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Pyrrolizidine alkaloids (PAs) are constitutive plant defense compounds with a sporadic taxonomic occurrence. The first
committed step in PA biosynthesis is catalyzed by homospermidine synthase (HSS). Recent evidence confirmed that HSS
evolved by gene duplication from deoxyhypusine synthase (DHS), an enzyme involved in the posttranslational activation
of the eukaryotic translation initiation factor 5A. To better understand the evolutionary relationship between these two
enzymes, which are involved in completely different biological processes, we studied their tissue-specific expression.
RNA-blot analysis, reverse transcriptase-PCR, and immunolocalization techniques demonstrated that DHS is constitutively
expressed in shoots and roots of Senecio vernalis (Asteraceae), whereas HSS expression is root specific and restricted to
distinct groups of endodermis and neighboring cortex cells located opposite to the phloem. All efforts to detect DHS by
immunolocalization failed, but studies with promoter-�-glucuronidase fusions confirmed a general expression pattern, at
least in young seedlings of tobacco (Nicotiana tabacum). The expression pattern for HSS differs completely from its ancestor
DHS due to the adaptation of HSS to the specific requirements of PA biosynthesis.

Homospermidine synthase (HSS) catalyzes the first
pathway-specific step in the biosynthesis of pyrroli-
zidine alkaloids (PAs), a group of secondary com-
pounds whose distribution is widely scattered
among the angiosperms (Hartmann and Witte, 1995;
Hartmann and Ober, 2000). PA-producing plants ac-
cumulate these compounds constitutively in all plant
organs as chemical defenses against herbivores. In
annual Senecio spp., the inflorescences are the major
sites of PA accumulation (Hartmann and Zimmer,
1986). The function of PAs as powerful deterrents
and toxins is supported by the impressive adapta-
tions of certain insects that are specialized to feed on
PA-containing plants and utilize plant-acquired PAs
for their own protection (for review, see Hartmann
and Witte, 1995; Hartmann, 1999; Hartmann and
Ober, 2000).

The biosynthesis of PAs has been intensively stud-
ied, particularly in Senecio spp. (Asteraceae). Here,
PAs are synthesized in the roots as N-oxides that are
translocated into the shoot through the phloem
(Hartmann et al., 1989; Witte et al., 1990). Specific

carriers are involved in phloem loading and unload-
ing of the polar PA N-oxides because species that do
not produce PAs are unable to translocate them via
the phloem (Hartmann et al., 1989). In all Senecio spp.
studied so far, senecionine N-oxide is the primary
product of biosynthesis. The backbone structure is
modified by one- or two-step reactions (e.g. hydroxy-
lations, dehydrogenations, epoxydations, O-acetyla-
tions, etc.) that are species specific and lead to the
unique PA pattern of a given plant population. In the
living plant, PAs are spatially mobile but do not
show any turnover or degradation (Hartmann and
Dierich, 1998).

In PA biosynthesis, homospermidine is the first
pathway-specific precursor of the necine base moiety
of these ester alkaloids (Fig. 1). Homospermidine is a
rare polyamine, which is not commonly present in
plants. It is formed by HSS (spermidine specific; EC
2.5.1.45), which catalyzes the transfer of the ami-
nobutyl moiety from spermidine to a putrescine mol-
ecule in an NAD�-dependent reaction. In contrast to
its substrates putrescine and spermidine, which in
Senecio spp. roots show a dynamic turnover, homo-
spermidine does not exhibit any metabolic activity
apart from its incorporation into PAs (Boettcher et
al., 1993). In Senecio spp. roots, free homospermidine is
only detectable in the presence of �-hydroxyethylhy-
drazine, a diamine oxidase inhibitor, which efficiently
blocks the subsequent step in PA biosynthesis. If the
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inhibition is released, PA biosynthesis starts again at
the expense of accumulated homospermidine.

Recently obtained molecular data about HSS from
Senecio vernalis provided conclusive evidence for its
close phylogenetic relation to deoxyhypusine syn-
thase (DHS; EC 2.5.1.46), an enzyme involved in the
posttranslational activation of the eukaryotic initia-
tion factor 5A (eIF5A; Ober and Hartmann, 1999b).
DHS catalyzes the first of the two enzymatic reac-
tions leading to one of the most specific posttransla-
tional modifications known (Krishna and Wold,
1993) to produce activated eIF5A. Although inhibi-
tion of hypusine formation stops cell growth at the
G1/S boundary (Hanauke-Abel et al., 1995), the func-
tion of eIF5A remains elusive (for review, see Park et
al., 1997). Recently, eIF5A was localized at the nu-
clear pore complex (Rosorius et al., 1999), where it is
efficiently exported by the transport receptor expor-
tin 4 (Lipowsky et al., 2000). It probably functions as
a carrier for the export of specific RNAs from the
nucleus to the cytosol. In plants, these mRNAs may
be required for programmed cell death (Wang et al.,
2001). DHS and eIF5A seem to be conserved among
eukaryotes (Gordon et al., 1987) and archaebacteria
(Bartig et al., 1990). Recently, the same mechanism of
activation was confirmed in plants by cloning and
functional expression of DHS and eIF5A from to-
bacco (Nicotiana tabacum; Ober and Hartmann, 1999a)
and S. vernalis (Ober and Hartmann, 1999b).

The recruitment of HSS from DHS has been inter-
preted as evolution by change of function (Ober and
Hartmann, 2000) because HSS was recruited for PA
biosynthesis, a totally different function in plant sec-
ondary metabolism, and maintained under the selec-
tion pressure of herbivory (Ober and Hartmann,

2000). Mechanistically, HSS and DHS catalyze analog
reactions, both transferring an aminobutyl moiety of
spermidine to their substrates, i.e. putrescine in the
case of HSS and to a specific protein-bound Lys
residue in the case of DHS. Interestingly, purified
DHS also catalyzes as a side reaction the aminobuty-
lation of putrescine with the same kinetic properties
as HSS (Ober and Hartmann, 1999b; D. Ober, R.
Harms, L. Witte, and T. Hartmann, unpublished
data). This suggests that HSS could have evolved
from DHS by simply losing its ability to bind the
eIF5A protein. Because HSS controls the substrate
flow into the alkaloid pathway, it occupies a central
position in the regulation of PA biosynthesis. HSS
and DHS are cytosolic enzymes and the activities of
both enzymes seem to be correlated with cell growth
(Ober and Hartmann, 2000).

The intention of this study was to elucidate the
spatial localization of HSS in roots of S. vernalis and
to understand the biochemical aspects of the com-
partmentation discussed above. Using polyclonal an-
tibodies against HSS, we studied the tissue-specific
and subcellular localization of HSS. The identifica-
tion of groups of distinctive cells close to the phloem
as sites of homospermidine formation indicate a
highly cell-specific expression of alkaloid biosynthe-
sis with possible symplastic connection to the
phloem. In addition, RNA gel-blot analysis and semi-
quantitative PCR were performed to compare the
tissue-specific expression pattern of the closely re-
lated HSS and DHS genes in S. vernalis. For compar-
ison, tobacco, a plant that is devoid of PAs, was
included in these studies. Due to difficulties in de-
tecting DHS by immunolocalization, promoter-�-
glucuronidase (GUS)/green fluorescent protein (GFP)

Figure 1. Biosynthesis of PAs in the roots of S. vernalis. Putrescine and spermidine from primary metabolism are used as
substrates for HSS to catalyze the formation of homospermidine. This is the first committed step in PA biosynthesis. The
resulting homospermidine is exclusively incorporated into the necine base moiety of senecionine N-oxide. During trans-
location of this parent PA to the aerial parts of the plant, its structure is chemically modified to provide the PA derivatives
found in S. vernalis.
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fusions were constructed to analyze the tissue speci-
ficity of the promoter of tobacco DHS.

RESULTS

Analysis of hss and dhs Gene Expression in
S. vernalis and Tobacco

To compare hss and dhs gene expression in differ-
ent organs of S. vernalis and tobacco, we employed
two strategies. First, northern-blot analysis was per-
formed with complete cDNAs encoding HSS and
DHS as probes. Second, because both genes are
closely related and the respective enzymes share
identities of 83% and 79% on nucleic acid and amino
acid level, respectively (Ober and Hartmann, 1999b),
we performed semiquantitative reverse transcriptase
(RT)-PCR to prove the specificity of the probes in the
northern blot. In these experiments primers were
applied, which are highly specific for the cDNAs of
HSS and DHS, respectively. However, this technique
allows only demonstration of the presence or absence
of gene expression in a tissue without rigorous quan-
titative comparison.

Figure 2 shows the results of the northern-blot
analysis. The hss gene is expressed at high levels in
the roots of S. vernalis independently of the root age,
but is not expressed in the aerial parts of the plant

like the buds, flower heads, leaves, or stems. This
result supports the biochemical evidence that roots of
Senecio spp. are the exclusive site of PA biosynthesis,
as was shown with in vitro root cultures and de-
tached plant organs (Hartmann and Toppel, 1987;
Toppel et al., 1987; Hartmann et al., 1989). Western-
blot analysis of six successive 1-cm segments begin-
ning with the root tip showed expression of HSS in
all tested root segments except the undifferentiated
first centimeter of the root tip. The hypocotyl was
devoid of any HSS expression (data not shown). In
contrast to the selective expression of the hss gene,
the dhs gene was expressed at low levels in all tested
organs of S. vernalis, with higher levels in the roots
(Fig. 2B). Semiquantitative RT-PCR (Fig. 3) confirmed
that the dhs gene is expressed in all tested tissues of
S. vernalis as well as of tobacco, whereas the hss gene
is expressed selectively only in the roots of S. vernalis.
The test of whether the expression of the dhs gene

Figure 3. Semiquantitative RT-PCR. Reverse transcription and PCR
were performed with RNA of different tissues of S. vernalis with primers
specific for HSS and DHS of S. vernalis (A) and with RNA of different
tissues of tobacco with primers specific for DHS of tobacco (B).

Figure 2. Northern-blot analysis and RNA loading control of differ-
ent tissues of S. vernalis. RNA of S. vernalis tissues was hybridized
with digoxigenin (DIG)-labeled HSS probe (A) and DHS probe (B) of
S. vernalis (buds, lane 1; young leaves, lane 2; young stem, lane 3;
flower heads, lane 4; old stem, lane 5; young root, lane 6; and old
root, lane 7).
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correlates with expression of the gene encoding the
substrate of DHS, eIF5A, also showed for the eIF5A
an expression at constant level in all tested tissues
(Fig. 4), which is well in accord with the data for
eIF5A from maize (Zea mays; Dresselhaus et al., 1999).
Also, ovaries of different developmental stages (of
young flower bud through developed fruit-
containing seeds) showed a constant level of dhs gene
expression (data not shown).

Immunolocalization of HSS in Root Sections of
S. vernalis

The tissue-specific localization of HSS was studied
with roots of field- or greenhouse-grown S. vernalis.
Although in vitro-cultured roots proved to be an
ideal system for biochemical studies of PA biosyn-
thesis (Hartmann et al., 1988), they turned out to be
unsuitable for histological studies because of incom-
plete tissue differentiation in the central cylinder.

The immunostaining of HSS was performed with
polyclonal antibodies from rabbits raised against S.
vernalis HSS. Before use, the antibodies were purified
by affinity chromatography with immobilized re-
combinant HSS. Figure 5A shows a fluorescence pho-
tograph of FITC-labeled root sections. The xylem
vessels of the triarch vascular bundle show intensive
yellow autofluorescence, due to lignification. Yellow
autofluorescence is also visible in the radial cell walls
of the endodermis cells caused by suberin (casparian
strip, marked with arrowheads). A strong antibody
labeling is detected in endodermis cells and the ad-
jacent parenchyma cells of the root cortex, which are
located opposite of the phloem tissue. The phloem is
located in between the radially arranged ridges of the
xylem, separated from the endodermis by the peri-
cycle, the outer cell layer of the central cylinder. The
pericycle cells are devoid of any labeling.

To confirm the specificity of this labeling, various
control experiments were performed. Incubation of
the section with either pre-immune serum or the
secondary FITC-labeled antibody omitting the pri-

mary antibody gave no labeling (data not shown). In
protein gel-blot analysis, the antibody raised against
the HSS showed weak but detectable cross-reactivity
with DHS of S. vernalis, even after affinity purifica-
tion (data not shown). Because DHS was shown to be
expressed in roots (Figs. 2B and 3A), any influence on
HSS immunolocalization by cross-reactivity with
DHS needed to be excluded. Therefore, the labeling
experiment was repeated by addition of either puri-
fied HSS or purified DHS. In case of a specific label-
ing of HSS, the label should be reduced by pre-
incubation of the antibody with added HSS protein,
but not with DHS protein. The pre-incubations were
performed at room temperature 10 min before the
mixture was applied to the root section. Two differ-
ent protein concentrations were used, resulting in a
molar ratio of antibody to added protein of 10:1 and
1:3. Figure 6, B through E, show that only the addi-
tion of soluble HSS reduces (10:1 ratio) and even
completely blocks (1:3 ratio) the specific labeling,
whereas addition of the DHS protein is ineffective.

Localization of HSS by immunogold labeling cou-
pled with silver enhancement under the light micro-
scope shows the same labeling pattern in a root that
just started with secondary growth. Between the
well-differentiated metaxylem and the phloem, rows
of cells parallel to the radii of the axes are formed by
the periclinal divisions of the cambium (Fig. 5F).

Intracellular Localization of HSS in S. vernalis

Figure 6 shows electron micrographs of cross sec-
tions of S. vernalis roots labeled with 18-nm gold
particles after incubation with the affinity-purified
antibody against HSS. In the center of the picture, the
casparian strip is visible as a dark incrustation in the
wall between two endodermis cells. These are joined
at left by a cell of the pericycle. The gold particles are
localized exclusively in the cytoplasm of the
endodermis cells and in the adjoining cells of the
cortex. There is no label associated with any cell
organelle. The pericycle cells are also devoid of any
label. These results clearly support the biochemical
observation that HSS is a soluble cytosolic protein
(Boettcher et al., 1993). Control incubations with pre-
serum instead of the anti-HSS antibody did not show
any label (data not shown).

Tissue-Specific Expression of Tobacco
dhs-Promoter Fusions

In contrast to HSS, all efforts to localize DHS by
immunolabeling have failed so far. Two reasons may
be given to explain these negative results. First, the
expression level of DHS is comparatively low. We
were never able to demonstrate DHS activity in plant
extracts, whereas HSS activity is easily detectable in
crude root extracts of S. vernalis. Second, the localiza-
tion of HSS in specific root cells suggests high local

Figure 4. Northern-blot analysis and RNA loading control of differ-
ent plant organs of tobacco with eIF5A probe. RNA of different
tissues was hybridized with DIG-labeled probe of eIF5A (roots, lane
1; shoots, lane 2; old leaves [about 20 cm in length], lane 3; young
leaf [about 2 cm in length], lane 4; stamina of open flower, lane 5;
stamina of closed flower bud, lane 6; petals of open flower, lane 7;
petals of closed flower bud, lane 8; ovary of open flower, lane 9; and
ovary of closed flower bud, lane 10).
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enzyme concentrations that should be detected more
easily than the suspected more dispersed tissue dis-
tribution of DHS. To analyze DHS expression in
more detail, we used the promoter-GUS/GFP fusion
technique. From the eukaryotic genome projects (i.e.
human, Arabidopsis, Drosophila melanogaster, and
yeast [Saccharomyces cerevisiae]), it is known that DHS
is represented by a single gene copy.

In tobacco, a 2.0-kb fragment upstream of the dhs
gene was identified that should contain the regula-
tory elements of the dhs promoter. To analyze the
tissue-specific expression of the dhs gene, we used
this fragment to construct a promoter GFP/GUS fu-
sion and transformed it into tobacco plants using
Agrobacterium tumefaciens. GUS staining was per-
formed with seedlings and young plantlets of the F1
generation of multiple independent transgenic lines.
A significant staining was already detectable after 6 h
of incubation, and longer incubation times did not
alter the staining patterns. Figure 8, A through D,
show strong dhs promoter activity in young tobacco
seedlings. The radicle and the hypocotyl just emerg-
ing from the seed already showed intensive blue
coloration (Fig. 7A). The promoter activity in the
hypocotyl remains stable in older seedlings with ex-
panded cotyledons, but only in the lower part, di-
rectly above the root-shoot connection (Fig. 7, B
showing a detail of C). Intensive dhs promoter activ-
ity is also detectable in the cotyledons and the two
primary leaves (Fig. 7C), whereas the following
leaves show only a slight staining, indicating low
expression (Fig. 7D). Roots of young seedlings also
exhibit promoter activity, with the exception of the
still undifferentiated growing zone of the root tip,
which is generally devoid of any blue coloration (Fig.
7, C and D). If adventitious roots of the F0 generation
are stained, some show promoter activity behind the
root tips, with the exception of the tip itself in a 0.5-
to 1.0-cm-long region, whereas others are devoid of
any label (Fig. 7E). No success was achieved in trying
to visualize GFP expression due to autofluorescence
in the tissues.

DISCUSSION

Plant secondary metabolism is characterized by an
immense diversity of chemical structures of re-
stricted taxonomic distribution that are produced
with high specificity and under stringent genetic con-

Figure 5. Immunolabeling of HSS in root sections of S. vernalis. A,
Specific labeling using fluorescein isothiocyanate (FITC) detection of
specialized cells within the endodermis and the adjacent paren-

chyma cells of the root cortex with affinity-purified anti-HSS anti-
body (Co, parenchyma cells of the root cortex; En, endodermis; Ph,
phloem; Xy, xylem; and the casparian strips in the radial cell walls of
the endodermis are marked by arrowheads). B through E, Specific
labeling as in A, but in the presence of purified HSS (B and C) and in
the presence of purified DHS (D and E) in a molar ratio of antibody:
added protein of 10:1 and 1:3, respectively. F, Immunogold labeling
enhanced with silver of a root section with beginning secondary
growth (cells introduced by cambium activity are marked by arrows).
The HSS-specific label is still detectable.
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trol. Genes encoding enzymes mediating the high
specificity of these pathways must have been re-
cruited during evolution from primary metabolism
by gene duplication and modified under selection
pressure. Their integration into a secondary pathway
implies not only the adaptation of enzymatic activi-
ties to new functions but also a proper regulatory
integration of the gene, including its expression level
and tissue specificity.

Comparison of hss and dhs Expression Patterns

The expression patterns of the hss and dhs genes
revealed that they are differentially regulated. The
dhs gene is expressed in all plant organs analyzed,
with slightly higher levels occurring in roots,
whereas the hss gene is expressed exclusively in roots
(Figs. 2 and 3A). These results suggest that recruit-
ment of the hss gene from dhs was accompanied by
changes in the regulation of this gene to accommo-
date its new and unique role in PA biosynthesis. The
root-specific expression of HSS corroborates earlier
physiological studies that proved that the biosynthe-
sis of PAs is restricted to the roots in Senecio spp. It is
interesting to note that on a whole-root basis in S.
vernalis, the mRNA coding for HSS is expressed in
much higher concentration than the mRNA coding
for DHS. This becomes even more remarkable if we
consider that the HSS expression is restricted to cer-
tain root cells. Obviously, the regulatory elements are
also modulated in regard to the expression level of
the gene product. Pichersky and Gang (2000) postu-
late that the increased expression level of an enzyme
involved in the biosynthesis of defense compounds
in comparison with its ancestor from primary metab-
olism could increase the fitness of an organism. This
is probably the case for the HSS-DHS system because
the low turnover number of DHS is well known
(Ober and Hartmann, 1999a), although in plants ac-
cumulating defense compounds, low enzyme activi-
ties may suffice to establish an efficient defense
system.

Nothing is known about the localization and func-
tion of DHS in plants. In fact, tobacco and S. vernalis
are the first plants for which the occurrence of DHS
and its function in eIF5A activation was confirmed
(Ober and Hartmann, 1999a, 1999b). Recently, Wang
et al. (2001) isolated the cDNAs for DHS and eIF5A
from a senescence-induced cDNA library of tomato
(Lycopersicon esculentum). Only few data are available
concerning plant eIF5A. Pay et al. (1991) succeeded in
cloning and sequencing of the first plant eIF5A
cDNA from Medicago sativa. Two cDNA sequences
for eIF5A were isolated from Nicotinana plumbagini-
folia. One of the corresponding genes is constitutively
expressed in all tested tissues, whereas the second
gene seems to be expressed mainly in photosynthet-
ically active parts of the plant (Chamot and Kuhle-
meier, 1992). In maize, eIF5A is also constitutively

expressed in all tissues without any correlation of
gene expression with cell division activity (Dressel-
haus et al., 1999). Our results suggest that in plants,
neither the expression patterns of eif5A nor DHS
appear to be correlated with cell growth because root
and leaf tissues of various developmental stages do
not show noticeable differences in their expression
levels (Figs. 2–4). Thus, in plants, the function of
activated eIF5A may be different from that described
for other eukaryotic systems, where eIF5A appears to
be essential for cell proliferation (Kang and Hershey,
1994). In addition to the results of Wang et al. (2001),
the dhs promoter-GUS fusions we expressed in to-
bacco also indicate the involvement of activated
eIF5A in processes other than plant senescence. An
essential role was postulated for eIF5A in RNA ex-
port from the nucleus (see above). Such a mechanism
may be required in physiological processes such as
those involved in senescence or early development of
seedlings.

Cell-Specific Localization of HSS in Root Sections of
S. vernalis

HSS expression was localized to specialized
endodermis and the neighboring parenchyma cells
just opposite the phloem. Cells of the endodermis are
coated with a lipid (suberin)-containing casparian
strip in the radial and transverse walls that produce
a physical barrier for apoplastic transport of solutes
from the cortex to the central cylinder. We assume
that these specialized endodermis and adjacent cor-
tex cells are not only the specific sites of HSS expres-
sion but are the intrinsic sites of the biosynthesis of
senecionine N-oxide, the backbone structure of the
Senecio spp. PAs. This view is corroborated by exper-
imental evidence from earlier physiological and bio-
chemical studies. Thus, in Senecio spp., the roots are
not only the specific site of HSS expression but also
the exclusive site of de novo PA synthesis (Hartmann
and Toppel, 1987; Toppel et al., 1987). The findings of
Boettcher et al. (1993) that endogenously formed ho-
mospermidine is exclusively incorporated into PAs
and is not a substrate for degrading polyamine oxi-
dases indicate that the formation of homospermidine
and the subsequent steps of its utilization for alkaloid
biosynthesis should share the same cellular compart-
ment. Our data prove that cell organelles are not
involved in compartmentation of homospermidine
formation.

The arrangement of the HSS-expressing cells vis-
à-vis the phloem matches with the phloem-specific
root-to-shoot translocation of senecionine N-oxide
(Hartmann et al., 1989). To enter a sieve tube, newly
synthesized senecionine N-oxide has only to cross the
single cell layer of the pericycle (see Fig. 5). The
mechanism of the root-specific phloem loading of
alkaloids is not known, but the polar salt-like sene-
cionine N-oxide was found to be only phloem mobile
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Figure 6. Electron micrographs of in situ immunogold-labeled HSS in roots of S. vernalis. A, Two cells of the endodermis
(En) with the casparian strip (Ca) as incrustation in the radial cell wall. The endodermis cells are accompanied by cells of
the pericycle (Pc) and the cortex parenchyma (Co). Gold label is only found in the endodermis and the adjacent cortex cells,
but no label is detectable in the pericycle. B, Cell junction of two endodermis cells (En; casparian strip at bottom right) with
a cell of the pericycle (Pc). C, Detail of labeled cells that show the label exclusively in the cytoplasm. All detectable
organelles are devoid of any label (at the right is an intercellular space, Ic).
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in PA-synthesizing Senecio spp. (Hartmann et al.,
1989). The specific phloem loading with senecionine
N-oxide may be either apoplastic or symplastic. We
know that PAs are spatially mobile (Hartmann and
Dierich, 1998). In whole plants, PAs circulate slowly
between plant organs and accumulate transiently at
the preferential storage sites (i.e. inflorescences and

peripheral stem tissue). Even in Senecio spp. root
cultures, there is a continuous translocation of PAs
between old and new tissues (Sander and Hartmann,
1989). In plants and cultured roots, there is no signif-
icant loss of PAs over prolonged periods (i.e. �4
weeks with plants and �2 weeks with root cultures),
indicating that during their spatial mobility, the PAs

Figure 7. GUS expression in tobacco plants transformed with the dhs-promoter GUS fusion. A, Young seedling with stained
root and hypocotyl. B, Detail of the transition between root and shoot of a seedling shown in C. C, Seedlings with developed
cotyledons, one with two primary leaves. D, Young plant with GUS expression in the cotyledons, successive leaves, the
hypocotyl, and some of the roots. Older leaves only show weak GUS expression. E, Adventitious roots of an F0 plant, of
which only some show GUS expression in a section of approximately 0.5 to 1.0 cm in length directly behind the root tips.
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are well protected from apoplastic degradation. In
root cultures, not even traces of PA N-oxides are lost
into the medium. Thus, a PA transport via the apo-
plast seems to be unlikely.

The expression of other alkaloid-specific enzymes
in particular plant organs, defined cells, or in cell
organelles has been described (for review, see De
Luca and St-Pierre, 2000). In this respect, PAs and
nicotine as well as the tropane alkaloids, such as the
anticholinergic drugs l-hyoscyamine and scopol-
amine, found in certain species of the Solanaceae,
share some striking similarities. Like PAs, they are
exclusively synthesized in the roots and translocated
into the shoot. However, in contrast to PAs, they are
translocated via the transpiration stream in the xylem
(Neumann, 1985). Putrescine N-methyltransferase,
the first enzyme of scopolamine biosynthesis, and
hyoscyamine 6�-hydroxylase, the last enzyme of sco-
polamine biosynthesis, are only expressed in the
pericycle of young roots of Hyoscyamus niger and
Atropa belladonna (Hashimoto et al., 1991; Kanegae et
al., 1994; Suzuki et al., 1999a). The transformation of
H. niger and A. belladonna plants with a GUS fusion
construct containing the promoter of hyoscyamine
6�-hydroxylase revealed GUS expression mainly in
those cells of the pericycle, which are adjacent to the
primary xylem poles (Kanegae et al., 1994; Suzuki et
al., 1999b). Thus, like PA biosynthesis, tropane alka-
loid formation appears to take place spatially adja-
cent to the translocation path of the alkaloids. How-
ever, in contrast to the pericycle-specific expression
of these two enzymes of tropane alkaloid biosynthe-
sis, tropinone reductase I, another specific enzyme of
this pathway, is expressed in the endodermis and
outer cortex. The differential compartmentation of
the biosynthetic enzymes indicates that intermedi-
ates must be shuttled between the pericycle and the
endodermis to complete the pathway leading to the
formation of scopolamine (Nakajima and Hashimoto,
1999).

Complex intercellular compartmentation has also
been found in the biosynthesis of the monoterpenoid
indole alkaloids in Catharanthus roseus. Specific en-
zymes of this pathway were localized in at least two
different cell types, also requiring intercellular trans-
location of pathway intermediates (St-Pierre et al.,
1999). The hypothesis of De Luca and St-Pierre (2000)
that already compartmentalized reactions were re-
cruited from primary metabolism to participate in
alkaloid biosynthesis cannot be the case for PA bio-
synthesis. HSS exhibits a tissue-specific expression
that is clearly different from the expression pattern of
DHS, its evolutionary ancestor.

The high specificity of expression of enzymes in-
volved in alkaloid biosynthesis may be an important
requirement for the establishment of new secondary
pathways in evolution. Although we have good evi-
dence that the HSS-expressing cells are the specific
sites of PA biosynthesis, a similar intercellular com-

partmentation of the biosynthetic enzymes, as sug-
gested for tropane and monoterpenoid indole alka-
loid biosynthesis, cannot be excluded. Further
enzymes involved in PA biosynthesis need to be
identified and localized.

MATERIALS AND METHODS

Polyclonal Antibody Preparation and
Affinity Purification

Polyclonal sera were raised in rabbits against HSS purified from roots of
Senecio vernalis Waldst. & Kitaibel and against purified recombinant DHS
protein (Ober and Hartmann, 1999b), provided by Eurogentec (Seraing,
Belgium) and Bioscience (Göttingen, Germany), respectively. For affinity
purification of the sera, purified recombinant HSS and DHS of S. vernalis
were coupled to activated Sepharose 4B (Amersham Biosciences, Freiburg,
Germany) according to the manufacturer’s instructions. These affinity ma-
trices were incubated overnight at room temperature with the respective
sera, washed with 0.1 m sodium acetate (pH 4.5) containing 0.5 m NaCl, and
eluted with 0.2 m sodium acetate (pH 2.7) containing 0.5 m NaCl. The eluting
purified antibodies were rebuffered to phosphate buffered saline (PBS),
concentrated, and stored at �20°C until further use.

Protein Gel-Blot Analysis

Proteins were separated on 12% (w/v) SDS-PAGE gels using a discon-
tinuous buffer system (Laemmli, 1970) at 200 V of constant voltage. Gels not
used for immunoblotting were stained with Coomassie Blue. Protein gels
were electroblotted onto polyvinylidene fluoride membrane (Immobilon P,
Millipore, Bedford, MA) with a current density of 2.5 mA cm2. The blots
were then blocked with Tris-buffered saline supplemented with 0.1% (v/v)
Tween 20 (TBS-T) containing 10% (v/v) fetal calf serum (Sigma, St. Louis)
for 1 h at room temperature. With the affinity-purified polyclonal antibody
(diluted 1:20,000 [v/v] in blocking solution), the blot was incubated for 1 h
at room temperature, followed by successive washing steps (each 2 � 5 min)
in TBS-T, TBS-T � 0.5 m NaCl, TBS-T � 0.5% (v/v) Triton X-100, and once
in TBS-T. After incubation with a goat anti-rabbit secondary antibody
conjugated to horseradish peroxidase (diluted 1:5,000 [v/v], Dianova, Ham-
burg, Germany), the washing steps were repeated before chemolumines-
cence detection was performed with the ECL Western Blotting System
(Amersham Biosciences) and documented on XAR5 x-ray film (Eastman-
Kodak, Rochester, NY).

RNA Isolation and Gel-Blot Analysis

Tissue samples were collected, frozen in liquid nitrogen, and stored at
�80°C. Total RNA was extracted with RNeasy Plant Mini Kit (Qiagen,
Hilden, Germany). Ten micrograms per sample was separated on a
formaldehyde-agarose gel and transferred onto positively charged nylon
membranes (Roche Diagnostics, Mannheim, Germany) by capillary blotting.
RNA gel blots were hybridized overnight in DIG Easy Hyb buffer or
High-SDS hybridization buffer at 42°C with HSS and DHS probes and at
39°C with the eIF5A probe, all of which were digoxigenin labeled by using
the PCR DIG Probe Synthesis Kit (Roche Diagnostics). Chemoluminescent
detection was performed with CSPD (Roche Diagnostics) according to the
manufacturer’s instructions. Exposure times were 2 h for the HSS- and
DHS-specific probes and 1 h for the eIF5A-specific probe.

Semiquantitative RT-PCR

Per sample, 2 �g of total RNA was used as template for oligo(T) cDNA
synthesis with an oligo(dT)17 primer (0.1 �m, 5�-dGTCGACTCGAGA-
ATTC(T)17-3�, MWG-Biotech, Ebersberg, Germany) using Superscript II RT
(Invitrogen, Carlsbad, CA) in a total volume of 50 �L according to the
manufacturer’s instructions. PCR was performed with specific primers for
HSS and DHS, previously used for amplification of the full-length cDNAs
from S. vernalis (Ober and Hartmann, 1999b) and tobacco (Nicotiana tabacum;
Ober and Hartmann, 1999a), Taq DNA polymerase (Invitrogen), and the
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following temperature program: 5 min at 95°C initial denaturation, 40 cycles
with 95°C for 45 s, 57°C for 1 min, and 72°C for 2 min. Aliquots of the
reaction were taken after cycle 26, 28, 30, 32, 34, and 40 and analyzed by
agarose gel electrophoresis.

Tissue Preparation for Immunohistochemistry

Roots and other plant organs of S. vernalis and tobacco grown in the
greenhouse were cut into small segments (approximately 0.5–1.0 cm) and
immediately fixed for 1 h under reduced pressure in 4% (v/v) formaldehyde
(freshly prepared from paraformaldehyde) and 0.2% (v/v) glutaraldehyde
in sample buffer (0.05 m potassium phosphate buffer, pH 7.2). Afterward,
the samples were washed twice for 10 min in sample buffer, dehydrated in
a graded ethanol series, and embedded in Technovit 7100 resin (Heraeus-
Kulzer, Hanau, Germany) according to the manufacturer’s instructions.
Sections (3–5 �m) were cut with a microtome and mounted on glass slides
coated with Teflon (Roth, Karlsruhe, Germany).

Immunocytochemical Analysis by UV and
Light Microscopy

Sections were blocked at room temperature for 30 min with 0.15 m Gly
followed by 30 min with PBS supplemented with 10% (w/v) bovine serum
albumin and 0.1% (w/v) fish gelatin. After washing with PBS, the sections
were incubated with either pre-immune serum (without dilution) or
affinity-purified primary antibody (1:500 dilution [v/v]) diluted with 1%
(w/v) bovine serum albumin in PBS for 1 h at 37°C in a humid chamber.
After five 1-min washings with PBS, the sections were incubated for 1 h at
room temperature with the secondary goat anti-rabbit antibody. For immu-
nogold labeling, the secondary antibody was coupled to 18-nm gold parti-
cles (diluted 1:20 [v/v], Dianova) and for fluorescence detection, coupled
with FITC (1:100 [v/v], Sigma). For visualization in a light microscope
(Photomicroscope III, Zeiss, Jena, Germany), gold particle-labeled sections
were exposed to a silver enhancement reagent according to the manufac-
turer’s instructions (Amersham Biosciences). FITC-labeled sections were
excitated by UV light of 450 to 490 nm and recorded using a Photomicro-
scope III or Axioskop 2 (Zeiss).

Immunocytochemical Analysis by Transmission
Electron Microscopy

Sections for transmission electron microscopy were fixed and dehydrated
as described above, and then were embedded in Unicryl resin (Plano,
Wetzlar, Germany) according to the manufacturer’s instructions. Sections of
80 nm were cut with an ultramicrotome and mounted onto nickel grids (300
mesh, Plano) coated with Butvar B-98 (Sigma) according to Handley and
Olsen (1979). Blocking and antibody incubation (goat anti-rabbit with 18-nm
gold particles as secondary antibody) was performed as described for light
microscopy. After post-staining with 2% (w/v) aqueous uranyl acetate for
20 min, the sections were analyzed using a transmission electron microscope
(300 EM, Philips, Eindhoven, The Netherlands).

Construction of Promoter-GUS Fusions and
Plant Transformation

Genomic DNA was isolated from field-grown tobacco leaves using the
hexadecyl-trimethyl-ammonium bromide protocol (Doyle and Doyle, 1990).
To identify the promoter region, a gene walking method (Siebert et al., 1995)
was used with primers specific to the known cDNA sequence of tobacco
DHS (Ober and Hartmann, 1999a). The 2.0-kb fragment of the genomic DNA
directly upstream of the open reading frame was amplified by PCR using
the Advantage Genomic PCR Kit (BD Biosciences Clontech, Palo Alto, CA)
and two specific primers, with the forward primer including a native
HindIII restriction site 1,871 pb upstream of the start-ATG of the DHS gene
and the reverse primer encompassing a SpeI site directly behind the start-
ATG of the open reading frame. The HindIII-/SpeI-digested PCR product
was inserted into pCAMBIA1304, replacing the cauliflower mosaic virus 35S
promoter directly in front of an mGFP5*/gusA fusion. The hygromycin
resistance cassette of this plasmid was replaced by the ampicillin resistance

cassette of pCAMBIA2300. This construct was propagated in Escherichia coli
XL1-blue and transformed into competent Agrobacterium tumefaciens strain
C58C1:pGV2260 to transform tobacco cv SNN as described by Rosahl et al.
(1987). The nucleotide sequences for the promoter region of the dhs gene of
tobacco has been submitted to the EMBL Nucleotide Sequence Database
(accession no. AJ428400).

GUS Reporter Analysis

For histochemical GUS analysis, seedlings and young plantlets of the F1

generation of tobacco plants transformed with the dhs promoter-GFP/GUS
fusion were immersed in the GUS reaction buffer according to Urao et al.
(1999) followed by a slight vacuum infiltration for 20 min. Tissues were
incubated at 37°C for 6 to 18 h and afterward cleared in 70% (v/v) ethanol.
Photos were taken using a stereomicroscope (M8, Wild Heerbrugg, Heer-
brugg, Switzerland) with an AxioCam HRc (Zeiss).
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