Long-Distance Phloem Transport of
Glucosinolates in Arabidopsis’

Sixue Chen?, Bent Larsen Petersen? Carl Erik Olsen, Alexander Schulz, and Barbara Ann Halkier*

Plant Biochemistry Laboratory and Center for Molecular Plant Physiology (S.C., B.L.P., B.A.H.), Department
of Plant Biology, Department of Chemistry (C.E.O.), and Plant Anatomy and Physiology Laboratory (A.S.),
The Royal Veterinary and Agricultural University, Thorvaldsensvej 40, DK-1871 Frederiksberg C,
Copenhagen, Denmark

Glucosinolates are a large group of plant secondary metabolites found mainly in the order Capparales, which includes a
large number of economically important Brassica crops and the model plant Arabidopsis. In the present study, several lines
of evidence are provided for phloem transport of glucosinolates in Arabidopsis. When radiolabeled p-hydroxybenzyl-
glucosinolate (p-OHBG) and sucrose were co-applied to the tip of detached leaves, both tracers were collected in the phloem
exudates at the petioles. Long-distance transport of ["*C]p-OHBG was investigated in wild-type and transgenic
355:CYP79A1 plants, synthesizing high amounts of p-OHBG, which is not a natural constituent of wild-type Arabidopsis.
In both wild-type and 35S5::CYP79A1 plants, radiolabeled p-OHBG was rapidly transported from the application site into the
whole plant and intact p-OHBG was recovered from different tissues. The pattern of distribution of the radioactivity
corresponded to that expected for transport of photoassimilates such as sucrose, and was consistent with translocation in
phloem following the source-sink relationship. Radiolabeled p-OHBG was shown to accumulate in the seeds of wild-type
and 355::CYP79A1 plants, where p-OHBG had been either exogenously applied or endogenously synthesized from Tyr in the
leaves. p-OHBG was found in phloem exudates collected from cut petioles of leaves from both wild-type and 355::CYP79A1
plants. Phloem exudates were shown to contain intact glucosinolates, and not desulphoglucosinolates, as the transport form.

It is concluded that intact glucosinolates are readily loaded into and transported by the phloem.

The phloem plays an essential role in the delivery
of resources (photoassimilates, amino acids, and sig-
naling molecules) to heterotrophic plant tissues. In
angiosperms, the phloem is composed of sieve ele-
ments and their associated companion cells. Several
cellular borders must be passed when photoassimi-
lates and macromolecules are loaded into the
phloem. These borders are the endodermis-vascular
parenchyma interface, the phloem parenchyma-
companion cell interface, and the companion cell-
sieve element interface (Thompson and Schulz, 1999).
Upon entering sieve elements, the molecules move in
the osmotically driven translocation stream from
source (sites of production and export) to sink (sites
of import) tissues along the vascular pathway. The
osmotic pressure gradient is created and maintained
by loading and unloading of photoassimilates at the
source and sink tissues, respectively.

Glucosinolates are naturally occurring organic an-
ions characterized by having a thio-Glc and a sulfate
moiety. Glucosinolates are found mainly in the order
Capparales, where they coexist with thioglucosidases
called myrosinases (EC 3.2.3.1). Tissue disruption
brings glucosinolates into contact with myrosinases,
resulting in the release of various compounds such as
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isothiocyanates, nitriles, and thiocyanates. These
compounds have diverse biological activities, e.g. as
deterrents and attractants in plant herbivore interac-
tions (Halkier, 1999). Several observations suggest
that glucosinolates are transported in planta. For ex-
ample, high amounts of benzylglucosinolate, which
were de novo synthesized in leaves of Tropaeolum
majus, were found to accumulate in other tissues,
such as developing seeds (Lykkesfeldt and Moller,
1993). Analysis of the glucosinolate profile in seeds
and leaves of oilseed rape (Brassica napus) F; hybrids
from reciprocal crosses between oilseed rape cv Co-
bra and a synthetic line showed that the profile of the
aliphatic glucosinolates in the seed was identical to
the profile in the leaves of the maternal parent (Ma-
grath and Mithen, 1993). This suggests that fully
formed glucosinolates were transferred from mater-
nal tissue into the developing seeds. In another
study, in vivo feeding of radiolabeled Tyr to isolated
seeds and intact siliques of Sinapis alba showed that
although a low rate of de novo biosynthesis of
p-hydroxybenzylglucosinolate (p-OHBG) took place
in the seed, the majority of p-OHBG was de novo
biosynthesized in the silique wall and subsequently
transported to the seed (Du and Halkier, 1998). Bru-
denell et al. (1999) found that both glucosinolates and
desulphoglucosinolates had physicochemical proper-
ties allowing phloem mobility. In support of this,
aphid (Myzus persicae Sulz.) feeding experiments on
black mustard (Brassica nigra) have shown that there
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was more than 10 mm sinigrin in phloem sap of
young leaves, whereas there was only about 1 to 2
mM in mature, presenescent, and senescent leaves
(Merritt, 1996). These data suggest that transport of
glucosinolates follows the principle of assimilate
transport and allocation, i.e. mass flow from source
to sink.

In the present study, 355:CYP79A1 plants (Bak et
al., 1999) were used to study the transport of endo-
genously synthesized p-OHBG, which may mimic the
transport of other glucosinolates. Cytochrome P450
CYP79A1 catalyzes the conversion of Tyr to
p-hydroxyphenylacetaldoxime in the biosynthesis of
cyanogenic glucoside dhurrin in Sorghum bicolor
(Halkier, 1999). When CYP79A1 was overexpressed
in Arabidopsis, p-hydroxyphenylacetaldoxime was
channeled into the preexisting glucosinolate biosyn-
thetic pathway, leading to production of high
amounts of p-OHBG, not present in wild-type plants
(Bak et al., 1999). Long-distance transport of glucosi-
nolates was studied by feeding radiolabeled Tyr or
p-OHBG to rosette leaves of 355:CYP79A1 plants and
wild-type Arabidopsis and by subsequently monitor-
ing translocation and distribution of p-OHBG within
the plants. Both exogenously applied and endog-
enously synthesized p-OHBG were shown to be
readily loaded into and transported by the phloem,
e.g. to the seeds. This suggests that the transport of
p-OHBG mimics the events occurring in trafficking
endogenous glucosinolates. Phloem exudates were
shown to contain intact glucosinolates, and not des-
ulphoglucosinolates, as the transport form.

RESULTS
Loading and Export of Radiolabeled p-OHBG

We used EDTA to enhance phloem exudation from
cut petioles. EDTA chelates the Ca** required for
callose formation and thereby prevents the sealing of
sieve tubes in response to wounding (King and
Zeevaart, 1974). When [3H]p—OHBG and [*C]Suc
were co-applied on the adaxial surfaces of leaf tips,
both radioactivities were recovered in the phloem
exudates collected at the petioles (Fig. 1A). This in-
dicates that p-OHBG has been taken up, loaded on to
the phloem, and transPorted basipetally within the
leaf, as is shown for [**C]Suc. The results from the
single leaf experiments imply that glucosinolates
move in the phloem.

[PH]p-OHBG was applied to the adaxial surface of
a fully expanded rosette leaf (40-50 mm long) of
plants at flowering stage and export of radioactivity
from the leaf was analyzed. After 2 h, export could be
detected (Fig. 1B). After 15 h, nearly 20% of the total
[PH]p-OHBG taken up by the leaf had been exported
to the rest of the plant, which indicates rapid mobi-
lization of p-OHBG. After approximately 50 h incu-
bation, approximately 80% of the radioactivity was
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Figure 1. Loading and export of radiolabeled p-OHBG. A, [*H]p-
OHBG and ["*C]Suc were applied simultaneously to the tips of single
detached leaves and the phloem exudates were subsequently col-
lected by incubating the leaf petioles in 15 mm EDTA for 6 h. Values
(+5%) represent the radioactivity of *H or '*C in the phloem exu-
dates as percentage of the total radioactivity applied. B, Time course
of export of radioactivity after application of [?°H|p-OHBG to a single
either young or mature leaf of flowering plants. At given time points,
the donor leaves were excised from four to six plants and the
radioactivity in the remaining parts of the plant was measured.

retained in the leaf where the tracer was applied.
When young rosette leaves (15-20 mm long) were
analyzed in similar experiments, the total export of
radioactivity after 15 h incubation accounted for only
approximately 70% of that observed from fully ex-
panded leaf (Fig. 1B). The difference in export be-
tween young and mature leaves indicates the source/
sink status of the leaf.

Transport and Distribution of ["*Clp-OHBG in
Flowering Plants

Glucosinolate transport and distribution patterns
were studied by administration of [**C]p-OHBG to
fully expanded rosette leaves of wild-type plants.
After 24 h incubation, radioactivity was observed in
roots, other rosette leaves, stem, cauline leaves,
flower buds, and siliques (Fig. 2A). This shows that
p-OHBG was taken up by the leaves and transported
both basipetally and acropetally within the plant.
Substantial amounts of radioactivity accumulated in
young growing floral tissues (flowers and siliques)
on per milligram fresh weight basis, indicatin§ th
sink strength of these tissues (Fig. 2B). The ["*C]p-
OHBG predominantly ended up in seeds (Fig. 2D).
Young leaves, which are typical sink tissue, did not
accumulate high amounts of radioactivity (Fig. 2A,B).
A possible explanation is that floral tissues constitute
the primary sinks at this stage of development,
whereas at earlier developmental stages vegetative
tissues may be equally important sinks (Oparka and
Cruz, 2000). Relatively small amounts of radioactiv-
ity accumulated in the roots and mature leaves (Fig.
2, A and B). Thin-layer chromatography (TLC) anal-
ysis of an aliquot of methanol extracts of the different
tissues showed that intact p-OHBG was recovered in
all tissues analyzed (Fig. 2C). Except in the donor
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Figure 2. Long-distance transport and distribution of radioactivity in wild-type Arabidopsis 24 h after application of
['*Clp-OHBG to mature rosette leaves of flowering plant. A, Photograph (left) and autoradiography (right) of Arabidopsis
incubated for 24 h after application of ['*C]p-OHBG to leaves (arrows). B, Measurement of radioactivity in methanol extracts
of different tissues. Four plants were sampled and dissected. C, Qualitative TLC analysis of radiolabeled p-OHBG in
methanol extracts of different tissues from a single plant. The position of intact p-OHBG is indicated (arrow). D, Photograph
(left) and autoradiogram (right) of labeled Arabidopsis intact and crushed siliques. E, Non-labeled controls for D.

leaf, little degradation of p-OHBG was observed in
other tissues, suggesting that no degradation oc-
curred during and after transport.

Long-Distance Transport of Exogenously Applied and
Endogenously Synthesized Glucosinolates

Translocation and distribution of exogenously ap-
plied and endogenously synthesized p-OHBG were
monitored by application of radiolabeled Tyr and
p-OHBG to young rosette leaves of wild-type and
355:CYP79A1 plants at vegetative stage. Three
weeks after application, TLC analysis confirmed that
all radiolabeled Tyr was metabolized (Fig. 3A, in-
sert), all plants were transferred to 12-h light period.
At flowering stage, the pattern of distribution of
endogenously synthesized ["*C]p-OHBG (data not
shown) was similar to that observed for exogenously
applied ["*C]p-OHBG in wild-type flowering plants
(Fig. 2).

Agt withering stage, the plants were harvested and
dissected into mature seeds and vegetative tissues,
and the glucosinolate profile was analyzed. Compar-
ison of wild-ty]?e and 355:CYP79A1 plants with fo-
liarly applied ["*C]p-OHBG revealed that wild-type
plants accumulated more than twice the amount of
['*C]p-OHBG in the seeds (Fig. 3A). This suggests
that the exogenously applied p-OHBG in the
355:CYP79A1 plants competes with endogenously
synthesized p-OHBG for translocation into the seeds.
Application of ["*C]Tyr to 355:CYP79A1 plants re-
sulted in the accumulation of significant amounts of
[14C]p—OHBG in both seeds and vegetative tissues
(Fig. 3, A and B). The identity of p-OHBG was con-
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firmed by mass spectrometry (MS; Fig. 3, C and D) in
all samples. The presence of radiolabeled p-OHBG in
the seeds shows that p-OHBG synthesized in the
leaves has been transported to the seeds. However,
more than one-third of the radiolabeled p-OHBG was
retained in the vegetative tissue (Fig. 3A), implying
competition with endogenous unlabeled p-OHBG for
the seed sink. The data indicate that although seeds
are a major sink for glucosinolates, they have a lim-
ited sink strength as has previously been indicated
(Petersen et al., 2001a). Application of [*C]Tyr to
wild-type plants resulted in the accumulation of trace
amounts of ['*C]p-OHBG in the seeds (Fig. 3, A and
B). This indicates that an enzyme in wild-type Ara-
bidopsis under the present conditions is able to con-
vert Tyr into the corresponding oxime, leading to the
formation of p-OHBG.

Comparison of glucosinolate content of seeds
and vegetative tissues of both wild-type and
355:CYP79A1 plants showed that the major glucosi-
nolates, which accounted for approximately 90% to
95% of the total glucosinolate content in vegetative
tissue, constituted about 98% of the total glucosino-
late content in seeds (Table I). These data suggest that
certain major glucosinolates in the vegetative tissues,
such as 4MSOB, are transported to the seeds.

Comparison of Glucosinolates in Phloem Exudates and
Methanol Extracts of Rosette Leaves

We analyzed by HPLC the composition and con-
tent of glucosinolates in phloem exudates and in
methanol extracts of rosette leaves of both wild-type
and 35S:CYP79A1 plants. Comparison of the compo-
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Figure 3. The content of ['*C|p-OHBG in seeds and vegetative tissues of wild-type and 35S::CYP79A1 plants. The plants
were fed with either ['*C]Tyr or ['*C]p-OHBG at the vegetative stage and harvested at withering stage. A, Quantitative
measurement of total radioactivity in methanol extracts of vegetative tissues (V) and seeds (S) of wild-type and 35S::CYP79A1
plants. Insert: 1, ["*C]p-OHBG standard; 2, methanol extract of wild-type rosette leaves 3 weeks after application of ['*C|Tyr;
3, methanol extract of 35S::CYP79A1 rosette leaves 3 weeks after application of ['*C|Tyr; 4, ['*C|Tyr standard. B, TLC
analysis of radiolabeled desulpho p-OHBG in vegetative tissues (V) and seeds (S) of wild-type and 35S::CYP79AT1 plants.
Methanol extracts of vegetative tissues and seeds were applied to DEAE column and sulfatase treated (see “Materials and
Methods”). Fifteen-microliter aliquots of 250 uL DEAE eluate were analyzed by TLC. The position of desulpho p-OHBG is
indicated (arrow). C, LC-mass spectrometry (MS) UV trace (229 nm) of desulphoglucosinolates in seeds (upper trace) and
vegetative tissues (lower trace) of wild-type plants fed with ['*C]p-OHBG. The samples are identical to those in lane 4 and
5 in B. Arrow indicates the position of desulpho p-OHBG (D). Mass spectrum of peak 6 in C confirming the expected
[M+Nal™ ion at m/z 368 corresponding to desulpho p-OHBG. The numbers correspond to the desulphoglucosinolates of
the following glucosinolates: 1, 3-Hydroxypropylglucosinolate; 2, 3-methylsulphinylpropylglucosinolate (3MSOP); 3, 4-hy-
droxybutylglucosinolate; 4, 4-methylsulphinylbutylglucosinolate (4MSOB); 5, 5-methylsulphinylpentylglucosinolate; 6,
p-OHBG; 7, 6-methylsulphinylhexylglucosinolate; 8, 7-methylsulphinylheptylglucosinolate; 9, 4-methylthiobutylglucosi-
nolate; 10, indol-3-ylmethylglucosinolate; 11, 8-methylsulphinyloctylglucosinolate; 12, 4-methoxyindol-3-ylmethylglucosi-
nolate; 13, 3-benzoyloxypropylglucosinolate; 14, 6-methylthiohexylglycosinolate; 15, 4-benzoyloxybutylglucosinolate; 16,
7-methylthioheptylglucosinolate; 17, 8-methylthiooctylglucosinolate.

sition and content of glucosinolates in phloem exu-
dates (Fig. 4, C and D) with those in rosette leaves
(Fig. 4, E and F) showed that not all glucosinolates
present in leaves could be detected in phloem exu-
dates, and that the relative amount of individual
glucosinolates differed. Especially aliphatic glucosi-
nolates, such as 3MSOP and 4MSOB, which were
dominant in leaves, were present in low amounts in
phloem exudates. It is interesting that indole glucosi-
nolates turned out to be dominant in the phloem

exudates (Fig. 4, C and D). As previously shown (Bak
et al., 1999; Petersen et al., 2001a), the overall level of
glucosinolates in the 355:CYP79A1 plants increased
4-fold compared with wild-type and p-OHBG ac-
counted for approximately 75% of the total glucosi-
nolates (Fig. 4F). The level of p-OHBG in the phloem
exudate was consistently about three times higher
than the rest of glucosinolates (Fig. 4D). Incubation of
leaf petioles in water revealed little exudation of
glucosinolates (Fig. 4, A and B). This indicates that

Table 1. Total glucosinolates in seeds and vegetative tissues of wild-type and 35S:: CYP79A1 plants fed with ['*C]Tyr at the vegetative stage
Glucosinolates were divided into aliphatic, indole, and aromatic (p-OHBG) glucosinolates derived from chain-elongated Met, Trp, and Tyr,

respectively.

Concentration

Glucosinolates Wild type

35S::CYP79A1

Seed Vegetative tissue Seed Vegetative tissue
wmol g~ dry wt
Aliphatic 59.23 = 7.36 2.04 £ 0.52 42.45 * 2.66 1.03 = 0.36
Indole 2.19 £0.17 0.18 = 0.06 1.18 = 0.24 0.16 += 0.02
p-OHBG 0.13 = 0.08 0.01 £ 0.01 2423 £ 59 2.44 £ 0.25
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Figure 4. HPLC and LC-MS analysis of major glucosinolates in
phloem exudates and methanol extracts of rosette leaves of wild-type
and 35S::CYP79A1 plants. A through F, HPLC UV trace (229 nm). G
and H, LC-MS UV-trace (229 nm). A, Glucosinolates in phloem
exudates of wild-type leaves collected in distilled water. B, Glucosi-
nolates in phloem exudates of 35S::CYP79A1 leaves collected in
distilled water. C, Glucosinolates in phloem exudates of wild-type
leaves collected in 15 mm EDTA. D, Glucosinolates in phloem
exudates of 355::CYP79A1 leaves collected in 15 mm EDTA. E,
HPLC of glucosinolates in rosette leaves of wild-type plants. F,
HPLC of glucosinolates in rosette leaves of 355::CYP79A1 plants.
G, LC-MS of phloem exudates without sulfatase treatment of both
wild-type (lower trace) and 355::CYP79AT1 leaves (upper trace). H,
LC-MS of sulfatase-treated phloem exudates of 35S::CYP79A1
leaves. The numbers correspond to the desulphoglucosinolates of
the following glucosinolates: 1, 3MSOP; 2, 4MSOB; 3, 5-methyl-
sulphinylpentylglycosinolate; 4, p-OHBG; 5, benzylglucosinolate,
internal standard; 6, 7-methylsulphinylheptylglucosinolate; 7, in-
dol-3-ylmethylglycosinolate; 8, 5-methylthiopentylglucosinolate;
9, 8-methylsulphinyloctylglucosinolate; 10, 4-methoxyindol-3-yl-
methylglucosinolate; 11, 1-methoxyindol-3-ylmethylglucosinolate;
12, 8-methylthiooctylglucosinolate.

glucosinolates are present in low amounts, if at all, in
the xylem.

The question whether glucosinolates are trans-
ported as intact glucosinolates or as desulphoglucosi-
nolates in the phloem was addressed by analyzing the
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phloem exudates for the presence of desulphoglucosi-
nolates by liquid chromatography (LC)-MS. None of
the peaks in the chromatogram had a mass equivalent
to any expected desulphoglucosinolates in Arabidop-
sis (Fig. 4G). When sulfatase-treated phloem exudates
were analyzed by LC-MS, several peaks representing
desulphoglucosinolates were identified (Fig. 4F). This
shows that intact glucosinolates are the dominant
transport form in phloem.

DISCUSSION

In the present study, we have provided several
lines of evidence for long-distance phloem transport
of glucosinolates. First, we showed that radiolabeled
p-OHBG and Suc upon application to detached
leaves were loaded into to the phloem as evidenced
by comigration of the tracers (Fig. 1A). Second, the
speed of export from donor leaf (Fig. 1B) and the
distribution patterns of radiolabeled p-OHBG (Fig. 2)
were consistent with translocation of glucosinolates
in the phloem. Third, long-distance transport was
demonstrated by accumulation in the seeds of radio-
labeled p-OHBG, which had been either exogenously
applied to the leaves or de novo synthesized in the
leaves (Fig. 3). Finally, the presence of intact glucosi-
nolates in phloem exudates (Fig. 4) demonstrated
that glucosinolates are present in the translocation
stream of the phloem and that the dominant trans-
port form is intact glucosinolates and not desul-
phoglucosinolate.

Phloem Loading and Export of Glucosinolates

Phloem loading and export of radiolabeled p-OHBG
applied exogenously to the leaves of flowering plants
was shown by the presence of the tracer in phloem
exudates and by the rapid translocation of the tracer
from the application site to other parts of the plant,
e.g. developing seeds (Figs. 1 and 2). The transport in
vivo was also demonstrated by accumulation in the
seeds of radiolabeled p-OHBG, which had been de
novo synthesized in the leaves of 355::CYP79A1 plants
during vegetative growth (Fig. 3).

The mechanism of unloading and post-phloem
transport is unknown. A growing body of evidence
suggests that the pathway of phloem unloading of
sugars and other phloem constituents is symplastic
in rapidly developing sink tissues and in terminal
sinks such as seeds (Oparka and Cruz, 2000). A
carrier-mediated transport system for glucosinolates
was first characterized in excised embryos of oilseed
rape (Gijzen et al., 1989, 1994). We recently provided
evidence of a proton-coupled glucosinolate trans-
porter in the leaves of oilseed rape (Chen and
Halkier, 2000a). A glucosinolate transporter may con-
tribute to apoplastic phloem loading of glucosino-
lates and may also exist along the phloem pathway or

Plant Physiol. Vol. 127, 2001



in sink cells, where solute retrieval or uptake occurs
continuously.

Glucosinolates in the Phloem

It was reported recently that both intact glucosino-
lates and desulphoglucosinolates have the physico-
chemical properties that satisfy the permeability cri-
terion for phloem mobility (Brudenell et al., 1999).
Identification of sulfotransferase activity in embryos
has raised the question of whether the desulpho form
was the transport form of glucosinolates (Rossiter
and James, 1990; Toroser et al., 1995). The biosyn-
thetic activity is, however, present in all tissues
where intact glucosinolates are synthesized. In the
present study, intact glucosinolates and not desul-
phoglucosinolates were detected in phloem exudates
(Fig. 4, G and H), demonstrating that the intact glu-
cosinolate is the transport form in the phloem.

The difference between the relative glucosinolate
content in the phloem and the leaves (Fig. 4, C-H)
suggests that there is a selection for specific glucosi-
nolates to be loaded into the phloem. In general, the
composition of phloem exudates (e.g. growth sub-
stances and Suc) has been shown to correlate with
symplastic movement of compounds in the translo-
cation stream (Gowan et al., 1995). Although the
EDTA method is considered to be practical and reli-
able (King and Zeevaart, 1974; Hein et al.,, 1984;
Gowan et al., 1995; Bourgis et al., 1999), it should be
noted that phloem exudate collected by this method
does not represent the entire translocation stream
that would have moved from the cut part had it been
left intact. Rather, it may represent an aliquot of the
immediately available constituents in the transport
stream (Hein et al., 1984). The relatively high level of
indole glucosinolates in the exudate samples (Fig. 4,
C and D) may be due to wounding response because
indole glucosinolates are known to accumulate sys-
temically in plants treated with jasmonate (Doughty
et al., 1995; Bartlet et al., 1999).

Function of Glucosinolate Transport and Metabolism

The glucosinolate profile in the seeds (Table I) may
reflect a combination of glucosinolates derived from
long-distance transport and from de novo biosynthe-
sis in silique walls (Du and Halkier, 1998). A quan-
titative survey of glucosinolate variation among 39
Arabidopsis ecotypes showed a significant positive
correlation between the levels of aliphatic glucosino-
lates in leaves and seeds, suggesting that glucosino-
lates may be transported from leaves to seeds
(Kliebenstein et al., 2001). Glucosinolates may be
transported to sink cells other than those in the seeds,
such as the recently discovered glucosinolate-rich S
cells in Arabidopsis flower stalk (Koroleva et al,
2000).
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The observed low concentration of glucosinolates
in fully expanded leaves (Porter et al., 1991) and
senescent vegetative parts (Table I; Fig. 3A) may be
due to export. Export was clearly demonstrated in
the present study for both exogenously applied and
endogenously de novo synthesized p-OHBG. The ab-
sence of glucosinolate degradation products in the
plant extracts (Fig. 2C) combined with the evidence
for long-distance transport suggests that degradation
of glucosinolates in intact tissues at later develop-
mental stages is low.

In addition to possible nutritional functions of glu-
cosinolates (Clossais-Besnard and Larher, 1991; An-
dreasson, 2000), the presence of glucosinolates in the
phloem may provide means of defense against in-
sects. Phloem-mediated transport of glucosinolates
may enable coordination of de novo biosynthesis
and use of defense compounds in different organs.
Cloning of the transporter(s) will provide a valuable
molecular tool for further studies of glucosinolate
transport.

MATERIALS AND METHODS
Plant Material

Arabidopsis (ecotype Columbia) and 35S:CYP79A1
plants (Bak et al., 1999) were grown in potting mix (En-
hetsjord K-jord, Weibulls, Sweden) at 22°C under a light
period of 8 or 12 h for vegetative or reproductive growth,
respectively, in Arabidopsis Chambers (Percival AR-60L,
Boone, IA), where they were subjected to a photosynthetic
flux of 100 to 120 pwmol photons m ™2 s~ ' and 70% (v/v)
relative humidity.

Application of Radiolabeled p-OHBG to Detached
Rosette Leaves

Transport of radiolabeled p-OHBG in detached rosette
leaves recut under water was investigated by applying 9
rL [*H]p-OHBG (259 mBq mmol ' and 6.3 kBq uL ') and
1 pL ['*C]Suc (25 GBq mmol ' and 7.4 kBq pL™'; Amer-
sham, Buckinghamshire, UK) simultaneously to the adaxial
surface of fully expanded leaves. The leaves were subse-
quently incubated for 6 h in 500 nL 15 mm EDTA (pH 7.5)
in a chamber humidified to reduce xylem transpiration.
Radioactivity in the solutions was quantified by a liquid
scintillation counter. Radiolabeled p-OHBG was synthe-
sized and purified as described previously (Chen and
Halkier, 2000b).

Application of Radiolabeled p-OHBG and Tyr to
Rosette Leaves of Whole Plants

Radiolabeled Tyr or p-OHBG was applied on the adaxial
surface of expanded rosette leaves. The application site was
slightly abraded with fine carborundum powder to in-
crease uptake of the tracer. For total export studies, 50 uL
[PH]p-OHBG was applied to a single rosette leaf of wild-
type Arabidopsis at flowering stage. At given time points,
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four to six plants were analyzed. The leaves to which the
tracer had been applied were cut off, and the remaining
part of the plant was homogenized in liquid nitrogen and
boiled in 70% (w/v) methanol for 8 min. Debris was spun
down (3,500 rpm 10 min) and rinsed twice with methanol
(about 50 mg tissue mL~' methanol). Export of p-OHBG
was estimated by liquid-scintillation counting of the com-
bined methanol extracts.

For analysis of transport and distribution of p-OHBG in
different tissues, 100 pL ["*C]p-OHBG was applied to
mature rosette leaves of wild-type plants at flowering
stage. After 24 h of incubation, the majority of the plants
were harvested and various tissues were extracted in
methanol. The methanol extracts were analyzed by TLC
(see below) and total radioactivity was quantified by
liquid-scintillation counting. The remaining plants were
left for approximately 2 weeks. Siliques with the character-
istic yellow color at the tip were harvested and mature
seeds were crashed out. Distribution of p-OHBG in differ-
ent tissues of the whole plant was visualized by exposing
them to phosphor screens at —20°C followed by analysis on
a STORM 840 phosphorimager (Molecular Dynamics,
Sunnyvale, CA).

Comparative studies on transport of exogenously ap-
plied and endogenously synthesized radiolabeled p-OHBG
were carried out by application of a total of 300 uL ["*C]Tyr
(16.6 GBq mmol ' and 1.9 kBq uL~'; Amersham) or 300 L
['*C]p-OHBG to rosette leaves of both wild-type and
355::CYP79A1 plants at vegetative stage. The tracers were
applied in 10-uL aliquots on 10 leaves three times with a
12-h interval. The plants were kept in 8-h light conditions
until all the administered ["*C]Tyr was metabolized as
checked by TLC analysis every week. The plants were then
switched to reproductive growth by being transferred into
12-h light period. Vegetative tissues and mature seeds were
collected from the plants at withering stage and analyzed
for content of radiolabeled p-OHBG.

Identification of ["*Clp-OHBG by TLC

Methanol extracts were lyophilized and redissolved in
10 to 250 L 70% (w/v) methanol, of which aliquots of 10
to 15 uL were analyzed by TLC on Silica Gel 60 F,s, sheets
(Merck, Darmstadt, Germany) using isopropanol:ethyl
acetate:distilled water (7:1:2, v/v) as eluent. Radiolabeled
bands on TLC plates were visualized by phosphorimager.
p-OHBG was identified by comigration with authentic
standard on TLC and by MS (see below). For analysis of
p-OHBG degradation, a standard mixture of degradation
products was generated by incubating 1 uL of ["*C]p-
OHBG with Arabidopsis leaf extract (approximately 2 ug
of protein) in 20 mm sodium acetate buffer (pH 5) contain-
ing 0.3 mM ascorbate at 30°C for 30 min. Degradation of
p-OHBG was monitored using the TLC system described
above.

Collection of Phloem Exudates

Phloem exudate was collected from rosette leaves of
both wild-type and 35S:CYP79A1 plants using the EDTA
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method (King and Zeevaart, 1974; Hein et al., 1984; Gowan
et al., 1995). Rosette leaves (six—eight) were cut at the base
of their petioles, recut under water, and subsequently
rinsed to avoid contamination of cellular fluid. Each leaf
was then incubated in 200 uL water or 15 mm EDTA (pH
7.5) for 4 h in a humid chamber at 20°C. Phloem exudates
were lyophilized and stored at —80°C. The samples were
analyzed for glucosinolate content and composition by
both HPLC and LC-MS.

HPLC and LC-MS Analysis of Glucosinolates

The content and composition of glucosinolates in meth-
anol extracts and in phloem exudates were determined by
HPLC analysis as previously described (Petersen et al.,
2001a). In brief, the glucosinolates were identified as des-
ulphoglucosinolates after binding of methanol extracts on a
DEAE anion-exchange column, followed by sulfatase treat-
ment and elution with dH,O. Benzylglucosinolate (Merck)
was added as internal standard at the start of the extraction
procedure. Analyses were done in triplicates and individ-
ual desulphoglucosinolates were identified and quantified
as previously described (Petersen et al., 2001b).

Samples of phloem exudates were subjected to LC-MS
analysis before and after sulfatase treatment. LC-MS was
done on a HP1100 LC coupled to a Bruker Esquire-LC ion
trap mass spectrometer. The reversed-phase LC conditions
were as follows: A Cyg column (Chrompack Inertsil 3
ODS-3 515x3 COL CP 29126) was used. The mobile phases
were water doped with sodium acetate (A; 50 pum) and
methanol (B). The flow was 0.25 mL min~ ' and the gradi-
ent program was: isocratic 100% (w/v) A (0-2 min), linear
gradient 0% to 60% (w/v) B (2-40 min), linear gradient 60%
to 100% (w/v) B (40-45 min), and isocratic 100% (w/v) B
(45-50 min). The mass spectrometer was run in positive ion
mode. Twenty microliters of each sample was injected. The
total ion chromatograms, reconstructed ion chromato-
grams and UV traces were used to locate peaks, and the
[M+Na] " adduct ions in conjunction with diode array UV
spectra were used for identifications.
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