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Indole glucosinolates, derived from the amino acid Trp, are plant secondary metabolites that mediate numerous biological
interactions between cruciferous plants and their natural enemies, such as herbivorous insects, pathogens, and other
pests. While the genes and enzymes involved in the Arabidopsis thaliana core biosynthetic pathway, leading to indol-3-
yl-methyl glucosinolate (I3M), have been identified and characterized, the genes and gene products responsible for
modification reactions of the indole ring are largely unknown. Here, we combine the analysis of Arabidopsis mutant lines
with a bioengineering approach to clarify which genes are involved in the remaining biosynthetic steps in indole
glucosinolate modification. We engineered the indole glucosinolate biosynthesis pathway into Nicotiana benthamiana,
showing that it is possible to produce indole glucosinolates in a noncruciferous plant. Building upon this setup, we
demonstrate that all members of a small gene subfamily of cytochrome P450 monooxygenases, CYP81Fs, are capable of
carrying out hydroxylation reactions of the glucosinolate indole ring, leading from I3M to 4-hydroxy-indol-3-yl-methyl and/or
1-hydroxy-indol-3-yl-methyl glucosinolate intermediates, and that these hydroxy intermediates are converted to 4-methoxy-
indol-3-yl-methyl and 1-methoxy-indol-3-yl-methyl glucosinolates by either of two family 2 O-methyltransferases, termed
indole glucosinolate methyltransferase 1 (IGMT1) and IGMT2.

INTRODUCTION diversity in plant secondary chemistry are to a large extent
unknown. Even for the well-studied glucosinolates, a class of
secondary metabolites present in the model plant Arabidopsis
thaliana and relatives, not all of the genes involved in their
biosynthesis have been identified (Senderby et al., 2010).

Glucosinolates are part of an activated plant defense, the
glucosinolate-myrosinase system. Myrosinase-catalyzed gluco-
sinolate hydrolysis leads to the generation of breakdown prod-
ucts with a range of biological activities, including deterrence or
increased mortality of nonspecialist insect herbivores and at-
traction or feeding stimulation of enemies specialized on cruci-
fers. In addition, glucosinolate hydrolysis products determine
flavor and taste of Brassicaceous crops and can have beneficial
or detrimental effects on the health of humans or livestock upon
ingestion.

Plants produce an enormous diversity of secondary metabolites
(i.e., compounds not directly involved in primary processes of
basic growth and development). These include alkaloids, ter-
penes, phenolic compounds, and others. Tens of thousands of
plant secondary metabolites have already been described, but
this is only a fraction of what is believed to be present in nature
(Wink, 2010). Secondary metabolites often mediate the interac-
tion of plants with their biotic and abiotic environment, determine
the food quality of crop plants, and are used as a reservoir of
chemical structures for pharmaceutical research. However, the
genes and pathways responsible for the generation of structural
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2009), and, in the case of Met-derived glucosinolates, also from
variation in Met carbon chain extension prior to core structure
synthesis (Kroymann et al., 2003; Benderoth et al., 2006, 2009).

One of the last unresolved issues in Arabidopsis glucosinolate
biosynthesis is which genes are responsible for structural vari-
ation in indole glucosinolates. Indole glucosinolates are of inter-
est because their core biosynthetic pathway is intimately linked
with biosynthesis of both auxin (Hull et al., 2000) and camalexin,
an Arabidopsis phytoalexin (Glawischnig et al., 2004). More
recently, they have attracted particular attention because mod-
ified indole glucosinolates and their hydrolysis products mediate
a multitude of plant-enemy interactions. They contribute to plant
resistance against aphids (Kim and Jander, 2007; Kim et al.,
2008; Pfalz et al., 2009), influence oviposition choice of crucifer
specialist insects (de Vos et al., 2008; Sun et al., 2009), and are
important for plant innate immunity (Bednarek et al., 2009; Clay
et al., 2009).

All investigated Arabidopsis accessions contain four different
indole glucosinolates: indol-3-yl-methyl (I3M), 4-hydroxy-indol-
3-yl-methyl (40H-I3M), 4-methoxy-indol-3-yl-methyl (4MO-I3M),
and 1-methoxy-indol-3-yl-methyl (1IMO-I3M) glucosinolate, with
I3M being the most abundant indole glucosinolate in leaves and
1MO-I3M the most abundant in roots (Kliebenstein et al., 2001;
Brown et al., 2003). We recently identified CYP87F2 as the gene
that underlies Indole Glucosinolate Modifier 1, a quantitative trait
locus for the accumulation of 40H-I3M and 4MO-I3M (Pfalz et al.,
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2007, 2009). CYP81F2 belongs to a small subfamily of cytochrome
P450 monooxygenase genes that consists of four members in
Arabidopsis: CYP81F1, CYP81F2, CYP81F3, and CYP81F4.
CYP81F2 catalyzes the conversion of I3M to 40H-I3M, which in
turn is converted to 4MO-I3M by one or several as yet unknown
methyltransferase(s). Compared with the wild type, cyp87f2 null
mutants produced significantly less 40H-I3M and 4MO-I3M, but
both metabolites were still detectable in plant tissue (Pfalz et al.,
2009), suggesting that other enzymes were also capable of
hydroxylating 1I3M to 40H-I3M.

We also surmised that gene products related to CYP81F2
were involved in the generation of 1MO-I3M, the other methoxy
indole glucosinolate in Arabidopsis. However, this reaction is
particularly difficult to demonstrate due to the likely instability of
the postulated intermediate, 1-hydroxy-indol-3-yl-methyl (10H-
I3M) glucosinolate, which has its hydroxy group attached to the
nitrogen of the indole ring. In fact, despite numerous analyses of
glucosinolate profiles from a multitude of plants, 1OH-I3M had
never been reported (Daxenbichler et al., 1991; Fahey et al.,
2001; Clarke, 2010). To overcome these obstacles, we used a
Nicotiana benthamiana transient expression system that had
previously been used successfully to engineer the complete
pathway for the production of bioactive benzyl (Geu-Flores et al.,
2009) and 4-methylsulfinylbutyl (Mikkelsen et al., 2010) glucosi-
nolate in a noncruciferous plant. We first transformed N. ben-
thamiana with the genes for the entire indole glucosinolate
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Figure 1. CYP81F Genes in Arabidopsis.

1 kb

Shown are coding regions (white bars) and untranslated regions (black bars) of the genes in the CYP817F cluster on Arabidopsis chromosome 4 (top),
with intervening regions shown as thin lines. CYP87F2 on chromosome 5 is shown for comparison (bottom). Primer positions are indicated as small
black triangles. The location of T-DNA insertions in SALK and FLAG lines is indicated by Y-shaped lines. Note that exon-intron structures differ between

CYP81F1 and its antisense gene At4g37432.
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Figure 2. Expression of CYP81F Genes in T-DNA Insertion Lines.
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Relative transcript levels of CYP87F genes and of At4g37432 were assessed in leaves (L) and roots (R) of wild-type (W; dark-gray bars) and mutant (M;
light-gray bars) plants in comparison to e/F4A1 as a control gene. At least three biological replicates were used for each tissue and genotype, with one to
three technical replicates per biological replicate. Expression values were set as 1 for wild-type leaves; error bars show SE of the mean. Data were
analyzed with analysis of variance: expression = constant + genotype + tissue + genotype*tissue. Statistical significance for differences in transcript
levels are indicated for genotype (G) and tissue (T): *P < 0.05, **P < 0.01, and ***P < 0.001.

pathway and then coexpressed Arabidopsis CYP81F genes,
alone or in combination with candidate O-methyltransferase
genes, to produce modified indole glucosinolates in this heter-
ologous system.

These analyses show, in combination with assays of T-DNA
insertion mutants, that all four members of the Arabidopsis
CYP81F subfamily have the biochemical capacity to modify I3M,
with partially overlapping product spectra. We provide evidence
that 1MO-I3M is generated via the same reaction steps as 4MO-
I3M and involves a hydroxy intermediate. In addition, we identify
a subclade of family 2 plant O-methyltransferases implicated in
the biosynthesis of modified indole glucosinolates and demon-
strate that two of its members, termed indole glucosinolate

methyltransferase 1 (IGMT1) and IGMT2, are capable of cata-
lyzing the final step in indole glucosinolate modification (i.e., the
transfer of a methyl group to 10H-I3M and 40H-I3M to produce
1MO-I3M and 4MO-I3M, respectively).

RESULTS

T-DNA Insertions in CYP81F Genes Alter Arabidopsis Indole
Glucosinolate Profiles

To test our hypothesis that all four Arabidopsis CYP81F genes
were involved in modification reactions of the indole glucosinolate
structure, we first investigated whether T-DNA insertion mutants
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Figure 3. Glucosinolate Profiles in Leaves of Arabidopsis T-DNA Inser-
tion Lines.

Glucosinolate levels were measured in leaves of wild-type (dark-gray
bars) and mutant plants (light-gray bars) of cyp81f3/4 (A), cyp81f4 (B),
and cyp81f1 (C). c(GS) indicates glucosinolate concentration in pmol/g
fresh weight (FW). Between 32 and 128 biological replicates were
used per genotype and line; error bars show SE of the mean. 3MSOP,
3-methylsulfinyl-propyl; 4MSOB, 4-methylsulfinyl-butyl; 5SMSOP, 5-methyl-
sulfinyl-pentyl; BMSOH, 6-methylsulfinyl-hexyl; 3MTP, 3-methylthio-propyl;
40HI3M, 4-hydroxy-indol-3-yl-methyl; 7MSOH, 7-methylsulfinyl-heptyl;
4MTB, 4-methylthio-butyl; 8BMSOO, 8-methylsulfinyl-octyl; I3M, indol-3-
yl-methyl; 4MOI3M, 4-methoxy-indol-3-yl-methyl; 1MOI3M, 1-methoxy-
indol-3-yl-methyl; 7MTH, 7-methylthio-heptyl; 8BMTO, 8-methylthio-octyl
glucosinolate. Bars at the right indicate the total quantity of indole
glucosinolates (indole GS). *P < 0.05, **P < 0.01, and ***P < 0.001. n.d.,
not detected. Note the use of a log scale.

had altered glucosinolate profiles. We obtained T-DNA inser-
tion lines for the CYP81F genes from the Arabidopsis stock
centers (Figure 1). In FLAG_140B06, a line in the Wassilewskija
(Ws-4) background (Brunaud et al., 2002), a T-DNA is located
between CYP81F3 and CYP81F4 downstream of the CYP81F3
3’-untranslated region. SALK_031939 has a T-DNA in the intron
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of CYP81F1, SALK_024438 has a T-DNA in the intron of CYP81F4,
and SALK_123882 has a T-DNA in the second exon of CYP81F2.
All three SALK lines are in the Columbia (Col) background (Alonso
et al., 2003). None of these mutants had any obvious defects in
growth or development.

We analyzed all CYP81F leaf and root transcript levels in these
lines with quantitative RT-PCR (QRT-PCR) to test whether T-DNA
insertions caused altered gene expression (Figure 2). As a
reference, we chose the gene for the eukaryotic translation
initiation factor 4A-1, elF4A1 (At3g13920), which displays a very
stable expression pattern among different tissues and develop-
mental stages, based on the AtGenExpress database (www.
weigelworld.org/resources/microarray/AtGenExpress/). In ho-
mozygous SALK_031939 mutants, no CYP81F1 cDNA was
detectable; likewise, we found no CYP81F4 transcript in homo-
zygous SALK_024438 mutants. For the other CYP817Fs, we did
not detect any statistically significant differences between wild-
type and mutant lines. Finally, homozygous FLAG_140B06 mu-
tants had reduced levels of CYP81F3 (F=8.82,P=0.018,df=1)
and CYP81F4 (F=159.27, P < 0.001, df = 1) compared with lines
with wild-type Ws-4 alleles. Thus, both SALK lines were knock-
outs for the respective CYPs, subsequently designated cyp817f1
and cyp81f4, while FLAG_140B06 was a knockdown for both
CYP81F3 and CYP81F4 and will be referred to as cyp81f3/f4.

We compared glucosinolate levels of T-DNA insertion lines
versus lines with wild-type alleles obtained from the same seed
material. First, we analyzed leaf glucosinolate profiles for the
different T-DNA insertion lines in separate, highly replicated
experiments (Figure 3). For cyp81f3/f4, we found a highly signif-
icant reduction in 40H-13M, 4MO-13M, and 1MO-I3M content (all
n = 166, df =1, P < 0.001). In cyp81f4 leaves, TMO-I3M was
reduced to trace levels (n = 135, df = 1, P < 0.001), whereas no
other glucosinolates were affected. Finally, cyp87f1 plants
showed some reduction in 40H-13M (n = 125; df =1, P < 0.01),
but this effect was not very pronounced. Note also that the
differences in aliphatic glucosinolate composition (e.g., SMTP,
4MTP, and 6MSOH) between Ws-4 (Figure 3A) and Col-0 (Fig-
ures 3B and 3C) backgrounds result from different alleles at the
MAM locus, which determines aliphatic glucosinolate carbon
chain lengths (Kroymann et al., 2001, 2003; Benderoth et al.,
2006, 2009).

Because glucosinolate profiles are tissue specific, we also
analyzed glucosinolates in shoots and roots of the same lines.
In these experiments, we included the previously identified
CYP81F2 mutant (cyp87f2) and wild-type lines (Pfalz et al.,
2009) as well as Col-0 for comparison. Shoot data largely
confirmed our analysis of single leaves from the previous exper-
iment. 40H-I3M, 4MO-I3M, and 1MO-I3M were reduced in
cyp81f3/f4, and 1MO-I3M was nearly undetectable in cyp81f4.
Likewise, cyp87f2 had reduced levels of 4OH-I3M and 4MO-I3M,
confirming previous findings. Again, cyp81f1 displayed a some-
what variable phenotype; this time, we found 1MO-I3M levels
slightly elevated in mutants. All other glucosinolate levels were
indistinguishable between mutants and wild types (Figure 4).

Root phenotypes were, in general, similar to leaves or shoots,
with two notable exceptions (Figure 4). First, I3M levels were
elevated in cyp81f2, cyp81f3/f4, and cyp81f4. This increase
was approximately proportional to the decrease in the levels of
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Figure 4. Indole Glucosinolate Profiles in Arabidopsis T-DNA Insertion Lines.

(A) Indole glucosinolate profiles in shoots
(B) Indole glucosinolate profiles in roots.

Dark-gray bars indicate the wild type and light-gray bars mutant glucosinolates. *P < 0.05, **P < 0.01, and ***P < 0.001. Between 3 and 21 biological
replicates were used per genotype and line; error bars show SE of the mean. Note that we used a different scale for 4OH-I3M.

DW, dry weight; FW, fresh weight.

modified indole glucosinolates, with the strongest impact on
I3M in cyp81f4 and a more moderate effect in cyp81f3/f4 and
cyp81f2. Second, in cyp81f4, 40H-I3M and 4MO-I3M levels
were also elevated, indicating that a block of 1MO-I3M produc-
tion in roots resulted in a concomitant increase of 40H-I3M and
4MO-I3M via accumulation of their precursor I3M.

In summary, the analysis of T-DNA insertion lines indicated
that CYP81F4 was mainly responsible for the production of 1MO-
I3M. Furthermore, the comparison of cyp81f3/f4 and cyp81f4
mutants suggested that CYP87F3 was involved in the generation
of 40H-I3M and 4MO-I3M, similar to what was previously
reported for CYP81F2 (Pfalz et al., 2009).

CYP81F3 Catalyzes the Conversion of I3M to 40H-I3M

Using an expression system based on insect cells, we recently
showed that CYP81F2 catalyzed the conversion of intact I3M
isolated from seeds of Dyer’s woad (/satis tinctoria) to 40H-I3M
(Pfalz et al., 2009). Therefore, we used the same system to
express CYP81F3 and CYP81F4 heterologously and tested
whether the gene products were capable of converting I3M to
40H-I3M (Figure 5). We included two negative controls in our
assays, a buffer control and a heterologously expressed gene

from the European cabbage butterfly (Pieris rapae). In addition to
a major peak of I3M substrate, HPLC revealed a second major
peak only in samples with heterologously expressed CYP81F3
but not in controls or samples with heterologously expressed
CYP81F4. The retention time of this second peak matched the
retention time of 40H-I3M in an extract of desulfoglucosinolates
from Arabidopsis roots, and its mass spectrum corresponded to
the expected mass of desulfo-40H-I3M (m/z 385 [M+H]*+ m/z
223 [M-Glucose+H]") in liquid chromatography-mass spectrom-
etry (LC-MS). Thus, based on retention time and LC-MS, we
identified this compound as 40H-I3M.

Transient Coexpression Assays in N. benthamiana Reveal
That All Arabidopsis CYP81Fs Can Modify
Indole Glucosinolates

While our enzyme assays based on insect cells clearly showed
that both CYP81F2 and CYP81F3 catalyzed the conversion of
I3M to 40H-I3M, we could not demonstrate a role of CYP81F
subfamily members in the conversion of I3M to 10H-I3M with
this system. This is likely due to 10H-I3M instability (Pfalz
et al., 2009). As an alternative heterologous expression host,
we selected the N. benthamiana transient expression system
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Figure 5. Heterologously Expressed CYP871F3 Catalyzes the Conver-
sion of I3M to 40H-I3M.

CYP81F3 and CYP81F4 were expressed in insect cells and isolated as
described in Methods.

(A) and (B) Negative controls: a buffer control (A) and a heterologously
expressed major allergen gene from P. rapae (B).

(C) and (D) HPLC runs of I3M incubated with heterologously expressed
CYP81F3 (D) but not with CYP81F4 (C) have an additional peak
corresponding to 40H-I3M.

(E) and (F) Glucosinolates extracted from Col-0 roots (E) and a 1:1 mix of
(D) and (E) (shown in [F]) are shown for comparison. HPLC runs were
done with desulfo-glucosinolates. Additional compounds in (E) are
3-methylsulfinyl-propyl (1), 4-methylsulfinylbutyl (2), 5-methylsulfinylpen-
yl (8), 7-methylsulfinylheptyl (4), 4-methylthiobutyl (5), 8-methylsulfiny-
loctyl (6), 4-methoxy-indol-3-yl-methyl (7), 1-methoxy-indol-3-yl-methyl
(8), and internal standard (IS = p-hydroxy-benzyl) desulfo-glucosinolate.
mAU, milliabsorption units at 226-nm wavelength.
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(Geu-Flores et al., 2009; Mikkelsen et al., 2010), which enabled
coupling of the expression of CYP81F genes with O-methyl-
transferase (O-MT) genes, assuming that we could engineer the
production of indole glucosinolate. We expected that these
O-MTs would carry out the subsequent reaction step toward the
more stable 1TMO-I3M and toward 4MO-I3M, respectively.

To delimit the large number of O-MT genes we searched the
ATTED-II database (Obayashi et al., 2009) for genes coex-
pressed with CYP81F2. This tool had previously been success-
fully used to identify structural genes and transcription factors
involved in glucosinolate biosynthesis, based on coexpression
with known genes from the glucosinolate biosynthesis pathways
(Hirai et al., 2007; Sawada et al., 2009; Albinsky et al., 2010).
In the CYP81F2 coexpression network, two genes encoding
O-MTs, At1g21100 and At1g21120, were direct neighbors of
CYP81F2 with correlations of r = 0.618 and r = 0.742, respec-
tively. A third direct neighbor of CYP87F2 in this network was
MYB51, encoding an R2R3-MYB transcription factor that had
recently been shown to regulate indole glucosinolate biosynthe-
sis in Arabidopsis (Gigolashvili et al., 2007). We tested the
correlation of gene expression between CYP87F2 and both
methyltransferase genes with a publicly available set of 1436
expression experiments with Affymetrix Arabidopsis ATH1 mi-
croarrays (www.Arabidopsis.org) and found a statistically signif-
icant correlation for the expression of both gene pairs, CYP81F2
and At1g21100 (n = 1436, r = 0.58, P < 0.00001), and CYP81F2
and At1g21120 (n = 1436, r = 0.47, P < 0.00001), respectively.

Based on the same data set, CYP871F3 and CYP81F4 (but
not CYP81F1) displayed a statistically significant correlation in
expression with At1g21100 and/or At1g21120 and also with
three other related O-MT genes (At1g21110, At1g21130, and
At1g76790). Furthermore, correlations in expression between
CYP81Fs, with the exception of CYP871F1, and the five O-MTs
were also significant in microarray subsets specific for develop-
ment, hormone treatments, abiotic stress, or pathogens (Schmid
et al.,, 2005). These data are shown in Supplemental Figures 1 to
3 online.

Nicotiana and all other solanaceous species naturally lack the
entire glucosinolate-myrosinase complex. In this system, we
introduced expression constructs for the complete I3M pathway
(Figure 6). Agrobacterium tumefaciens strains containing con-
structs harboring CYP79B2, CYP83B1, GSTF9, GGP1, SURT,
AtST5a, and UGT74B1 were coinfiltrated into N. benthamiana
leaves along with the P19 suppressor strain (Voinnet et al., 2003).
The functions of the individual genes are described in Methods.

After 7 d of incubation, we extracted glucosinolates and
analyzed their desulfo-glucosinolate derivatives by LC-MS.
This procedure identified a single peak of m/z 391 [M+Na]*
corresponding to I3M (Figure 7; see Supplemental Figure 4
online). The concentration of I3M was ~0.2 nmol/mg fresh
weight, which is comparable to what has been reported for
benzyl glucosinolate produced in N. benthamiana (Geu-Flores
et al., 2009). Then we coexpressed CYP817F and/or O-MT genes
with the genes of the I3M core pathway. We extracted glucosi-
nolates and subjected them to LC-MS. We focused on extracted
ion chromatograms for molecular weights corresponding to
I3M (m/z 391) and its hydroxylated (OH-I3M; m/z 407), methoxy-
lated (MO-I3M; m/z 421), hydroxylated and methoxylated
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Figure 6. Reconstitution of the Arabidopsis Indole Glucosinolate Core Pathway in Nicotiana.

Shown are intermediates starting from Trp along with the gene products used for transient reconstitution of the indole glucosinolate core pathway in N.
benthamiana. I3M, the product of the indole glucosinolate core pathway, is the substrate in subsequent modification reactions, shown in Figure 9.

(OH-MO-I3M; m/z 437), and/or double methoxylated (2xxMO-
I3M; m/z 451) forms, respectively. We further analyzed these
compounds with LC-MS/MS to verify the presence of S-glucose,
which indicates the presence of a glucosinolate.

First, we assayed the CYP871F genes without Arabidopsis
O-MTs and identified products based on retention time, UV
spectra, and LC-MS/MS. Compared with controls, we detected
a novel peak with m/z 407 in assays with CYP81F1, CYP81F2,
and CYP81F3 but not with CYP81F4. This peak eluted at the
same time as an authentic standard of 40H-I3M (Figure 7; see
Supplemental Figure 4 online). Next, we tested the CYP81F
genes together with individual O-MT genes, either with
At1g21100 or with At1g21120. At standard resolution, we iden-
tified a novel product with m/z 421 that eluted at the same time as
4MO-I3M isolated from seedlings of Arabidopsis Col-0 (Figure 8;
see Supplemental Figures 5 and 6 online). This product was
present in assays with CYP81F1, CYP81F2, and CYP81F3 but
absent in assays with CYP87F4. The product spectrum was the
same with each individual O-MT, At1g21100 or At1g21120 (see
Supplemental Figure 7 online). At higher resolution, we also
detected a second novel product with m/z 421 that eluted at the
same time as 1MO-I3M from Arabidopsis seedlings. This product
was present in all assays with CYP87F genes, including
CYP81F4 (Figure 8; see Supplemental Figures 5 and 6 online).
Products with m/z 407 or m/z 421 that eluted at the same time as
40H-I3M, 4MO-I3M, or 1MO-I3M were absent when O-MT
genes were assayed without CYP87F genes (Figure 8; see
Supplemental Figure 7 online).

Thus, heterologous expression of CYP81Fs alone or in com-
bination with either of two O-MT genes showed that all four
CYP81F genes had the biochemical capacity to convert I3M to
10H-I3M and, except CYP81F4, also to 40H-I3M. Furthermore,
both tested O-MTs accepted the hydroxy intermediates as
substrates for the generation of 1MO-I3M and 4MO-I3M, re-
spectively.

DISCUSSION

The Indole Glucosinolate Modification Pathways

All four Arabidopsis CYP81F gene products had the capacity to
modify the indole glucosinolate structure. CYP81F1, CYP81F2,
and CYP81F3, but not CYP81F4, catalyzed the conversion of
I3M to 40H-I3M, and all four CYP81Fs converted I3M to 10H-
I3M (Figure 9). We could infer this latter activity because 1MO-
I3M appeared in our assays only when CYP81F and Arabidopsis
O-MT genes were present but not when O-MTs were expressed
without CYP87F genes.

By contrast, our analyses of T-DNA insertion lines investigated
the impact of cyp817f mutations in the presence of the remaining
intact CYP81F genes in Arabidopsis. Glucosinolate profiles
showed that CYP87F4 was mainly responsible for the generation
of TMO-I3M because this metabolite was virtually absent in the
investigated root, shoot, and leaf tissues of cyp87f4 mutants.
This defect was not compensated by CYP81F1, 2, or 3, even



though their gene products had the biochemical capacity to
convert I3M to 10H-I3M in the Nicotiana expression system.
Instead, levels of all other indole glucosinolates were increased.
This effect was particularly pronounced in root tissue where
1MO-I3M constituted the most abundant indole glucosinolate
(Figure 4) and where CYP81F4 was strongly expressed (Figure 2;
see Supplemental Figure 3 online). Since CYP81F1, 2, and 3
transcript levels were unchanged in cyp871f4 mutants compared
with CYP81F4 wild type (Figure 2), this effect was likely due
to shifts in reaction equilibria: the substrate of all CYP81Fs, I3M,
accumulated due to the lack of functional CYP81F4 and
additional I3M was partially converted into 40H-I3M and then
4MO-I3M. However, total indole glucosinolate levels remained
unchanged in roots and shoots in all investigated mutants,
indicating that CYP871F genes did not control the absolute
quantity of indole glucosinolates.
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Figure 7. Engineering of CYP87F Genes in N. benthamiana.

(A) Negative control consisting of infiltrated Agrobacterium without any
expression constucts.

(B) LC-MS traces of plants transformed with genes for the indole
glucosinolate core pathway revealed a novel compound, I3M.

(C) 40H-I3M standard.

(D) to (G) Additional transformation with CYP81F1 (D), CYP81F2 (E), or
CYP81F3 (F) but not with CYP871F4 (G) led to the generation of an
additional peak corresponding to 40H-I3M, based on a comparison of
elution time with an authentic standard, on UV spectra, and on LC-MS
data. The y axis indicates relative ion abundance.
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Figure 8. Engineering of CYP81F and O-MT Genes in N. benthamiana.

(A) and (B) Glucosinolate profiles from Col-0 seedlings (A) and from a
negative control consisting of Agrobacterium without any expression
constructs (B) are shown for comparison.

(C) O-MT genes alone have no impact on the glucosinolate profile of
Nicotiana transformed with the indole glucosinolate core pathway genes.
(D) to (G) Coexpression of O-MT and CYP81F genes leads to the
formation of methoxy indole glucosinolates. Coexpression of O-MTs with
CYP81F1 (D), CYP81F2 (E), and CYP81F3 (F) but not with CYP81F4 (G)
leads to the generation of 4MO-I3M, and all CYP81Fs produce 1MO-I3M
when coexpressed with IGMT1 or 2. Note that the elution time of TMO-
I3M slightly decreases when preceeded by large amounts of 4MO-I3M.
The y axis indicates relative ion abundance.

Shown are glucosinolate profiles at standard (left) and enhanced (right)
resolution. The left panels focus on extracted ion chromatograms for
molecular weights corresponding to I3M (m/z 391) and its hydroxylated
(OH-13M; m/z 407), methoxylated (MO-I3M; m/z 421), hydroxylated and
methoxylated (OH-MO-I3M; m/z 437), and/or double methoxylated
(2xxMO-I3M; m/z 451) forms, respectively. Thus, these panels are
filtered to reveal the substrate and all theoretically possible reaction
products of CYP81Fs coupled with individual O-MTs. The right panels
focus on compounds with m/z 421 (i.e., the expected methoxylated
reaction products). All other peaks not corresponding to this molecular
weight are therefore blanked out, including I3M and some minor con-
taminants present also in the control. Compounds were identified based
on comparison with authentic standards, UV spectra, and LC-MS data.
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Figure 9. The Indole Glucosinolate Modification Pathway in Arabidopsis.

Enzyme functions inferred from a combination of Arabidopsis T-DNA insertions and biochemical assays are shown above arrows, and further gene
products that may catalyze the same reaction are shown below arrows. I3M is the product of the indole glucosinolate core pathway and acts as the
substrate for hydroxylation reactions performed by members of the CYP81F subfamily of cytochrome P450s. Hydroxy intermediates are further
converted to TMO-I3M and 4MO-I3M, respectively, by IGMTs, which belong to family 2 plant O-MTs.

Previous work had shown that CYP81F2 catalyzed the con-
version of I3M to 40H-I3M, which is in turn the substrate for
production of 4MO-I3M (Pfalz et al., 2009). Nonetheless, cyp81f2
mutants still accumulated considerable amounts of 40H-I3M
and 4MO-I3M (Bednarek et al., 2009; Clay et al., 2009; Pfalz et al.,
2009), suggesting that at least one other gene was able to
catalyze the same reaction. In this work, we show with heterol-
ogously expressed CYP81F3 in insect cell lines (Figure 5) and in
Nicotiana (Figure 7) that CYP81F3 can catalyze the hydroxylation
of I3M to 40H-I3M. Moreover, leaves of cyp81f3/f4 knockdown
mutants had reduced levels of 40H-I13M, 4MO-I3M, and 1MO-
I3M (Figure 3). The comparison with cyp81f4 knockout lines
indicated that the reduction of 1MO-I3M levels in cyp81f3/f4 was
attributable to the knockdown of CYP87F4. Hence, the knock-
down of CYP81F3 accounted for reduced levels of 40OH-13M and
4MO-I3M in cyp81£3/f4 mutants. Together, biochemical assays
and mutant analyses thus indicate that CYP81F3 catalyzes in
planta the same reaction as CYP81F2, the conversion of I3M to
40H-I3M. It remains to be seen whether a cyp81f2/cyp81f3
double knockout completely abolishes 40H-I3M and 4MO-I3M
synthesis or whether additional genes, possibly CYP81F1, con-
tribute to the generation of these metabolites in planta. Crosses
between FLAG_140B06 (cyp81f3/f4 double knockdown in Ws-4
background) and SALK_005861 or SALK_123882 (both cyp81f2
knockouts in Col-0 background; Pfalz et al., 2009) were incon-
clusive because major glucosinolate quantitative trait locus
segregated in the progeny from these crosses (data not shown).

The biological role of CYP81F1 remained somewhat mysteri-
ous. While our biochemical assays clearly indicated that heter-
ologously expressed CYP81F1 could catalyze the formation of
both 10H-I3M and 40H-I3M from I3M, cyp817f1 mutants did not
show a consistent glucosinolate phenotype. This absence of a

glucosinolate phenotype may be caused by a natural antisense
gene, At4g37432, which largely overlaps with CYP81F1 (Figure
1). We confirmed with gqRT-PCR that the antisense transcript was
present in the wild type but not in cyp87f1 mutants. If this
antisense transcript abolished CYP87F1 translation in the wild
type, this would explain why cyp87f1 mutant glucosinolate
profiles did not differ from wild-type plants in the tissues that
we investigated.

Both At1g21100 and At1g21120 gene products catalyzed the
transfer of methyl groups to hydroxy indole glucosinolates, leading
from 40H-I3M to 4MO-I3M and from 10OH-I3M to 1MO-I3M,
respectively (Figure 9). Plant species harbor large numbers of
O-MT genes (Noel et al., 2003; D’Auria, 2006; Lam et al., 2007).
The exact number of O-MTs in Nicotiana is unknown, but multiple
O-MT genes have been identified (Pingon et al., 2001; Lam et al.,
2007; Hippauf et al., 2010). However, endogenous Nicotiana
O-MTs were not capable of converting I3M to either 10OH-I3M or
40H-I3M. We can therefore conclude that the Arabidopsis O-MT
genes that we coexpressed with CYP81F genes are fairly specific
for the biosynthesis of modified indole glucosinolates, and we thus
termed them IGMT1 and IGMT2. IGMT1 and 2 form, together with
At1g21110 and At21130, a small gene cluster of O-MT genes on
Arabidopsis chromosome 1. These four O-MTs are 95 to 98%
identical at the amino acid level and share ~70% sequence
identity with a fifth O-MT, At1g76790, located near the bottom of
Arabidopsis chromosome |. All five gene products belong to family
2 of plant O-MTs but are only distantly related to other character-
ized plant O-MTs. The best match to an O-MT whose substrate
specificity has been determined (Lam et al., 2007) is an O-MT from
Rosa chinensis involved in the biosynthesis of floral scent com-
pounds (Wu et al., 2004), with an amino acid identity of only around
50%. Thus, the two IGMTs identified in this work, together with



At1g21110, At2g21130, and At76790, form a group of O-MTs that
is only distantly related to other plant O-MTs. Whether these latter
genes also function in indole glucosinolate modification remains to
be seen.

Why four CYP81F genes with partially or entirely overlapping
product spectra are present in Arabidopsis also remains to be
investigated. Microarray-based transcript profiling data from
AtGenExpress, a collection and analysis tool for gene expression
data (Schmid et al., 2005), indicate that CYP81Fs may be
expressed in an organ- or tissue-specific manner (see Supple-
mental Figure 3 online). These data show, for example, that
CYP81F4 is preferentially (but not exclusively) expressed in
roots, consistent with a high accumulation of 1MO-I3M in this
tissue. However, CYP81F4 transcript was also present in wild-
type leaves (Figure 2), and cyp81f4 mutants displayed a strong
reduction in TMO-I3M levels not only in roots but also in leaves
(Figures 3 and 4). Another possibility is that the four CYP81F
genes serve in distinct but parallel pathways. In this context,
it is worth noting that CYP81F4 is coexpressed with PYK10
(At3g09260), a root- and hypocotyl-specific B-glucosidase
gene (Nitz et al., 2001; Sherameti et al., 2008). The PYK10
gene product has ~50% identity to PEN2 at the amino acid
level, and PEN2 was recently identified as an atypical myro-
sinase responsible for hydrolyzing CYP81F2-dependent 4MO-
I3M in plant innate immunity reactions (Bednarek et al., 2009;
Clay et al., 2009). However, heterologously expressed PYK10
did not accept sinigrin, an aliphatic glucosinolate, as a sub-
strate (Ahn et al., 2010), but this does not preclude a potential
activity with indole glucosinolates.

Transient Expression in N. benthamiana as a Platform for
Investigating Biochemical Pathways

To determine the function of gene family members is a challeng-
ing task, in particular when some of its members form a cluster of
tightly linked genes. Heterologous expression of CYP81F genes
in insect cell lines was only partially successful in characterizing
gene product function, but transient expression in Nicotiana
made it possible to demonstrate the biochemical capacity of all
four members of the Arabidopsis CYP81F gene family. Of course,
these data have to be interpreted cautiously because expression
conditions in Nicotiana do not completely reflect the native
cellular environment in Arabidopsis or other plants. Expression of
glucosinolate biosynthesis genes in Nicotiana was driven by
strong promoters. This may lead to an artificial stoichiometry of
the gene product and metabolite ratios and is a potential expla-
nation for the generation of 1MO-I3M in assays with CYP81F1, 2,
or 3 coupled with O-MTs. These reactions, according to mutant
glucosinolate profiles, apparently do not occur in Arabidopsis. It
is also not completely clear whether the O-MTs chosen for
coexpression in Nicotiana are expressed in the same cells and
tissues as the CYP817Fs in Arabidopsis, although in silico anal-
yses (see Supplemental Figures 1 to 3 online) strongly suggest
that this is the case. Finally, it remains possible that other as yet
unidentified factors influence indole glucosinolate biosynthesis
in Arabidopsis.

This Nicotiana expression system has previously been used
to successfully engineer the pathways for Phe-derived benzyl
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glucosinolates (Geu-Flores et al., 2009) and for Met-derived
aliphatic glucosinolates (Mikkelsen et al., 2010). This work shows
the same for indole glucosinolate biosynthesis. Thus, the core
pathways for all three classes of Arabidopsis glucosinolates can
be reconstituted in Nicotiana. However, this work also shows
that it is possible to further manipulate these pathways and
include modification reactions for the generation of glucosino-
lates that bear various structural substitutions. This demon-
strates that transient expression in N. benthamiana is a useful
platform for validation of genes in biosynthetic pathways and,
moreover, that this system has potential for the generation of
plant secondary compounds tailored for specific needs.

METHODS

Plant Growth Conditions

Arabidopsis thaliana T-DNA insertion lines were obtained from the
Nottingham Arabidopsis Stock Centre (NASC) or Institut National de la
Recherche Agronomique, Versailles. After sowing into damp potting
medium, seeds were cold treated at 6°C for 3 to 4 d. Seeds were
germinated in the light, and seedlings were either transferred to 1:3
vermiculite/potting soil mix with 20 mL slow release fertilizer (Osmocote)
per flat or to quartz sand (1:1 mix of 0.7- to 1.2-mm and 3- to 4-mm grain
sizes) where a fertilization with 300 mL 0.1% (w/v) 15-10-15/N-P-K
fertilizer, supplied with micronutirents (Planta Dungemittel), was con-
ducted after 18 d of plant culture. Plant were grown in an environmentally
controlled growth chamber equipped with NH 360 FLX Sunlux ACE bulbs
with 200 pumol s~' m~2 as a light source, with 11.5-h-day/12.5-h-night
cycles at 22°C and 60% relative humidity (day) and 16°C and 80% relative
humidity (night). Plants grown in soil were used at 4 weeks age for the
analysis of leaf glucosinolates, and for RNA extraction prior to gRT-PCR,
plants were grown in soil at 5 weeks age for root and shoot glucosinolate
profiles. Nicotiana benthamiana plants were grown in the greenhouse
with 16-h-day/8-h-night cycles at 28°C (day) and 25°C (night).

DNA Extraction and Genotyping

Genomic DNA was isolated from one to two freeze-dried Arabidopsis
leaves as described by Kroymann et al. (2001). Seed material for T-DNA
insertion lines provided by NASC was segregating for the T-DNA inser-
tions. Lines homozygous for either mutant or wild-type alleles were
identified using the PCR-based markers listed in Supplemental Table
1 online and shown in Figure 1. For example, primers 031939F + R
produced a PCR product when wild-type alleles were present in progeny
from SALK_031939 and primers LBb1 + 031939R when a plant carried a
mutant allele. In general, PCR was performed with ~30 ng DNA, 2.3 uL
10X PCR buffer (Qiagen), 4 nmol of each deoxynucleotide triphosphate,
1.25 pmol of each of both primers, 70 nmol MgCl,, and 0.15 units of Tag
DNA polymerase (Qiagen) in a 23-p.L volume on an Applied Biosystems
9700 Thermocycler, with 94°C for 2 min, followed by 38 cycles of 94°C for
30s,50°C or55°C for 15 s, and 72°C for 30 s, and a final extension of 72°C
for 2 min. The number of T-DNA insertions in all three mutant lines was
examined by nonradioactive DNA gel blot hybridization (see Supplemen-
tal Figure 8 online) using the Amersham ECL direct nucleic acid labeling
and detection system (GE Healthcare). Per plant, 2 pg of total genomic
DNA were digested with either BamHI (FLAG_140B06 and SALK_031939)
or with Hindlll (SALK_024438). After gel electrophoresis and blotting,
samples were hybridized with an ~300-bp fragment obtained from the
T-DNA left border region using primer pairs T-DNA_L1F and T-DNA_L1R
or FLAG-F and FLAG-R, respectively.
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RNA Extraction and Quantitative Real-Time PCR

After harvest, roots were briefly washed to remove attached soil, and
roots and leaves were quick frozen in liquid No. Plant tissue was ground to
a fine powder, and total RNA was extracted with TRIsure reagent (Bioline)
following the protocol provided by the manufacturer. After a treatment
with DNase (Turbo DNase; Ambion), a second purification was performed
with RNeasy MinElute columns (Qiagen) to remove DNase and any
contaminating polysaccharides and proteins. RNA Nano chips (Agilent
Technologies) were used to verify RNA integrity on an Agilent 2100
Bioanalyzer, and RNA quantity was determined with a Nanodrop ND-
1000 spectrophotometer (Nanodrop Technolgies) or a BioPhotometer
6131 (Eppendorf). gRT-PCR was performed with 500 ng of DNA-free total
RNA converted into single-stranded cDNA using a mix of random and
oligo(dT,o) primers according to the ABgene protocol. Gene-specific
primers for gRT-PCR are listed in Supplemental Table 1 online. Primer
design, qRT-PCR conditions, dissociation curve analysis, tests of dy-
namic range, and quantification were performed as described by Freitak
et al. (2007). gRT-PCR was conducted on an Applied Biosystems
StepOnePlus System using SYBR Green Reagents using the compara-
tive Ct (AACy) method with elF4A1 as a reference gene. The temperature
profile was 95°C for 15 min, followed by 40 cycles of 95°C for 15 s, 55.5°C
for 30's, and 72°C for 30 s, followed by a melt curve stage with 95°C for 30
s, 60°C for 30 s, and a subsequent incremental increase of +0.5°C every
15 s until a final temperature of 95°C was reached. At least three biological
replicates were used per tissue and genotype, and one to three technical
replicates were used per biological replicate.

Glucosinolate Analysis of Arabidopsis Tissues

For analysis of leaf glucosinolate composition, 100 mg leaf material was
used from plants grown in soil. Plants grown in sand were used for
analysis of shoot and root glucosinolates. Here, complete shoots and
roots were harvested separately. Roots were briefly rinsed to remove
attached sand and then quickly dried with a paper towel. Shoots and
roots were weighted to determine fresh weight. Tissue was quick frozen
in liquid N, and lyophilized to dryness. Prior to glucosinolate extraction,
samples were homogenized with 2.3-mm ball bearings in a paint
shaker and incubated for 15 min in 1 mL 80% (v/v) aqueous methanol.
p-Hydroxybenzyl-glucosinolate (0.05 mM) was added to each sample as
an internal standard. Glucosinolates were extracted in a 96-well format.
After 10 min of centrifugation at 20009, the supernatants were loaded
onto Sephadex DEAE 25A columns, and four washing steps were
performed (1X 0.5 mL 80% [v/v] aqueous methanol, 2X 1 mL deionized
water, and 1X 0.5 mL 0.02 M MES buffer, pH 5.2). Glucosinolates were
incubated overnight with Helix pomatia sulfatase, and desulfo-glucosi-
nolates were eluted with 0.5 mL deionized water. HPLC separation,
desulfo-glucosinolate identification, and quantification were performed
according to Kroymann et al. (2001). Response factors from Brown et al.
(2003) were used to calculate molar glucosinolate concentrations.

Heterologous Expression in Sf9 cells

Total RNA from Arabidopsis Col-0 was extracted with TRIzol (Invitrogen)
and reverse transcribed with SuperScript Il reverse transcriptase
(Invitrogen) following the manufacturer’s instructions. CYP81F3 and
CYP81F4 cDNA were amplified with AccuPrime Taqg polymerase (Invi-
trogen) with primer pairs 400_Ins-Exp-KOZ-F and 400_Ins-R, and with
410_Ins-Exp-KOZ-F and 410_Ins-R, respectively (see Supplemental Ta-
ble 1 online). Primer design followed the rationale presented by Pfalz et al.
(2009) so that the PCR products contained a Kozak translation initiation
sequence (Kozak, 1987, 1990, 1991) in addition to the start codon, while
the native stop codon was omitted to include a C-terminal vector-
encoded peptide for detection with a V5 antibody. PCR was conducted
on a PE Applied Biosystems 9700 thermal cycler, with 94°C for 1 min, 30

cycles at 94°C for 15 s, 55°C for 30 s, and 72°C for 1.45 min, followed by a
final extension for 5 min at 72°C. PCR products were gel purified, cloned
into a PIB/V5-His TOPO vector (Invitrogen), and transformed into Esch-
erichia coli TOP-10 cells (Invitrogen). Following isolation with the HiPure
Plasmid Filter Midiprep kit (Invitrogen), plasmids were sequenced to verify
correct cDNA sequence, reading frame, and cloning direction.

Spodoptera frugiperda Sf9 cells (Invitrogen) were grown in culture
dishes at 27°C in Sf-900 Il SFM with 50 pg/mL Gentamycin (both Gibco).
Per dish, 660 pL SFM was mixed with 66 pL Insect Geneduice transfec-
tion reagent (Novagen). This mixture was combined with 660 pL SFM
containing 12 p.g of expression construct and left for 15 min at ambient
temperature before adding to Sf9 cells. SFM was replaced once after 4 h
incubation at 27°C.

After 48 h at 27°C, cells were harvested with their culture medium,
centrifuged for 10 min with 500g at 4°C, and washed twice with ice-cold 1x
PBS. Cells were resuspended in 2 mL hypotonic buffer (20 mM Tris-HCI, pH
7.5,5mMEDTA, 1 mM DTT, and 1X protease inhibitor cocktail [Pierce]) and
placed on ice for 20 min. Afterwards, cells were homogenized and mixed
with an equal volume of sucrose buffer (20 mM Tris-HCI, pH 7.5, 5 mM
EDTA, 1 mM DTT, 500 mM sucrose, and protease inhibitors) and centri-
fuged for 10 min with 1200 g at 4°C. The supernatant was stored on ice.
Homogenization was repeated once with the pellet. Pooled supernatants
were centrifuged for 15 min with 10,000g at 4°C, and the resulting super-
natant was centrifuged for 1 h with 100,000g at 4°C. The pellet from this
step was resuspended in 0.5 mL 100 mM phosphate buffer, pH 7.4, with
20% (v/v) glycerol and protease inhibitors. Subsequently, heterologous
expression of CYP81F genes was confirmed with SDS-PAGE and protein
gel blotting.

Enzyme Assays

Activity of heterologously expressed proteins encoded by CYP87F genes
was measured in microsomes isolated from Sf9 insect cells. In parallel,
assays were conducted with microsomes isolated from Sf9 cells ex-
pressing a major allergen gene from the European cabbage butterfly
(Pieris rapae) as one negative control (Fischer et al., 2008) and phosphate
buffer instead of microsomes as a second negative control. Bio-Rad DC
protein assays were used to determine protein concentration in micro-
somes expressing CYP87F genes, and protein concentrations of the
other samples were adjusted accordingly.

Enyzme assays were performed overnight at ambient temperature with
native I183M from Dyer’s woad (/satis tinctorea), isolated according to a
protocol from Pfalz et al. (2009). For each assay, 50 pL microsomes were
mixed with I3M in 100 mM KPi, pH 7.4, 2 mM NADPH, 2 mM glucose-6-
phosphate, and 0.1 units of glucose-6-phosphate dehydrogenase in a
total volume of 200 pL. After incubation, the mixture was loaded onto
DEAE-Sephadex A-25 anion-exchange columns and washed repeatedly
(3% 1 mL 67% [v/v] aqueous methanol, 2X 1 mL deionized water, and 3X
1 mL MES buffer, pH 5.2). Thirty units of H. pomatia sulfatase (Sigma-
Aldrich), suspended in 50 pL, was added to each of the columns to convert
glucosinolates into their desulfo forms within 6 h of incubation at ambient
temperature. Desulfo-glucosinolates were eluted from the columns with
6X 0.5 mL water, concentrated on a Genevac HT-4X Series |l vacuum
evaporator, and resuspended in 220 p.L water. HPLC was performed with
a 95-pL sample on an Agilent HP 1100 Series system with the following
program: start with 1.5% solvent B (acetonitrile) and 98.5% A (water),
1min1.5% B, 6 min5% B, 8 min 7% B, 18 min 21% B and 23 min 29% B,
30min 43% B, 30.5min 100% B, 33 min 100% B, 33.1 min 1.5% B, and 38
min 1.5% B. Finally, reaction product identity was confirmed by LC-MS.

Expression of Indole Glucosinolate Biosynthesis Genes
in N. benthamiana

The pathway introduced consisted of the following genes (as shown in
Figure 6): CYP79B2 (Hull et al.,, 2000; Mikkelsen et al., 2000) and



CYP83B1 (Bak et al., 2001; Hansen et al., 2001; Naur et al., 2003)
encode cytochrome P450 monooxygenases; GSTF9, a glutathione
transferase (Wentzell et al., 2007); GGP1, a vy-glutamyl peptidase
(Geu-Flores et al., 2009); SUR1, a C-S lyase (Mikkelsen et al., 2004);
UGT74B1, an S-glucosyltransferase (Grubb et al., 2004; Gachon et al.,
2005); and At ST5a, a sulfotransferase (Piotrowski et al., 2004).

CYP79B2 and CYP83B1 coding sequences were amplified by PCR
from Arabidopsis cDNA to incorporate USER-cloning sequences with
primers CYP79B2f+r and with CYP81B1f+r. Each of the resulting frag-
ments were mixed in approximately equimolar ratios with the pCAM-
BIA230035SU-vector, USER-treated as described previously (Nour-Eldin
et al., 2006), and transformed into E. coli. Resulting positive clones were
sequenced and transformed into Agrobacterium tumefaciens strain C58
by electroporation. Additional gene expression constructs harboring
GSTF9, GGP1, SURT, At ST5a, and UGT74B1 were kindly provided by
F. Geu-Flores and M.T. Nielsen. Generation of these constructs was
described previously (Geu-Flores et al., 2009). CYP81F and O-MT genes
were cloned into the donor vector pPDONR207 using the Gateway system
(Invitrogen) and then transferred into the expression vector pEARLEY201
(Earley et al., 2006).

A. tumefaciens cultures were grown at 28°C in YEP media with 50 mg/L
kanamycin and 34 mg/L rifampicin. Cells were harvested by centrifuga-
tion, 10 min at 3000g, and resuspended to a final ODgpo 0of 0.75 in 10 mM
MES buffer with 10 mM MgCl, and 100 wM acetosyringone. Following a
150-min shaking incubation, 50 rpm at room temperature, the A.
tumefaciens strains were mixed in roughly equimolar amounts and a
volume of the P19 suppressor strain corresponding to approximately
one-quarter of the total volume (Voinnet et al., 2003) was added. The A.
tumefaciens suspension was injected into the leaves of 3- to 4-week-old
N. benthamiana plants using a 1-mL syringe. Glucosinolates were
extracted by applying the total extract on a Sephadex DEAE A25 column,
washed with 85% methanol and water, desulfonated with a H. pomatia
sulfatase, and eluted with water. The resulting desulfo-glucosinolates
were analyzed by LC-MS as described previously (Mikkelsen et al., 2010).

In silico Analyses of Gene Expression

Publicly available microarray data were used to investigate correlations
in gene expression patterns among CYP87F and O-MT genes. Data
sets included 1436 Affymetrix Arabidopsis ATH1 microarrays (www.
Arabidopsis.org), and microarray data subsets focusing on plant devel-
opment, treatments with hormones, abiotic stress, or pathogens (www.
weigelworld.org/resources/microarray/AtGenExpress; Schmid et al.,
2005; Kilian et al., 2007). The Arabidopsis eFP-Browser (http://bar.
utoronto.ca) was used to visualize the expression of CYP871F and O-MT
genes in different tissues during plant development (Winter et al., 2007).

Statistical Programs

qRT-PCR data were analyzed with gBASE PLUS (Hellemans et al., 2007).
Analysis of variance was performed with Systat Version 9 (SPSS).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL
data libraries or the Arabidopsis Genome Initiative database under
accession numbers NM_119903 (CYP81F3; At4g37400), NM_119904
CYP81F4; At4g37410), NM_119906 (CYP81FT1; At4g37430), NM_125104
CYP81F2; At5g57220), NM_101964 (IGMT1; At1g21100), NM_101966
IGMT2; At1g21120), NM_120158 (CYP79B2; At4g39950), NM_119299
CYP83B1; At4g31500), NM_128638 (GSTF9; At2g30860), NM_119199
GGP1; At4g30530), NM_127622 (SURT; At2g20610), NM_106070
(AtST5a; At1g74100), and NM_102256 (UGT74B1; At1g24100) . T-DNA
insertions used were as follows (see Figure 1 for details): SALK_031939
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(cyp81f1), SALK_123882 (cyp81f2), FLAG_140B06 (cyp81f3/f34), and
SALK_024438 (cyp81£4).
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