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l h e  tropane alkaloid scopolamine i s  synthesized in the pericycle 
of branch roots in certain species of the Solanaceae. l h e  enzyme 
responsible for the synthesis of scopolamine from hyoscyamine i s  
hyoscyamine C&hydroxylase (H6H). The gene for H6H was iso- 
lated from Hyoscyamus niger. It has an exon/intron organization 
very similar to those for ethylene-forming enzymes, suggesting a 
common evolutionary origin. The 827-bp 5' flanking region of the 
H6H gene was fused to the j3-glucuronidase (CUS) reporter gene 
and transferred to three solanaceous species by Agrobacferium- 
mediated transformation systems: H. niger and belladonna (Atropa 
belladonna), which have high and low levels, respedively, of H6H 
mRNA in the root, and tobacco (Nicotiana tabacum), which has no 
endogenous H6H gene. Histochemical analysis showed that CUS 
expression occurred in the pericycle and at the root meristem of 
transgenic H. niger hairy roots, but only at the root meristem of 
hairy roots and plants of transgenic tobacco. In transgenic hairy 
roots and regenerated plants of belladonna, the root meristem was 
stained with CUS activity, except for a few transformants in which 
the vascular cylinder was also stained. lhese studies indicate that 
the cell-specific expression of the H6H gene is  controlled by some 
genetic regulation specific to scopolamine-producing plants. 

Secondary metabolites with diverse chemical structures are 
usually synthesized in some plant tissues at certain develop- 
mental stages. The rates of metabolite formation are often 
greatly infliienced by interna1 hormone balances and extemal 
stimuli, such as light and pathogen attack. Our knowledge 
of how the expression of structural genes encoding biosyn- 
thetic enzymes involved in secondary metabolism is con- 
trolled comes primarily from genetic and molecular studies 
of the biosynthesis of flavonoids, typically anthocyanin pig- 
ments (Dooner et al., 1991). These studies have shown that 
the distribution of anthocyanins in plant tissues is detennined 
by the expression pattems of, and the interactions among, 
specific transcriptional activators. 

In the absence of similar genetic and molecular studies of 
other secondary metabolites, it is not certain whether, and, if 
so, how much, the basic regulatory mechanisms that have 
been identified in the anthocyanin pathway can be extended 
to other groups of secondary metabolites in plants. Flavo- 
noids are atypical among secondary products in that a11 
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flowering plants synthesize some subgroups of flavonoids, 
indicating very early evolution of the flavonoid pathway in 
land plants (Stafford, 1991). Usually, any given secondary 
products are limited to certair,, often phylogenetically related, 
species (Hegnauer, 1986). Among secondary products, alka- 
loids constitute the largest group of secondary products in 
terms of chemical diversity and have been studied extensively 
by chemists and biochemists because they frequently exhibit 
pharmacological activity. Severa1 genes encoding biosyn- 
thetic enzymes in independent alkaloid pathways have re- 
cently been cloned (Kutchan et al., 1988; De Luca et al., 1989; 
Dittrich and Kutchan, 1991; Matsuda et al., 1991; Nakajima 
et al., 1993) and the molecular analysis of the control of these 
alkaloid pathways is forthcoming. 

Scopolamine is a tropane alkaloid with anticholinergic 
properties. It is synthesized from hyoscyamine via 60-hy- 
droxyhyoscyamine in select species of the Solanaceae (Hash- 
imoto and Yamada, 1992). The 2-oxoglutarate-dependent 
dioxygenase H6H (EC 1.14.11.11) catalyzes the two-step 
epoxidation of hyoscyamine to scopolamine (Hashimoto et 
al., 1993a) and is especially active in cultured roots (Hashi- 
moto and Yamada, 1986). H6H cDNA cloned from cultured 
roots of Hyoscyamus niger, a typical scopolamine-rich plant, 
has been used to demonstrate that H6H mRNA is abundant 
in cultured roots, is present in plant roots, but is absent in 
stems, leaves, and cultured cells (Matsuda et al., 1991). Im- 
munohistochemical analysis has further localized the H6H 
protein to the pericycle in the root, and the pericycle-specific 
expression of H6H has been proposed to be important for 
the root-to-shoot translocation of tropane alkaloids through 
xylem (Hashimoto et al., 1991). To understand the molecular 
mechanism behind this highly cell-specific biosynthesis of 
scopolamine, the regulatory components that control the 
expression of the H6H gene in scopolamine-producing plants 
must first be identified. We report here that the 5' flanking 
region of the H. niger H6H gene controls cell-specific gene 
expression in roots in a species-dependent manner. 

MATERIALS AND METHODS 

Plant Materials 

Cultured roots of Hyoscyamus niger and Atropa belladonna 
were grown at 25OC in the dark on a rotary shaker (100 rpm) 
in Gamborg B5 medium containing 30 g/L Suc and 1 ~ L M  

Abbreviations: EFE, ethylene-forming enzyme; GUS, 6-glucuron- 
idase; H6H, hyoscyamine 6@-hydroxylase. 
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indole-3-butyric acid (Hashimoto et al., 1986). H. niger, Hyos- 
cyamus muticus, A. belladonna, Nicotiana tabacum cv SR1, and 
Petunia hybrida plants were grown either in a greenhouse or 
under sterile conditions. 

DNA Preparation and Analysis 

DNA was prepared as described by Doyle and Doyle 
(1987). For gel-blot analysis, DNA was digested with restric- 
tion endonucleases, fractionated on a 0.7% agarose gel, and 
transferred to a nylon membrane (Biodyne A, Pall, Glen 
Cove, NY) by the conventional capillary method. Hybridi- 
zation was performed at 65OC in 5X SSC (1X SSC = 0.15 M 
NaCI, 0.015 M sodium citrate), 5X Denhardt’s solution ( lx 
Denhardt’s solution = 0.02% [w/v] Ficoll, 0.02% [w/v] BSA, 
0.02% [w/v] PVP), 0.1% (w/v) SDS, and 100 pg/mL dena- 
tured salmon testis DNA. A hybridization probe was pre- 
pared from an XhoI fragment of pBHHl containing H. niger 
H6H cDNA (Matsuda et al., 1991) using a random primer 
labeling kit (Pharmacia). The membrane was washed twice 
in 2X SSC, 0.1% (w/v) SDS at room temperature and then 
in 0.1X SSC, 0.1% (w/v) SDS at 42OC. 

RNA Preparation and Analysis 

RNA was isolated by phenol/SDS extraction, followed by 
sodium acetate precipitation (Ausubel et al., 1987). Total RNA 
was separated on formaldehyde-containing agarose gel and 
blotted onto a nylon membrane (Biodyne A, Pall). The mem- 
brane was hybridized at 42OC in 50% (v/v) formamide, 5X 
SSPE (lx SSPE is 0.18 M NaCl, 1 mM EDTA, 10 mM sodium 
phosphate, pH 7.7), 5X Denhardt’s solution, 0.1% (w/v) SDS, 
and 100 pg/mL denatured salmon testis DNA. The hybridi- 
zation probe was prepared as described above. The mem- 
brane was washed twice in 2 X  SSC, 0.1% (w/v) SDS at room 
temperature, and then in 0.2X SSC, 0.1% (w/v) SDS at 65OC. 

Construction and Screening of the Genomic Library and 
Nucleotide Sequencing 

Genomic DNA isolated from cultured roots of H. niger was 
partially digested with Sau3AI and size-fractionated by Suc 
gradient ultracentrifugation. Size fractions of 10 to 23 kb 
were ligated into either X EMBL3 or X DASHII that had been 
digested with BamHI. The ligates were packaged using Gi- 
gapack Gold (Stratagene) and then infected to Escherichia coli 
PLK17 and ER1647. The library of approximately 1.4 X 106 
recombinants was screened by plaque hybridization with an 
H6H cDNA probe prepared as described above. After plaque 
purification and isolation, positive clones were mapped by 
Southem analysis of restriction fragments and subcloned into 
pBluescript I1 KS- or pBluescript I1 SK-. Nested-deletion 
clones were made using a kilo-sequence deletion kit (Takara 
Shuzo, Kyoto, Japan) and DNA sequences were determined 
by the dideoxy chain-termination method (Sanger et al., 
1977) using a Sequenase kit (United States Biochemical). 

Primer Extension 

A 36-mer oligonucleotide with a sequence of 5’-GAC- 
CAGTTCGACACAAAAGTAGCCATCAAATGTCTC-3’, 

which is complementary to the 5’ region of the HoH mRNA 
(see Fig. 3B), was labeled at the 5’ end using T4 polynucle- 
otide kinase and [y-32P]ATP. Primer extension reaction was 
carried out according to Ausubel et al. (1987) and the exten- 
sion product was electrophoresed on an 8% sequencing gel 
with sequencing reactions of the HN3 clone (seir Fig. 3A) 
using the same primer. 

Plasmid Construction 

A 5’ flanking region of the H6H gene was isclated as a 
HindIII fragment from -827 to +108 bp relative to the 
transcription initiation site, cloned into pBluescri]~t I1 KS-, 
and designated as pHN26. The pHN26 was digwted with 
Sal1 and BamHI in the polylinker of the pBluesciipt I1 and 
fused in frame with a GUS cassette from pB1101.2 (Jefferson, 
1987) that had been digested similarly. The resulting plasmid 
was confirmed by direct double-stranded nucleotide sequenc- 
ing with appropriate primers. 

Plant Trainsformation 

Binary vector was transferred into Agrobacterium rhizogenes 
strain 15834 and Agrobacterium tumefaciens strain LBA4404 
by electroporation as described by Nagel et al. (1900). Sterile 
leaf discs of H. niger, A. belladonna, or N. tabacum were briefly 
dipped in a culture of A. rhizogenes that carried the desired 
plasmid and then placed onto hormone-free Gamborg B5 
medium, which had been solidified with 3 g/L Gellan Gum 
and supplemented with 30 g/L SUC. After 2 d, discs were 
transferred to selection plates consisting of the same medium 
supplemented with 250 pg/mL kanamycin, 250 pg/mL ce- 
fotaxim, and 500 pg/mL carbenicillin. Well-grown Iiairy roots 
emerging from leaf discs were excised, grown orce on the 
same selection plates, and then transferred to the liquid 
medium without antibiotics. To regenerate shoots of trans- 
genic belladonna hairy roots, transformed roots were placed 
onto soliclified Murashige and Skoog medium containing 4 
pg/mL kinetin and 0.1 pg/mL naphthaleneacetic acid. For 
tobacco, the leaf disc infection and plant regener‘ition were 
carried out according to Horsch et al. (1985), and some of the 
regeneranits were grown to maturity and selfed. 

Histocheinical Analysis 

Histochiemical staining for GUS activity was 2erformed 
according to Jefferson et al. (1987) with some modifications 
recommended by Kosugi et al. (1990). Cross-sectiow of fresh 
root material were obtained using a microtome (niodel MT- 
2, Nihon Ika-kiki, Osaka, Japan). Sections 30 to 50 pm thick 
and whole plant material were incubated in 1 m 5-bromo- 
4-chloro-~3-indolyl-/3-~-glucuronide, 50 m sodiam phos- 
phate buffer (pH 7.0), 0.1% (v/v) Tween 20, :!O% (v/v) 
methanol, and 5 m * D T T  at 37OC for periods ranging from 
4 h to ovemight. For aerial material, pigments were removed 
by successive extraction in 70 to 100% (v/v) ethanol (Jefferson 
and Wilson, 1991). A fixation step was not includchd. 

RESULTS 

Distribution and Expression of the H6H Gene 

H6H is part of the scopolamine biosynthetic pathway in 
certain species of the Solanaceae. To detenninv whether 
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phylogenetic distributions of the H6H gene and scopolamine
are correlated, we hybridized an H6H cDNA probe from H.
niger with a gel blot containing genomic DNAs from several
solanaceous species. H. niger, H. muticus, and A. belladonna
produce scopolamine, whereas tobacco and petunia do not.
Figure 1 shows that at the washing conditions of relatively
low stringency, the H6H probe reacted with one to three
DNA fragments (digested with Hmdlll or EcoRV) from H.
niger, H. muticus, and belladonna, but not with DNAs from
tobacco and petunia. Thus, H6H genes and closely related
DNA sequences seem to occur only in scopolamine-produc-
ing plants.

To study the pattern and the level of H6H gene expression
in belladonna, RNA was isolated from cultured roots, roots,
stems, and leaves of belladonna and from cultured roots of
H. niger. RNA blot analysis using the H6H cDNA probe (Fig.
2) revealed that H6H mRNA is present in cultured roots, but
either occurs at low levels or is absent in plant roots, leaves,
and stems of belladonna. This high abundance of belladonna
H6H mRNA in cultured roots is consistent with the distri-
bution of H. niger H6H mRNA (Matsuda et al., 1991). Fur-
thermore, comparison of the hybridization signals of cultured
roots from belladonna and H. niger indicates that the level of
expression of the belladonna H6H gene is much lower than
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Figure 1. Cenomic DNA gel-blot analysis of the H6H gene. Ge-
nomic DNAs were isolated from H. niger (lanes 1 and 6), A.
belladonna (lanes 2 and 7), N. tabacum (lanes 3 and 8), P. hybrida
(lanes 4 and 9), and H. muticus (lanes 5 and 10). Genomic DNA (10
Mg) digested with H/ndlll or EcoRV were run in lanes 1 to 5 and
lanes 6 to 10, respectively, and probed with a radiolabeled H6H
cDNA sequence. The positions of the molecular size markers are
indicated on the left.

Figure 2. RNA gel-blot analysis of belladonna H6H mRNA. Total
cellular RNA from cultured roots (lane 1), plant roots (lane 2), stems
(lane 3), and leaves (lane 4) of belladonna, and from cultured H.
niger roots (lane 5) were subjected to electropnoresis, transferred
to a nylon membrane, and hybridized to a radiolabeled H6H cDNA
probe. Lanes 1 to 4 contained 20 jjg of total RNA; lane 5 contained
2 ng of total RNA.

that of the H. niger gene. Detectable hybridization signals
were not observed in any tobacco tissues (data not shown).

Isolation and Structural Features of the H6H Gene

Libraries constructed from H, niger genomic DNA were
screened using an H. niger H6H cDNA probe, and three
positive clones, designated HN1, HN3, and HN4, were ob-
tained. Analysis by restriction enzyme digestion and South-
ern blot hybridization showed that these three clones overlap,
and that the longest clone, HN3, contains the 5' portion of
the H6H gene (Fig. 3A). Several restriction fragments from
HN3 were subcloned into pBluescript II KS— for sequence
analysis. The sequence of 4297 nucleotides, which spans the
first Hwdlll site and the SacII site, was determined from
overlapping sequential deletions and has been submitted to
DDBJ. Only the sequence of about 0.9 kb from the 5' flanking
region is shown in Figure 3B. The sequences of predicted
exons perfectly match the H6H cDNA sequence (Matsuda et
al., 1991). The H6H gene of H. niger contains three introns
of 966, 379, and 334 bp. The positions of the introns are well
conserved among the genes for H6H, EFE, and EFE's homo-
log E8 (Fig. 4), although the E8 gene lacks one intron that
corresponds to the first intron of the H6H and EFE genes. It
has been pointed out (Matsuda et al., 1991) that the amino
acid sequences for these proteins show considerable homol-
ogy. Our data further suggest that the genes for H6H, EFE,
and E8 have evolved from a common ancestor.

The transcription initiation site was determined by a primer
extension experiment using a synthetic oligonucleotide
primer at positions +84 to -1-49 of the genomic clone HN3
(Fig. 5). The primer extension products were electrophoresed
in parallel with a sequencing reaction of the HN3 clone using
the same primer. The major primer extension product corre-
sponded to the T residue (nucleotide +1, Fig. 3B) in the
sequence ACACTACAAA. A TATA-box-like sequence (TA-
TAAAT) occurred at —33 to —27. Three repeating units were
present in the 5' flanking region. Two 10-bp perfect repeats
at -740 to -749 and -706 to -697 included a TGACG motif
that is recognized by a class of plant basic/Leu zipper tran-
scription factors (Katagiri and Chua, 1992). Two 31-bp highly
conserved repeats were found at —824 to —794 and —357 to
—327. Another repeating unit consisting of five perfect copies
of a nonameric sequence (TGTTCCGTA) was found at region
-740 to -581. The region -318 to -215 showed a remark-
ably high A+T content (90.4%).
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B AAGCTTTTAGATCAGATGGTTACACACTTCAATATGTTATCAGACAC -781

TACAAGAGAAAACAGTATAAACTATGGCTATATCCGTCATTGTTCCG -734

TAATTTCTGCTACATAAATCACGGAAAAATGACGGATTTGTCCGTGA -687

CATATGCTACGTGATTGTTTGGGTGTCAGTAACTGTTCCGTATTTGT - 6 4 0

TACGGAACAAATACGGAACATTTTATAATGCCAAATCGGAATTTCGT - 5 9 3

GACTGTTCCGTAATTGTTCTTAATTAGTTACATAAATTTAATTAAGT -Stf

GTCTTGAGTTGGAACTTCACCGCGGGGTGTTGAGAATATAAATATTA -499

AGAGTATACCGTATCTAACAACTTGAATTCGAACCTTACCCATCCAT -452

AATAAAAAAAAAAGAATAGGTTCGGAGTTCGAACCTCTCACCGCCAC -405

CTATTATCAAAAAGAATTTCCAGCTGTACAGTATCTAACAGATTAAA -358

CTTTTAGATCAGATGGTCACACACTTAARTAGTTATCACTAAATTAT -311

AATCTTAATAAATTAGTATAATTTTGTATAAAATTGTCCCAAATTTT -264

ATTAAATTTCAATTTTTAAATGATTTATTTACATATAATATTTTAAT -217

TACCAAACTTTGTAGTTTCTTCTTCAATAACATTTTCCCCATCTTCT -170

TTCCACTTTTATTTACCACTTTATGGTTGATCTTAAGTACACAATAT -123

TATATTAACCTCAAGATACTCGTCCATGCATATCAACGTGAGATTTA - 7 6

ACTGAACATATTATTATCGTTGTGTTCGTGAATATAATTCACTATAA -29
+1

ATAGGTATTTAGCTCATTCAAAGTACACTACAAAATTTAGTTAAATA +19

TATCAACAACaTATAaATTCTTCTTATTTaAaACATTTQATQOCTAC 466
H A T

TTTTGTGTCGAACTGGTCTACTAAGAGTGTTTCCGAAAGCTT +108
F V S N H S T K S V S E S F

Figure 3. The structure of the H6H gene and the nucleotide se-
quence of the H6H gene promoter. A, Schematic representation of
gene structure with several restriction endonuclease sites indicated.
Solid boxes indicate a protein coding region, and isolated genomic
clones are shown by solid bars. E, EcoRV; H, H/ndlll; S, Sacll; B,
BamHI. B, The sequence from -827 to +108 (derived from H/ndlll
digestion), in relation to the transcription initiation site of the H6H
gene, is shown. The oligonucleotide used for primer extension was
complementary to the region underlined. Three repeating units are
indicated by the solid and broken arrows.

The 5' Flanking Region Confers Species-Dependent
Expression Patterns in the Root

To study the function of the 5' flanking region of the H6H
gene, the sequence from —827 to +108 was translationally
fused to the GUS reporter gene in pBIlOl and introduced
into three solanaceous plants for histochemical GUS assays.
A. rhizogenes was used to transfer the GUS construct to the
hairy roots of all these species. In addition, transgenic plants
were regenerated from some of the belladonna hairy root

lntron-1

H6H Ala Cys Gin Asp Phe Gly|Lys|Phe GlrTval lie Asn His Gly|Phe|'pro'

EFE Ala Cys Glu Asn Trp Gly Phe Phe Glu'Leu Val Asn His Gly lie Pro
E8 | Ala | Ser | Glu | Lys | Trp Gly Phe Phe Gin Val Val Asn His Gly lie Pro

lntron-2

lntron-3

H6H
EFE

E8

Val Val Asn Leu Gly | Leu Thr Leu |Lys] Val Me Thr Asn Glu Lys Phe
Val Val Asn Leu Gly Asp] Gin Leu Glu*Val lie Thr Asn|GlyJLys Tyr
Val Val Asn lie Gly Aspjphel Leu Gln'Leu Leu Ser Asn Asp Lys Tyr

229

287

Figure 4. Comparison of intron insertion positions in H6H and
related genes. The deduced amino acid sequences and the intron
positions of the EFE gene and the tomato E8 gene are from Hold-
sworth et al. (1987a, 1987b) and Deikman and Fischer (1988),
respectively. Numbers at the ends of sequences indicate the posi-
tions of amino acid residues. The splice junction sites are marked
by arrowheads. Identical or similar amino acids are boxed according
to Dayhoff et al. (1978).

clones and were regenerated directly from tobacco leaf discs
after infection with A. tumefaciens LBA4404.

In transgenic Hyoscyamus hairy roots, GUS activities were
detected near the vascular cylinder (Fig. 6A) or at both the
vascular cylinder and the root meristematic region (Fig. 6B).
GUS activity was also observed early at the site of lateral
root initiation, which is a region of meristematic activity (Fig.
6C). Similar spatial patterns of GUS expression were ob-
served when H. muticus was used as a transgenic host (data
not shown). Transverse sections were examined to locate cell

1 2 3 4 5

Figure 5. Identification of the transcription initiation site. Primer
extension analysis of the RNA from cultured roots of H. n/ger. Lane
1, The primer extension product with root RNA; lanes 2 to 5,
sequencing reactions (CATC) of the HN3 clone using the same
primer. The primer used is indicated in Figure 3B. The arrowhead
on the left shows the 5' end signal for the H6H mRNA, which
corresponds to the A residue on the noncoding strand (right arrow-
head).
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Figure 6. Histochemical localization of CUS activity in transgenic tissues. Transformants contained the GUS reporter
gene that had been translationally fused to the H6H gene promoter region (-827 to +108). A and B, Two representative
transformants of H. niger hairy roots. C, Longitudinal section of transgenic H. niger hairy roots. Bar = 0.5 mm. D to G,
Cross-sections of transgenic H. niger hairy roots. Root sections were understained (D-F) or overstained (G). Bars = 0.1
mm. H, Hairy roots of transgenic tobacco. I, Transgenic tobacco plant. J, Four-day seedling of transgenic tobacco. K to
M, Hairy roots and regenerated plants of transgenic belladonna.
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types that expressed GUS activity. The young root of H. niger 
is mostly diarch, and the single-layered pericycle sometimes 
underwent periclinal division to form two to four layers of 
pericycle cells. Clear GUS staining was observed in one or 
more pericycle cells in each transverse section (Fig. 6, D-F). 
Many but not a11 of the stained cells were located opposite 
primary xylem poles. When the sections were incubated in 
the GUS reaction mixture for a longer period, the vascular 
cylinder, excluding the metaxylem, was stained in the shape 
of a ring (Fig. 6G). Staining of stele cells other than pericycle 
in the overstained root sections may be due to diffusion of 
GUS reaction products into these neighboring cells. Variable 
GUS expression in the pericycle and/or at the root meristem 
was often observed in individual hairy root clones. In trans- 
genic tobacco hauy roots, GUS activity was detected at the 
root meristem (Fig. 6H). Similarly, GUS activity was localized 
at the root meristem in transgenic tobacco plants but not in 
aerial parts (including the shoot meristem) (Fig. 61). When 
surface-sterilized seeds from selfed transgenic tobacco plants 
were genninated, GUS activity was observed at the root 
meristem in 4-d-old seedlings (Fig. 6J). GUS expression was 
not observed at cotyledons, shoot meristem, or other parts of 
seedlings. In many of hairy roots and regenerated plants of 
transgenic belladonna, GUS expression was localized at the 
root meristem (Fig. 6, K and L), but few belladonna hairy 
root clones showed GUS expression both at the vascular 
cylinder dista1 to the elongation zone and at the root meristem 
(Fig. 6M). The data for GUS expression in hairy root clones 
are summarized in Table I. 

DISCUSSION 

A feature of typical secondary products is their limited 
phylogenetic occurrence in higher plants. Thus, scopolamine 
is found only in certain species of the Solanaceae (Romeike, 
1978). Our previous studies showed that enzyme activities 
and immunologically reactive polypeptides for H6H were 
present in eight scopolamine-producing solanaceous species, 
but not in four solanaceous species that did not produce 
scopolamine (Hashimoto et al., 1986, 1991). Southem blot- 
ting analysis (Fig. 1) now indicates that the H6H gene is 
limited to plant species that synthesize scopolamine. Phylo- 
genetic distribution of hyoscyamine, the immediate precursor 
of scopolamine, in the Solanaceae is wider than, and includes, 
that of scopolamine. This suggests that during diversification 
of the Solanaceae, certain hyoscyamine-producing plants ac- 
quired the H6H gene and, therefore, the ability to synthesize 
scopolamine. 

The exon/intron organization and the predicted protein 
sequence of the H6H gene are remarkably similar .o those of 
the EFE gene and its homolog E8 (Fig. 4). The flavanone 3- 
hydroxy1,ise gene (Britsch et al., 1992) also shows an amino 
acid sequence that is highly similar to that of the 116H gene, 
although the genomic organization of this hydroxylase in the 
anthocyanin pathway has not yet been reported. Such ho- 
mologou:; genes, which encode nonheme oxyg2nases in- 
volved in the biosynthesis of plant hormones and anthocy- 
anin pignnents, may be ubiquitous in higher plan-s, and are 
possible ancestors of the H6H gene. 

Northem blotting analysis of various organs of belladonna 
(Fig. 2) and H. niger (Matsuda et al., 1991) has dernonstrated 
that H6H transcripts are mostly present in the root tissue, 
which is the site of tropane alkaloid biosynthesis. An abun- 
dance of H6H transcripts in cultured roots, as compared to 
the levels in the plant root, is consistent with earlier immu- 
nohistochemical studies (Hashimoto et al., 1991) that de- 
tected the H6H protein specifically in the pericycle of sco- 
polamine-producing plants. The pericycle is pres ent in the 
stele of developmentally young roots without secondary 
growth, such as young branch roots and cultured roots (Fahn, 
1990). The fact that the H. niger H6H promoter regon confers 
expression of the GUS reporter gene in the pericycle of H. 
niger (Fig. 6) suggests that this highly cell-specific expression 
is controlled at the transcriptional level. The H6H promoter 
was not expressed uniformly in a11 of the pericycle cells (Fig. 
6, D-F), indicating that the pericycle cells are physiologically 
heterogeneous. Such expression was frequently observed in 
pericycle cells adjacent to primary xylem poles, which may 
be advantageous for the translocation of scopolamine from 
the root to the aerial parts through xylem. 

There is good anatomical evidence that the pericycle con- 
sists of two cell populations. In onion, pea (Lloret et al., 
1989), and radish (I. Sussex, personal communication), peri- 
cycle cells located opposite xylem poles are significantly 
shorter than cells located opposite phloem poles arid give rise 
to lateral root primordia. In carrot, lateral root prirrlordia arise 
in pericyde cells located next to the phloem poles, and such 
cells are significantly shorter than those opposite x ylem poles 
(Lloret et al., 1989). It remains to be seen whethcr pericycle 
cells that express the H6H promoter can be distinguished 
anatomically in the populations of pericycle cells. 

This pattem of expression in the pericycle is not present in 
tobacco (IFig. 6), despite some similarities between ihe biosyn- 
thesis of nicotine and scopolamine, i.e. both alkaloids are 
producedi in the root and share the early biosynthetic steps 

~~ ~ 

Table 1. Histochemical analysis of transgenic hairy roots containing H6H-CUS construct 

Dromoter-CUS fusion gene. Kanamycin-resistant hairy roots were screened and anallyzed for CUS expression. 
Three solanaceous plants were transformed with A. rhizogenes that harbored a binary vector containing the NPT-II gene arid the H6H 

Total No. of Pericycle Pericycle plus Root Meristem N o  
Clones Analvzed Onlv  Root Meristem Onlv ExDressicm” 

Host Plant 

H. niger 20 
A. belladonna 30 
N. tabacum 23 

7 
O 
O 

3 
3 
O 

O 
16 
18 

10 
1 1  
5 

a CUS activity was not detected in any tissues of hairy roots. These clones were not tested for presence of the transgene, thu!; they might 
include escapes. 
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leading from putrescine to the I-methyl-A’-pyrrolinium ca- 
tion (Hashimoto and Yamada, 1993). Transgenes are often 
regulated similarly in different plants, but with several no- 
table exceptions. For example, the expression pattems con- 
ferred by specific combinations of cauliflower mosaic virus 
35s promoter subdomains differ in tobacco and petunia 
(Benfey and Chua, 1990). Promoter regions of several plant 
genes (Benfey and Chua, 1989; Budelier et al., 1990; Schmid 
et al., 1990; Stanford et al., 1990; Mia0 and Verma, 1993) do 
not show tissue-specific or correctly regulated expression 
pattems of the donor species in the heterologous host to- 
bacco. These studies indicate that trans-acting proteins that 
interact with particular promoters may differ quantitatively, 
qualitatively, or in their distribution pattems in different 
species. The present study suggests the interesting possibility 
that expression of the H6H gene might be controlled by 
regulatory proteins specific to scopolamine biosynthesis. Al- 
though such proteins have not yet been identified biochem- 
ically or genetically, regulatory proteins and regulatory genes 
that act on the structural genes of a particular secondary 
metabolism are well known in the biosynthesis of anthocy- 
anin pigments (Dooner et al., 1991). 

H. niger and belladonna are close relatives, both belonging 
to the same Solaneae tribe of the Solanaceae. Although both 
species possess the H6H gene (Fig. 1) and synthesize scopol- 
amine, the steady-state level of the H6H transcript in the 
cultured root is much lower in belladonna than in H. niger 
(Fig. 2). Presumably, this contributes to the large accumula- 
tion of hyoscyamine and comparatively low amounts of 
scopolamine in belladonna plants. There are marked differ- 
ences between different scopolamine-producing plants with 
regard to H6H enzyme activities and, correspondingly, to the 
ratios of the levels of scopolamine to hyoscyamine (Hashi- 
moto and Yamada, 1986). These differences between scopol- 
amine high producers and low producers are presumably 
caused by varying expression of the H6H gene in different 
plants. Mutations in the cis-regulatory enhancer regions of 
the H6H promoter may increase or decrease the level of H6H 
expression while maintaining original tissue specificity . 

Altematively, the ‘activity“ of the putative trans-acting 
regulator for scopolamine biosynthesis may be low in bella- 
donna. The difference in activity could be due to either low 
expression or deleterious structural changes of the regulator. 
Low expression of the H6H promoter at the pericycle of 
belladonna (Table I) supports the latter trans regulator model 
but does not exclude simultaneous occurrence of the fonner 
cis model as well. It further implies that the regulatory gene 
for scopolamine biosynthesis, if such a gene exists, would 
control primarily the last two steps of scopolamine biosyn- 
thesis, i.e. the two-step epoxidation of hyoscyamine to sco- 
polamine via 6/3-hydroxyhyoscyamine, both steps of which 
are catalyzed by the bifunctional enzyme H6H (Hashimoto 
and Yamada, 1992). Regulatory genes that act on a subset of 
structural genes in a given biosynthetic pathway of secondary 
products have been reported. The structural genes of the 
latter part of the flavonoid pathway are coordinately regu- 
lated by the regulatory genes Delila and Eluta in Antirrhinum 
(Martin et al., 1991) and by several An genes in petunia 
(Gerats et al., 1984). In future studies, the H6H promoter of 
belladonna should be tested in both H. niger and belladonna. 

Our previous immunohistochemical studies demonstrated 
that H6H polypeptides were localized in the pericycle of 
several cultured roots. Longitudinal sections of young roots 
of scopolamine-producing Duboisia myoporoides showed clear 
immunoreactive signals in the pericycle layer, but scarcely 
any signals at the root meristem (Hashimoto et al., 1991). 
However, GUS expression driven by the 827-bp 5’ flanking 
region of the H. niger H6H gene was clearly detectable at the 
root meristem region of H. niger, as well as at the root 
meristem region of tobacco and belladonna (Fig. 6). We 
suggest three possibilities to account for this apparent dis- 
crepancy. Endogenous H6H gene expression at the root mer- 
istem of H. niger might be suppressed by negative cis ele- 
ments, which are absent from the promoter region used in 
this study. Negative cis elements that control spatial expres- 
sion pattems were found in upstream regions of several plant 
genes (Burow et al., 1992; van der Meer et al., 1992), and 
several cis-acting elements have been reported to be present 
outside the 0.8-kb 5‘ upstream region of the plant genes 
(Benfey et al., 1990; Douglas et al., 1991; Dietrich et al., 
1992). The second possibility is that there might be some 
interspecies variation on the expression of H6H at the root 
meristem of scopolamine-producing plants, and that the en- 
dogenous H6H gene of H. niger might be expressed at the 
root meristem. The final possibility is that the H6H transcript 
or protein might be much more unstable in the root meriste- 
matic cells than in the pericycle cells. For example, the 
stability of pea Fed-1 mRNA has been shown to be regulated 
by light (Dickey et al., 1992). Analysis of the H6H transcript 
and protein in transgenic belladonna plants (Yun et al., 1992) 
or cultured roots (Hashimoto et al., 1993b) that express H. 
niger H6H cDNA constitutively should address this possibil- 
ity. Clearly, we need in situ localization of the H6H transcript 
in the roots of several scopolamine-producing species. In 
future studies, expression of the H6H gene at the root mer- 
istem will be further examined. 
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