes involved in the
side-chain elongation of aliphatic GSLs, i.e. MAM-ILI,
MAM-DI1, MAM1, MAM3 and BASSS5, exhibited partially
significant induction in the synthesis of Met-derived
metabolites (Table 2). This finding indicates that the bio-
synthetic precursors of GSL are channelled towards Met
biosynthesis and the synthesis of related compounds when
the GSL biosynthetic pathway is stalled or at least partially
blocked.
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Fig. 2 Overview of side-chain
elongation during the
biosynthesis of aliphatic GSLs
showing the steps in which
BASSS is probably involved

=

BCAT4
[nJhomoMet «——
BCAT?

GSL biosynthesis
from [nlhomoMet

The impact of the omics-based approach
on the identification of genes involved in GSL
biosynthesis

The combination of coexpression analysis and metabolite
profiling has been invaluable in the identification of genes
involved in regulatory and biosynthetic pathways (Tohge
et al. 2005; Hirai et al. 2007; Cho et al. 2008). The R2R3-
MYB transcription factors involved in aliphatic GSL bio-
synthesis (Hirai et al. 2007) and genes involved in the three
steps of Met-derived GSL biosynthesis could be identified
using the above-mentioned method (Hirai et al. 2005; Knill
et al. 2008; He et al. 2009). With respect to the number of
GSL biosynthesis genes successfully decoded, this approach
is equivalent to the method for identifying genes on the basis
of the metabolic changes occurring in recombinant inbred
lines (RILs) by quantitative trait loci (QTL)-mapping
(Textor et al. 2004; Kliebenstein et al. 2001; Kroymann et al.
2001, 2003; Hansen et al. 2008; Pfalz et al. 2009). However,
both approaches have their specific advantages and limita-
tions that are contradictory. Therefore, the choice of method
depends on the goal of the investigation.

The systems biology approach using QTL mapping can
identify genes on the basis of their effects on natural
metabolic variation, although not all GSL biosynthetic
gene products may cause metabolic variations in different
RILs. Moreover, a combination of coexpression and QTL
analysis may be required in order to reduce the number of
putative candidate genes suggested to be involved in GSL
biosynthesis.
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The main advantage of coexpression analysis is that it is
rapid, can be conducted in silico without wet experiments
and provides abundant information on gene relations.
However, a ‘targeted approach’ requires the use of genes
already characterised to be involved in the same process
as ‘bait’. Moreover, in cases where gene regulation is
dependent on environmental or developmental factors,
coexpression analysis by using publicly available tran-
scriptome databases may not provide conclusive results.
Because these genes are only expressed under specific
conditions, data sets may not adequately represent these
particular conditions.

Noteworthy, different GSL classes can accumulate in
various organs or cell types (Brown et al. 2003; Shroff et al.
2008; Matsuda et al. 2009) in response to developmental
or environmental cues (Brown et al. 2003; Mikkelsen et al.
2003; Matsuda et al. 2009). Considering this tissue-
specificity of GSLs (Wentzell and Kliebenstein 2008),
another very promising way to identify novel genes involved
in GSL biosynthesis could be the performance of coexpres-
sion analysis with transcriptomic data derived from specific
tissues or even individual cell types.

With respect to the aliphatic side-chain elongation,
mam-ill, mam-dI, maml and mam3 mutants revealed only
partial reduction in their GSL content, thereby suggesting
hitherto unidentified missing links in this process of GSL
biosynthesis, which are most probably under different
regulation from Myb28.

A recent study examined the specific effects of the tran-
scription factors Myb28, Myb29 and Myb76 on aliphatic
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GSL biosynthesis, GSL distribution and transcription of
genes involved in GSL biosynthesis (S¢nderby et al.
2010). The authors unveiled a complex interactive net-
work of the three transcription factors involved in GSL
biosynthesis and suggested that additional regulators are
involved in GSL biosynthesis. Especially, the synthesis of
long-chain GSLs cannot be exclusively linked to the
expression of Myb28 because Myb29 or Myb76 alone
could induce long-chain GSL synthesis in the absence of
the other two transcription factors involved in aliphatic
GSL biosynthesis.

Altogether, the dissection of short- and long-chain
synthesis in GSL formation remains the challenge in future
studies. The omics-based approach is expected to be
indispensable once the mode of regulation of side-chain
synthesis has been identified.
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