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Abstract

The glucosinolate content of various organs of the model plant Arabidopsis thaliana (L.) Heynh., Columbia (Col-0) ecotype, was
analyzed at different stages during its life cycle. Significant differences were noted among organs in both glucosinolate concentration
and composition. Dormant and germinating seeds had the highest concentration (2.5-3.3% by dry weight), followed by inflor-
escences, siliques (fruits), leaves and roots. While aliphatic glucosinolates predominated in most organs, indole glucosinolates made
up nearly half of the total composition in roots and late-stage rosette leaves. Seeds had a very distinctive glucosinolate composition.
They possessed much higher concentrations of several types of aliphatic glucosinolates than other organs, including methylthioalkyl
and, hydroxyalkyl glucosinolates and compounds with benzoate esters than other organs. From a developmental perspective, older
leaves had lower glucosinolate concentrations than younger leaves, but this was not due to decreasing concentrations in individual
leaves with age (glucosinolate concentration was stable during leaf expansion). Rather, leaves initiated earlier in development sim-
ply had much lower rates of glucosinolate accumulation per dry weight gain throughout their lifetimes. During seed germination
and leaf senescence, there were significant declines in glucosinolate concentration. The physiological and ecological significance of
these findings is briefly discussed.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction derived from one of several amino acids. Species with

glucosinolates also contain myrosinase (E.C. 3.2.3.1), a

The glucosinolates are a group of over 130 nitrogen-
and sulfur-containing natural products found almost
exclusively in plants of the Brassicaceae and other rela-
ted families of the order Capparales (Brown and Morra,
1997; Fahey et al., 2001). They share a core structure
containing a B-D-glucopyranose residue linked via a
sulfur atom to a (Z)-N-hydroximino sulfate ester, and
are distinguished from each other by a variable R group

Abbreviations: 4MSOB; 4-methylsulfinylbutyl glucosinolate;
4MTB; 4-methylthiobutyl glucosinolate; 13M; indol-3-ylmethyl gluco-
sinolate; IMOI3M; 1-methoxyindol-3-ylmethyl glucosinolate.
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B-thioglucosidase that catalyzes the hydrolysis of gluco-
sinolates to biologically active products, including iso-
thiocyanates, thiocyanates and nitriles, depending on
the reaction conditions and presence of associated pro-
teins (Fenwick et al., 1983; Chew, 1988a; Rask et al.,
2000; Lambrix et al., 2001). Glucosinolates, myrosinase,
their associated proteins, and hydrolysis products con-
stitute a frequently-studied plant defense system that
appears to deter generalist herbivores and pathogens,
but attracts certain specialist herbivores (Chew, 1988b;
Bones and Rossiter, 1996; Renwick, 2001). Glucosino-
lates have also been frequently investigated for their
roles in preventing cancer (Hecht, 2000), flavoring
Brassica vegetables and controlling the utility and pro-
duction potential of oilseed rape (Brown and Morra,
1997; Mithen, 2001). In both Brassica vegetables and
oilseed rape, the abundance and the types of glucosino-
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lates are known to be regulated both developmentally
and environmentally in various organs and tissues with
pronounced effects on anticancer activity, flavor, and
herbivore and pathogen damage (Sang et al., 1984;
McGregor, 1988; Clossais-Besnard and Larher, 1991;
Fieldsend and Milford, 1994a, b; Rosa et al., 1996). For
example, herbivore damage or jasmonic acid treatment
induces increases in indole glucosinolates in Brassica
napus (Bartlet et al., 1999; Bodnaryk, 1994; Doughty et
al., 1995) and B. campestris (Ludwig-Miiller et al.,
1997). The stimulatory effects of jasmonic acid on the
formation of indole glucosinolates are also seen for
many other plant defense metabolites, a seminal dis-
covery made by Meinhart Zenk and his colleagues
(Gundlach et al., 1992).

The model plant Arabidopsis thaliana, a member of
the Brassicaceae, also possesses glucosinolates. Nearly
30 different members of this class have been described
from the Columbia (Col-0) ecotype (Hogge et al., 1988;
Haughn et al., 1991; Reichelt et al., 2002) with addi-
tional compounds found in other ecotypes (Klicbenstein
et al., 2001). The genetic and molecular resources avail-
able for A. thaliana research have helped to advance our
understanding of glucosinolate biosynthesis (Halkier
and Du, 1997; Wittstock and Halkier, 2002) and to
clarify the role of the glucosinolate-myrosinase system
in plant interactions with insect herbivores (Jander et
al., 2001; Nielsen et al., 2001; Lambrix et al., 2001) and
microbial pathogens (Brader et al., 2001; Tierens et al.,
2001). Yet, a comprehensive understanding of the gluco-
sinolate profile and content during A. thaliana develop-
ment is still lacking.

Here we report the amounts of individual glucosi-
nolates in various organs of the Columbia ecotype of
A. thaliana during development with special emphasis
on changes occurring during seedling germination and
leaf development. As glucosinolate accumulation
represents the net effect of biosynthesis, transport and
catabolism of glucosinolates, precise knowledge of the
accumulation profile in different organs provides a
foundation for studying the relative importance of
these physiological processes. In addition, a detailed
understanding of the glucosinolate content of A.
thaliana will also help in explaining the role of these
compounds in interactions with herbivores and
pathogens.

2. Results
2.1. Glucosinolate quantification

The glucosinolates present in 4. thaliana samples of
various organs and developmental stages were extracted

in boiling water, bound to an anion-exchange column,
eluted after conversion to their corresponding desul-

fated derivatives, and analyzed by HPLC. Compounds
were identified as previously described (Reichelt et al.,
2002), and the 20 most abundant substances quantified
with respect to an added internal standard using relative
response factors derived from pure glucosinolate stan-
dards and from values in the literature (Buchner, 1987).
Given the widespread interest in glucosinolate analysis,
the response factors used are listed here with respect to
the commercially available 2-propenyl glucosinolate, the
internal standard employed (Table 1). They vary up to
six-fold, with hydroxylalkyl glucosinolates having the
highest values and indole glucosinolates and com-
pounds possessing benzoate ester moieties having the
lowest values. In general, modification of the side chain
by elongation, oxidation of the parent thiol function,
or alkene formation had little effect on the response
factor.

2.2. Variation in total glucosinolate content

Samples were taken of the major organs at five critical
phases in the life cycle of this typical winter annual: (1)
the vegetative phase, where the shoot meristem pro-
duces a basal rosette of leaves with highly reduced
internodes, (2) the vegetative-reproductive phase transi-
tion, when the shoot meristem first converts to repro-
ductive development and starts to eclongate, (3) the
primary bolt, when the elongated stem has produced
inflorescences which have begun to mature into siliques
(fruits), (4) the secondary bolt, when axillary inflor-
escences proliferate and mature siliques are present, and
(5) senescence. The constituent glucosinolates and their
concentrations are presented in Table 2. The concen-
tration of total glucosinolates in the different organs
varied nearly 100-fold ranging from a high of 63 pmol
(g dry wt)~! in the seeds to a low of 0.7 pmol (g dry
wt)~! in senescent rosette leaves. Intermediate levels
were observed in the inflorescences and siliques, 23-30
umol (g dry wt)~!, and lesser amounts in roots, non-
senescent rosette leaves, stems and cauline (stem) leaves,
7-23 pumol (g dry wt)~'.

2.3. Variation in glucosinolate composition

To better visualize the relationship of plant develop-
ment and glucosinolate accumulation, the individual
glucosinolates in the various organs are shown in Fig. 1
as sectors whose areas are proportional to concen-
tration. Each glucosinolate is identified by a color cor-
responding to its general class and a pattern. Aliphatic
glucosinolates (red, 1-13) were the major class in
photosynthetic tissues. 2-Phenylethyl glucosinolate (yel-
low, 14) and compounds with benzoyloxy substituents
(green, 15 and 16) glucosinolates were most abundant in
the seed. Indole glucosinolates (blue, 17-20) were most
prominent in the root and mature rosette leaves. The
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Table 1

Response factors for desulfated glucosinolates at Ayyg y, relative to that of desulfo-2-propenyl-glucosinolate (desulfosinigrin)

Glucosinolate (abbreviation) Trivial name Relative response factor Source?

2-Propenyl Sinigrin 1.0 Iberis umbellata, Brassica juncea
3-Butenyl Gluconapin 1.0 A. thaliana, Alyssum maritimum, B. napus
Methyl Glucocapparin 1.0 Cleome spinosa

1-Methylethyl 1.0 Lunaria annua

3-Hydroxypropyl (30HP) 2.1 A. thaliana

4-Hydroxybutyl (4OHB) 1.4 A. thaliana

3-Methylsulfinylpropyl (3MSOP) Glucoiberin 1.2 1. umbellata

4-Methylsulfinylbutyl (4MSOB) Glucoraphanin 0.9 Erysimum allioni
5-Methylsulfinylpentyl (SMSOP) Glucoalyssin 0.9 L. annua

6-Methylsulfinylhexyl (6MSOH) Glucohesperin 1.0 Arabis perenans, L. annua
8-Methylsulfinyloctyl (8MSOO) Glucohirsutin 1.1 A. thaliana

3-Methylsulfonylpropyl Glucocheirolin 0.9 Cheiranthus cheiri
4-Methylsulfinyl-3-butenyl Glucoraphenin 0.9 Matthiola incana
3-Methylthiopropyl (3MTP) Glucoibervirin 0.8 1. umbellata

4-Methylthiobutyl (4MTB) Glucoerucin 0.9 A. thaliana

6-Methylthiohexyl (6MTH) Glucosquerellin 1.0 Alyssum maritimum, Arabis perenans
7-Methylthioheptyl (TMTH) 1.0 A. thaliana

8-Methylthiooctyl (§MTO) 1.1 A. thaliana

Benzyl Glucotropaeolin 0.8 Tropaeolum majus, Lepidium sativum
2-Phenylethyl (2PE) Gluconasturtiin 1.0 Nasturtium officinale
3-Benzoyloxypropyl (3BzOP) Glucomalcomiin 0.4 A. thaliana

4-Benzoyloxybutyl (4BzOB) 0.3 A. thaliana

4-Hydroxybenzyl Sinalbin 0.4 Sinapis alba

Indol-3-ylmethyl (I13M) Glucobrassicin 0.3°

4-Methoxyindol-3-ylmethyl (4MOI3M) 4-Methoxyglucobrassicin 0.3°

1-Methoxyindol-3-ylmethyl (IMOI3M) Neoglucobrassicin 0.2°

@ Plant species from which the desulfated glucosinolate was purified.

® Determined by Buchner (1987).

diversity of glucosinolates varied considerably among
organs with 20 glucosinolates identified in siliques, 18 in
seeds, 15 in inflorescences and cauline leaves, 12 in
rosette leaves, and only 10 in roots.

2.4. Leaves

The major class of glucosinolates in the rosette leaves
depended on their age. In the vegetative stage,
4-methylsulfinylbutyl glucosinolate (4MSOB) and other
aliphatic glucosinolates contributed more than 80% of
the total, with indole glucosinolates contributing the
balance. However, the proportion of aliphatic gluco-
sinolates declined with age resulting in the predominance
of indole glucosinolates, mostly indol-3-ylmethyl gluco-
sinolate (I3M) and its 1-methoxyl derivative
(IMOI3M), by the time of senescence. Senescent and
dead leaves had only 10 and 4% of the glucosinolate
concentration of mature rosette leaves, respectively. The
leaves of the oldest plants also contained typical seed
glucosinolates, such as 4-methylthiobutyl-, 4-hydroxy-
butyl- and 4-benzoyloxybutyl-glucosinolates.

To better define the relationship between glucosino-
late content and leaf development, replicate rosette
leaves of different ages were collected over a 10 day
period during the vegetative phase and analyzed. Leaves

of all age groups showed an increase in total glucosino-
lates during expansion (Fig. 2), although this was barely
apparent for the oldest cohort of leaves analyzed (cir-
cles). Within a cohort, there was a linear relationship
between leaf dry weight and glucosinolate content,
meaning that as leaves age, glucosinolate accumulation
kept pace with dry matter accretion and glucosinolate
concentration did not change. However, each succes-
sively younger cohort showed a greater rate of gluco-
sinolate accumulation relative to dry weight gain, so
that later-initiated rosette leaves had higher glucosino-
late concentrations. The oldest leaves measured had
only 10 pmol glucosinolate (g dry wt)~! while the
youngest leaves had over 60 umol (g dry wt)~!. There-
fore, the inner leaves of the rosette have much higher
glucosinolate concentrations than the outer ones. A
similar pattern of glucosinolate variation was observed
in the developing leaves of Brassica napus (Porter et al.,
1991).

2.5. Roots

The root tissue had a similar glucosinolate pattern to
that of the rosette leaves, except that there was a much
greater proportion of indole glucosinolates. The two
major glucosinolates in the roots were the aliphatic



Table 2

Glucosinolate content (in pmol per g dry weight) of A. thaliana (ecotype Columbia, Col-0) at various developmental stages

Organ Rosette Rosette Rosette Rosette Rosette Senescing Dead Cauline Cauline Cauline Siliques Siliques Siliques  Inflorescences Inflorescences  Roots Seeds
Lvs Lvs Lvs Lvs Lvs Rosette Lvs  Rosette Lvs Lvs Lvs Lvs

Stage of Vegetative  Transition  1° Bolt 2° Bolt  Senescence 2° Bolt and 2° Bolt and 1° Bolt 2°Bolt  Senescence  1° Bolt 2° Bolt  Senescence 1° Bolt 2° Bolt 2° Bolt  Senescence

development senescence  senescence

Glucosinolate

abbreviation®

1. 3MSOP 1.56+£0.25 1.05£0.42 1.03£0.35 0.55+0.16 0.41+0.05 0.04+£0.01 0.02+0.00 246+£0.65 1.81+£0.42 0.82+0.12 2.35+0.36 2.54+0.53 1.15+£0.18 2.60+1.01 3.16+0.84 1.78+£0.84 0.16+0.05

2. 4MSOB 10.63+1.75 7.45+3.10 597+2.17 2.95+£0.81 2.47+0.37 0.30+0.11 0.14£0.02 16.52+4.37 10.93+2.29 5.13+0.60 15.48+2.69 18.89+£4.05 9.71+£0.95 18.50+7.02  21.80+6.80  7.48+3.71 2.43+1.07

3. SMSOP 0.46£0.13 0.37£0.18 0.33+0.11 0.2640.03 0.2640.1 n.d.c n.d. 0.71£0.10  0.57£0.05 0.34£0.20 0.76+0.12 0.86+0.27 0.58+0.06 0.85+0.41 0.76+£0.31  0.33£0.09 0.27£0.12

4. 6MSOH 0.04£0.01 0.03£0.02 0.01£0.02 n.d. n.d. n.d. n.d. 0.07£0.11 n.d. 0.05+£0.07 0.05£0.02 0.07£0.03 0.0940.02 0.04+0.04 0.03£0.03 n.d. 0.14£0.04

5. TMSOH 0.22£0.05 0.19£0.04 0.0840.02 0.0440.03 0.0240.03 n.d. n.d. 0.18£0.02 0.08+£0.03 0.03£0.04 0.25+0.07 0.41+0.14 0.51£0.15 0.31+0.18 0.32+£0.34  0.22£0.01 1.11£0.26

6. 8MSOO 1.28+£0.42 1.21£0.32 0.35£0.07 0.1440.04 0.154+0.14 n.d. n.d. 0.72£0.18 0.30£0.07 0.12£0.06 0.94+0.21 1.55+0.30 1.85+£0.46 1.17%0.31 091+£0.20 0.27+£0.32 6.31£1.31

7. 3MTP n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.09£0.12  0.06£0.09 0.01£0.02 0.13+0.21 0.08+0.19 n.d. 0.05£0.02

8. 4dMTB 0.84+£0.87 0.37£0.16 0.18+0.2 0.084+0.03 0.1640.13 n.d. n.d. 042+£0.35 0.32+£0.14 0.28£0.15 0.51+0.47 1.5+£1.26 4.80+0.83 0.76%+1.19 0.67£1.09 0.33£0.12 26.03£5.60

9. SMTP n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.03£0.03 0.09£0.09 0.36+£0.10 0.024+0.06 0.03+0.04 n.d. 1.82+0.42

10. 7MTH n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.01£0.02 0.07+0.06 0.40+0.10 n.d. n.d. n.d. 2.98+0.28

11. SMTO 0.09+£0.13 0.01£0.03 n.d. n.d. 0.01£0.02 n.d. n.d. n.d. n.d. 0.01£0.01 0.01£0.03 0.0940.09 0.4940.16 n.d. n.d. n.d. 4.43£0.30

12. 30HP n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.02+£0.03 0.124+0.06 0.23+0.15 0.564+0.03  0.15+£0.18 0.09+0.04 n.d. 0.83£0.30

13. 4OHB n.d. n.d. n.d. n.d. 0.01+0.01 n.d. n.d. n.d. n.d. 0.03£0.05 0.17£0.11 0.59+0.41 1.36%0.50 n.d. n.d. n.d. 3.70+0.93

14. 2PE 0.02£0.20 0.01£0.01 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.02+£0.03 0.06+£0.05 0.11£0.01  0.024+0.04 0.03£0.05 n.d. 0.34£0.06

15. 3BZOP n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.08+£0.06 0.27+£0.22 0.72+0.18 n.d. n.d. n.d. 3.86+0.43

16. 4BZOB n.d. 0.01£0.01 0.01+£0.01 n.d. 0.03£0.02 n.d. 040.01 n.d. 0+0.01 0.05+£0.02 0.10£0.08 0.54+0.45 1.31+0.63 n.d. n.d. n.d. 7.43+£0.92

17. I3M 2.13£0.07 2.17£0.38 2.17+1.15 1.70£0.17 1.43+0.91 0.14£0.05 0.03£0.01 222+1.56 1.14£0.18 1.46+1.17 1.77+£0.84 1.84+0.43 1.16+£0.29 1.99+1.20 2214089  0.64+£0.04 1.48+0.43

18. AMOI3M 0.20£0.01 0.22+0.03 0.33+0.17 0.43£0.05 0.2940.12 0.23£0.07 0.02+0.005 0.094£0.06 0.074+0.01 0.094+0.05 0.01£0.01 0.02£0.02 0.02£0.03  0.01+0.01 0.01£0.02 1.15+0.52 n.d.

19. IMOI3M 0.44+£0.28 0.74+£0.48 0.53+0.38 1.1440.39 2.65+1.8 n.d. 0.05+0.03 0.09+£0.07 0.06£0.02 0.17£0.09 0.01+£0.01 0.02+0.02 n.d. 0.05+0.04 0.05+£0.03 6.33+£243 n.d.

20. 4OHI3M 0.01£0.01 0.0£0.01 0.01£0.01 0.084+0.07 0.094+0.07 0.03+0.02 n.d. 0.06£0.05  0.1£0.08 0.09£0.13 0.04+0.02 0.07£0.09 0.1£0.06 0.08+0.05 0.07+£0.04  0.08+£0.01 0.01£0.01

Total pmol 17.9 13.8 11.0 7.4 8.0 0.7 0.3 23.5 154 8.7 22.8 154 253 26.7 30.2 18.6 63.4

(g dry wo~!

Organ weight, 0.02 0.03 0.06 0.05 0.02 0.10 0.21 0.19 0.03 0.21 0.55 0.02 0.03 0.10-0.50¢

g dry wt plant™!

Total® 0.4 0.4 0.7 0.4 0.2 2.4 32 1.7 0.7 32 13.9 0.5 0.9

pmol organ~

1

glucosinolates.

4 Full name listed in Table 1. Numbers refer to the labeled sectors in Fig. 1.

> This quantity represents the total glucosinolate content for this organ when considering a single plant. For example, if all of the rosette leaves of a single plant were harvested at the vegetative stage, they would contain 0.4 pmol of

¢ n.d.: Not detected.
4 Typical weight range for seeds harvested from plants grown under similar conditions.

LY

18#-1LF (£00C) T9 Lustuayr018yd | 12 umoig “q'd
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Fig. 1. Glucosinolate profiles of A. thaliana organs at various developmental stages. The individual glucosinolates are presented as sectors with
areas proportionate to their concentrations in pmol (g dry wt)~!. Individual glucosinolates are identified by number and a combination of patterns
and color: red for aliphatic (1-13), yellow for benzylic (14); green for benzoyloxy-modified aliphatic (15 and 16) and blue for indole glucosinolates
(17-20). The columns correspond to the different developmental stages, the earliest on the left (vegetative) and the oldest, far right (senescence). The
rows represent different plant parts arranged by their position on the plant, roots at the bottom, and inflorescences and seeds at the top. The length
of the bar under the circles is proportionate to the average dry weight of all organs of each type from a single plant.
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Glucosinolates (iimol leaf")

Fig. 2. The accumulation of glucosinolates in expanding A. thaliana
rosette leaves grouped in cohorts of four according to their order of
emergence. The total leaf glucosinolate content, pumol leaf~! was
determined by summing the values for the individual compounds.
Results are graphed according to leaf dry wt rather than absolute age
to allow direct comparison between the different leaf groups from
replicate harvests. A linear fit for each leaf cohort was determined:
leaves 6-9 (circle, R=0.47, P=0.13), leaves 10-13 (square, R=0.99,
P<0.0001), leaves 14-17 (upright triangle, R=0.97, P<0.0001),
leaves 18-21 (inverted triangle, R=0.98, P=0.0007), leaves 22-25
(diamond, R=0.98, P=0.12).

4MSOB at 7.5 pmol (g dry wt)~! and 1-methoxyindol-3-
ylmethyl glucosinolate (1IMOI3M) at 6.3 pumol (g dry
wt)~!. While 4MSOB was found in all organs, IMOI3M
was limited to the roots and senescent rosette leaves
(Table 2, Fig. 1).

2.6. Cauline leaves, inflorescences and siliques

The organs attached to the bolting stem varied in
glucosinolate content. The cauline leaves and stems had
a similar concentration and composition to that of the
rosette leaves, and exhibited a comparable decline in
aliphatic glucosinolate content with age. The inflor-
escences also had a composition much like that of
rosette leaves, but a higher concentration, 25-30 pmol
(g dry wt)~!, the second highest concentration in any
organ after the seeds. The glucosinolate concentration
of the siliques was lower than the inflorescences, 15-25
umol (g dry wt)~!, and the composition was inter-
mediate between those of the rosette leaves and the
seeds.

2.7. Seeds

The glucosinolates of A. thaliana seeds are dis-
tinguished by their high concentration, unique aliphatic
constituents and the low level of indole compounds. The
seeds contained 63 pmol (g dry wt)~!, the highest con-
centration in any organ with the possible exception of
the very youngest leaves. Seeds contained six novel gluco-
sinolates relative to the vegetative tissues, including

7-methylthioheptyl-, 8-methylthiooctyl-, 3-hydroxy-
propyl-, 4-hydroxybutyl-, 3-benzoyloxypropyl- and
4-benzoyloxybutyl- glucosinolates. Hence it is likely that
specific enzymes for the biosynthesis of these gluco-
sinolates, such as those needed for hydroxyl group for-
mation or construction of benzoate esters, are only
found in the seeds. The predominant seed glucosinolate,
representing 41% of the total, has an aliphatic, butyl-
based side chain with a sulfur atom, but is not 4MSOB,
the main glucosinolate found in the vegetative parts of
the plant, but rather its reduced counterpart, 4-methyl-
thiobutyl glucosinolate (4MTB). The seeds also contain
greater amounts of the longer-chain aliphatic gluco-
sinolates, such as 7-methylsulfinylheptyl- and 8-methyl-
sulfinyloctyl- glucosinolate, than are found in the
vegetative tissues. The only indole glucosinolates detec-
ted in the seeds were indol-3-ylmethyl glucosinolate
(I3M) and trace amounts of its 4-hydroxyl derivative,
which in total comprised only 2% of the seed gluco-
sinolate content. The absence of modified indole gluco-
sinolates in seeds has also been observed in one cultivar
of Brassica oleracea (Sang et al., 1984).

2.8. Transition from seed to seedling

Since the seed glucosinolates of A. thaliana are so
markedly different from those of the vegetative tissue,
we investigated the transition from seed to vegetative
plant in detail using seedlings planted on solidified
Murashige and Skoog growth medium. One day after
planting there were no visible changes except for seed
hydration. However, two days after planting the radi-
cles emerged, although there was as yet no dry weight
accumulation. Four days after planting, the seedlings
had cotyledons, 1.5 mm-long shoots, 2.5-3.0 mm-long
roots and the dry weight had increased 1.6-fold. Six
days after planting, the first leaves were visible and the
dry weight had increased 2.1-fold. By 8 days after
planting, the first leaves had expanded, the root length
was 3.5-4 mm, and the dry weight had increased
2.4-fold.

The 16 most abundant glucosinolates showed diver-
gent patterns of change during this time course. During
the first two days after planting, there was a general
increase in all glucosinolates causing total concentration
to rise to almost 1.60 nmol (seedling)~!, approximately
3.3% of dry weight (Fig. 3A). After this point, specific
increases were observed for glucosinolates associated
with vegetative tissues. Increases of at least 6-fold were
detected for 4MSOB, 5-methylsulfinylpentyl-, IMOI3M
and 4-methoxyindol-3-ylmethyl- glucosinolate, while
6-methylsulfinylhexyl-, 7-methylsulfinylheptyl-glucosino-
late and I3M increased about 2-fold (Fig. 3BC). On the
other hand, glucosinolates that predominate in the seed,
including 3-hydroxypropyl-, 4-hydroxybutyl-, 3-benzoyl-
oxypropyl-, 4-benzoyloxybutyl-, 4-methylthiobutyl-,
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Fig. 3. Changes in A. thaliana glucosinolate profile during seed germination. Plants were harvested at 0, 1, 2, 4, and 6 days after planting (N =2),
and 8 days after planting (N =4). Individual data points are plotted with the average values (unfilled symbols) connected by a solid line. (A) Total
glucosinolates. (B) Glucosinolates increasing more than 6-fold: SMSOP (square), 4MOI3M (triangle), IMOI3M (cross), 4MSOB (diamond). C)
Glucosinolates increasing 2-fold: 6MSOH (diamond), 7MSOH (square), I3M (triangle). D) Glucosinolates constant: 3BzOP (square), 4OHB (dia-
mond), 4BzOB (triangle). E) Glucosinolates decreasing slightly: 7MTH (square), 8MSOO (diamond), 8MTO (triangle). F) Glucosinolates decreas-
ing: 4OHI3M (square), 30HP (diamond). G) 4MTB (diamond). See Table 1 for abbreviations.

7-methylthioheptyl-, 8-methylsulfinyoctyl-, 8-methyl-
thiooctyl-, and 4-hydroxyindol-3-ylmethyl- glucosino-
late remained constant or showed a decrease upon
seedling germination (Fig. 3D—G). The most significant
decrease was exhibited by 4MTB which declined 75%
from a maximum of 0.48 nmol (seedling)~! at 2 days
after planting to 0.12 nmol (seedling)~! at 8 days after
planting (Fig. 3G). Although 4MSOB, a potential
metabolite of 4MTB generated by thiol oxidation,
increased from 0.02 to 0.12 nmol (seedling)~!, this was
insufficient to account for all of the 4MTB loss. Thus,
young seedlings possess a glucosinolate profile inter-
mediate between seeds and vegetative tissues.

3. Discussion

Plants that produce glucosinolates commonly accumu-
late them in all vegetative and reproductive parts
throughout development (Louda and Mole, 1991). The
Columbia ecotype of A. thaliana is no exception to this
generalization, but the glucosinolate content of individual
organs varies considerably. The seeds had the highest
concentrations. These organs had over 60 pmol per gram
dry weight when mature and up to 80 umol per gram
dry weight during germination (approximately 2.5-
3.3%), at least twice as high as all of the other organs
except the very youngest rosette leaves. Inflorescences
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and siliques had the next highest levels (0.6-1.2%) fol-
lowed by roots, stems and cauline leaves, and rosette
leaves (0.3-1.0%). These patterns are similar to those
found in other glucosinolate-containing species studied
(Fahey et al., 2001). Thus, A4. thaliana does not exhibit
any diminution of glucosinolate accumulation relative
to other species despite its small stature, annual habit
and compact genome. Assuming glucosinolates function
in defense against herbivores and pathogens, the pattern
of differences among organs in A. thaliana is consistent
with predictions of current theories on optimal distribu-
tion of defense substances (Zangerl and Bazzaz, 1993).
The reproductive organs, including seeds, flowers and
fruits, which contribute most to plant fitness, are expected
to have the highest concentrations of defense compounds.

In comparing the glucosinolate composition of differ-
ent organs, seeds and fruit were found to have the
highest diversity of individual compounds which may
also reflect the need to maximize the defensive potential of
these reproductive organs. The major seed glucosinolates,
including compounds with methylthioalkyl side chains
and benzoate ester substituents, are also very different
than their counterparts in other organs, perhaps as a
consequence of the specialized physiology or defense
needs of this organ. The roots had higher levels of indole
glucosinolates and lower levels of aliphatic glucosinolates
than other organs, a trend also seen in Brassica species
(Rosa, 1997; Kirkegaard and Sarwar, 1998). However,
the high concentrations of benzylic glucosinolates seen in
Brassica roots were completely absent in A. thaliana.

The glucosinolate content of A. thaliana organs also
varies with development. For example, younger rosette
leaves typically have higher glucosinolate concen-
trations than older leaves, but this is not a result of
decreases in the concentrations present in individual
leaves as they grow. Rosette leaves appear to maintain a
fixed concentration during leaf expansion (Fig. 2), but
that fixed concentration is much higher in leaves initi-
ated later in development than in those initiated early in
development. As a consequence, the center of the
rosette appears to be better protected against herbivores
and pathogens than the outer portions.

Given a fixed concentration, the balance between
glucosinolate metabolism and growth processes, and
between glucosinolate synthesis, transport and break-
down, would appear to be unchanged over leaf expan-
sion. However, upon senescence, rosette and cauline
leaves show greatly reduced glucosinolate concentra-
tions. This may be ascribed to export to other organs
since the onset of senescence in rosette leaves coincides
with bolting and the development of the inflorescences,
fruits and seeds, which all accumulate high concentra-
tions of glucosinolates. Recent tracer studies have
demonstrated the transport of glucosinolates via the
phloem from mature leaves to inflorescences and fruits
(Brudenell et al., 1999; Chen et al., 2001). On the other

hand, the reproductive organs are also likely to synthe-
size at least some of their own glucosinolates based on
precursor feeding studies (Du and Halkier, 1998) and
the expression of glucosinolate biosynthetic genes in
these organs (Mikkelsen et al., 2000; Reintanz et al.,
2001). The divergent glucosinolate composition of the
seeds and the fact that the absolute amount of gluco-
sinolates in the seeds may be higher than that in the
entire rest of the plant (Bilsborrow et al., 1993) also
supports de novo synthesis in these organs.

The disappearance of glucosinolates from senescent
leaves may be a consequence of catabolic processes as
well as transport. The hydrolysis of glucosinolates by
myrosinase after plant wounding is well known, but
there is little information about whether or not myr-
osinase plays a role in glucosinolate breakdown in intact
plants. A high rate of catabolism is suggested by studies
showing dramatic (two-fold) changes in glucosinolate
concentration during a single diurnal cycle in B. oleracea
(Rosa et al., 1994; Rosa, 1997). Strong evidence for cata-
bolism in 4. thaliana also comes from our measurements
of germinating seeds which showed a net glucosinolate
loss of 30% between days 2 and 8 after planting (Fig. 3), a
trend shown in other species as well (McGregor, 1988;
Clossais-Besnard and Larher, 1991; Hopkins et al., 1998).
Curiously, there seems to be a selective loss of particular
glucosinolates in A. thaliana upon germination, indicating
that the degradative system has some specificity.

Now that the patterns of variability in glucosinolate
content and composition during A. thaliana develop-
ment have been described, the stage is set for more
detailed physiological studies to evaluate the contri-
bution of synthesis, transport and degradation to this
variation. Additional studies would also be welcome to
understand whether the patterns of glucosinolate accu-
mulation observed in A. thaliana are important for plant
defense. The use of mutants or transformants with
altered allocation patterns may help in explaining the
defensive significance of glucosinolate accumulation
profiles in this species.

4. Experimental
4.1. Plant material

Seeds of the Columbia (Col-0) ecotype of A. thaliana
were obtained from Lehle Seeds (Round Rock, Texas,
USA). The glucosinolate changes in major organs dur-
ing a developmental cycle were examined in plants
grown in both greenhouse and controlled environment
settings. In the greenhouse, seeds were germinated in
flats of soil-less potting mix (1:1:1; peat, sand and ver-
miculite) and after 3—4 weeks transferred to 10 cm dia-
meter pots containing five plants per pot. Plants were
treated with a slow-release fertilizer (Osmocote 15:11:13
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N:P:K, Scotts Europe) or a general fertilizer (7:3:6 N P
K). The controlled environment chamber had a diurnal
cycle of 16 h light at 25 °C and 8 h dark at 18 °C. Illu-
mination was with high-pressure sodium lamps at 400
pumol m~2 s~!. Under these conditions, developmental
times were extended, being about 10 weeks to the sec-
ondary bolt flowering stage rather than 7 weeks for
greenhouse-grown plants.

Shoots were harvested at five different growth stages:
(1) young vegetative (rosette), (2) older rosette at the
initiation of bolting, (3) early stage bolting, including
flowers and developing fruits (siliques), (4) later stage
bolting, including axillary inflorescences and mature
siliques, and (5) senescence (Table 1). While only rosette
leaves were sampled for the first two stages, plants in the
remaining stages were divided into parts containing
stem (cauline) leaves, inflorescences or siliques, all with
their associated stems. At senescence, seeds were also
harvested separately because the siliques readily
dehisced upon lyophilization. At the last two harvesting
times, samples were also taken of senescing or dead
rosette leaves and roots. At the initial stage, 80 plants
were combined for harvest, while 45 plants were com-
bined for the remaining stages. The experiment was
repeated three times. Harvesting dates were adjusted to
match plant growth rates since growth rate varied
slightly from experiment to experiment. The initial stage
harvests were conducted on flats of seedlings, while
harvests at the other stages were of plants transplanted as
seedlings to pots. Within each experiment, every organ
and developmental stage was replicated three times, and
two samples of each replicate were extracted for a total
of six samples. For root analyses and to study changes
occurring in leaves upon senescence, two replicates of 15
plants each were harvested at the secondary bolt stage
and the initiation of leaf senescence. Rosette leaves of
two types were harvested from senescing plants: leaves
that had lost their green color but were still alive (called
“sensescent”), and those that had shriveled and dried
(called ““dead’). Four samples of each group were taken.

To examine glucosinolate changes during leaf devel-
opment in detail, plants were grown in a controlled
environment chamber with a diurnal cycle of 10 h light
at 25 °C and 14 h dark at 18 °C. Illumination was with
cool white fluorescent lamps at 120 pmol m—2 s—!. Late
vegetative phase plants were harvested every 2 days over
a 10-day period. At each harvest, the rosette leaves were
collected in cohorts of four leaves starting with the sixth
leaf formed after the cotyledons and ending with the last
complete cohort of four leaves closest to the meristem.
The experiment was performed twice with 22 plants
each time.

To study glucosinolate changes during seed germina-
tion, 14 aliquots of Col-0 seeds (25 mg, approx. 1250
seeds in total) were surface-sterilized by incubations of
two min each with 50% ethanol, and 0.5% sodium

hypochlorite followed by three washes with sterile
water. Seeds were spread onto Petri dishes containing
sterile 1xMurashige and Skoog media (Murashige and
Skoog, 1962), (Duchefa Biochemie, The Netherlands) in
0.6% Gelrite (Duchefa) and closed with a gas-perme-
able tape (Leucopore, Duchefa). The plates were main-
tained in a controlled environment chamber at 22 °C
with 120 umol m—2 s~! high pressure sodium lamps and
a 16 h light photoperiod. For the first three time points
(0, 1 and 2 days after planting), duplicate plates were
harvested by flushing seeds from the plate surface with
water. Replicate plates were harvested for day 4 (dupli-
cate), day 6 (duplicate) and day 8 (quadruplicate) using
forceps to uproot the seedlings. This experiment was
performed three times with different batches of seed (all
obtained from Lehle Seeds). Although the glucosinolate
content of each batch was slightly different, the patterns
of change were similar. Data are presented from only
one of these experiments.

4.2. Glucosinolate extraction and analysis

After harvest, plant material was immediately frozen
in liquid nitrogen or in a —80 °C freezer, lyophilized to
dryness, and ground to a coarse powder with a coffee
grinder. Aliquots of lyophilized tissue (20-100 mg) were
extracted in 4 ml of boiling water containing 0.05-0.1
umol of an internal standard (2-propenyl glucosinolate)
and 30 pmol Pb(OAc), and 30 pmol Ba(OAc), to pre-
cipitate protein and free sulfate ions. After 10 min boil-
ing and 30 min of additional shaking, samples were
cooled to 4 °C and centrifuged at 4000 g. The super-
natant was then loaded onto an anion-exchange column
(DEAE-Sephadex A-25). After washing with 67%
(aqueous) methanol and deionized water, the column
was capped and treated overnight with a solution of aryl
sulfatase (prepared as described by Graser et al., 2001)
to convert the glucosinolates to their desulfated deriva-
tives. The desulfated glucosinolates were then eluted
from the column with 60% (aqueous) methanol. The
eluent was evaporated to dryness under nitrogen at
45 °C and resuspended in water.

Samples were separated by HPLC (Agilent HP1100
Series) fitted with a C-18 reversed-phase column
(LiChrospher RP-18, 250x4.6 mm i.d., 5 um particle
size, Chrompack, Varian, Darmstadt) using a water
(Solvent A)-acetonitrile (Solvent B) gradient at a flow
rate of 1 ml min—! at ambient room temperature. The 42
min run consisted of 1.5% B (1 min), 1.5-5.0% B (5
min), 5.0-7.0% B (2 min), 7.0-21.0% B (10 min), 21.0—
29.0% B (5 min), 29.0-43.0% B (7 min), 43.0-93.0% B
(0.5 min), a 4 min hold at 93.0% B, 93.0-1.5% B (0.5
min), and a 7 min hold at 1.5% B. Eluent was mon-
itored by diode array detection between 190 and 360 nm
(2 nm interval). Desulfated glucosinolates were identi-
fied by comparison of retention time and UV spectra to



480 P.D. Brown et al. | Phytochemistry 62 (2003) 471-481

those of purified standards previously extracted from A.
thaliana (Reichelt et al., 2002) and quantified by As>9nm
relative to the internal standard.

In order to calculate molar concentrations of indivi-
dual glucosinolates, relative response factors were used
to correct for absorbance differences between the stan-
dard and the other components of the extract (Table 1).
These were calculated using pure desulfated glucosino-
lates isolated by preparative HPLC and fractional crys-
tallization and by reference to the literature (Buchner,
1987). In several cases, pure glucosinolates were isolated
from plants other than A. thaliana that had higher con-
centrations of specific glucosinolates or less complex
mixtures (Table 1). Purity was verified by HPLC and
LC-MS, and response factors calculated from Assonm
using at least five independently-prepared concentration
series for each compound ranging from 0.2 to 50 nmol
per 10 pl injection. The response factors for a few of
these compounds had already been reported in the lit-
erature (Haughn et al., 1991; Fiebig and Arens, 1992),
and the values computed in this study showed close
agreement. For both pure standards and extracts of
experimental material, the lower limit of quantification
was 0.1 nmol per injection. The overall recovery of
glucosinolates from A. thaliana tissue samples in this
study was at least 90%.

NOTE: During the preparation of this manuscript,
another study describing glucosinolate accumulation in
A. thaliana appeared (Petersen, B. L., Chen, S., Hansen,
C. H,, Olsen, C. E., Halkier, B. A., 2002. Composition
and content of glucosinolates in developing Arabidopsis
thaliana. Planta 214, 562-571). This interesting report
also describes changes in myrosinase levels during
development as well as experiments with a radiolabeled
glucosinolate that demonstrate transport and turnover.
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