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a b s t r a c t

Atropa belladonna is one of the most important plant sources for producing pharmaceutical tropane
alkaloids (TAs). T1 progeny of transgenic A. belladonna, in which putrescine N-methyltransferase (EC.
2.1.1.53) from Nicotiana tabacum (NtPMT) and hyoscyamine 6b-hydroxylase (EC. 1.14.11.14) from Hyos-
cyamus niger (HnH6H) were overexpressed, were established to investigate TA biosynthesis and distri-
bution in ripe fruits, leaves, stems, primary roots and secondary roots under field conditions. Both NtPMT
and HnH6H were detected at the transcriptional level in transgenic plants, whereas they were not
detected in wild-type plants. The transgenes did not influence the root-specific expression patterns of
endogenous TA biosynthetic genes in A. belladonna. All four endogenous TA biosynthetic genes (AbPMT,
AbTRI, AbCYP80F1 and AbH6H) had the highest/exclusive expression levels in secondary roots, suggesting
that TAs were mainly synthesized in secondary roots. T1 progeny of transgenic A. belladonna showed an
impressive scopolamine-rich chemotype that greatly improved the pharmaceutical value of
A. belladonna. The higher efficiency of hyoscyamine conversion was found in aerial than in underground
parts. In aerial parts of transgenic plants, hyoscyamine was totally converted to downstream alkaloids,
especially scopolamine. Hyoscyamine, anisodamine and scopolamine were detected in underground
parts, but scopolamine and anisodamine were more abundant than hyoscyamine. The exclusively higher
levels of anisodamine in roots suggested that it might be difficult for its translocation from root to aerial
organs. T1 progeny of transgenic A. belladonna, which produces scopolamine at very high levels (2.94
e5.13 mg g�1) in field conditions, can provide more valuable plant materials for scopolamine production.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

The tropane alkaloids (TAs), including hyoscyamine, anisod-
amine and scopolamine, are used medicinally as anticholinergic

agents (Poupko et al., 2007; Yun et al., 1992), which are generally
produced by the plant species of the Solanaceae family, including
Atropa belladonna, Hyoscyamus niger, Datura species, and others
(Yamada and Hashimoto, 1982). Among them, A. belladonna is one
of the most important plant sources for TA production (Wang et al.,
2011). Scopolamine is the most valuable TA because of more potent
pharmaceutical activity and lesser side effects relative to those of
hyoscyamine (Jaremicz et al., 2014;Wang et al., 2011). However, the
scopolamine content in A. belladonna plants is much lower than
that of hyoscyamine (Yun et al., 1992). Therefore, the development
of scopolamine-rich A. belladonna is a common goal of the
scopolamine industry. Over the past decades, traditional methods,
including genetic breeding, polyploid breeding and radiation
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breeding, have failed to develop scopolamine-rich plants of
A. belladonna (Wang et al., 2011). With the elucidation of several
important TA biosynthetic steps at molecular and biochemical
levels, the genes encoding some rate-limiting enzymes that can be
used to genetically modify TA biosynthesis in planta have been
functionally identified.

Putrescine N-methyltransferase (PMT) catalyzes the methyl-
ation of putrescine to form N-methylputrescine as the precursor for
TA biosynthesis (Fig. 1). It is generally considered to be the first
rate-limiting enzyme involved in TA biosynthetic pathway (Hibi
et al., 1992; Zhang et al., 2007). Hyoscyamine 6b-hydroxylase
(H6H) is the last rate-limiting enzyme involved in scopolamine
biosynthesis, which catalyzes the 6b-hydroxylation of hyoscyamine
to anisodamine, as well as the epoxidation of anisodamine to
scopolamine (Fig. 1) (Kai et al., 2011; Matsuda et al., 1991; Zhang
et al., 2004). Thus, PMT and H6H are often used to study TA
biosynthesis using transgenic technology in hairy root cultures or
plants. When a single PMT gene was overexpressed in transgenic

hairy root cultures or plants of A. belladonna, the TA contentwas not
altered (Rothe et al., 2003). However, overexpression of the same
PMT gene in Datura metel resulted in TA contents that were
significantly increased (Moyano et al., 2003). When H6H was
overexpressed, biosynthesis of scopolamine was definitively
enhanced because H6H efficiently converts hyoscyamine to
scopolamine (Yun et al., 1992). Furthermore, simultaneous over-
expression of both PMT and H6H coordinately promoted biosyn-
thesis of scopolamine andmade the scopolamine content very high
in transgenic hairy root cultures of H. niger (Zhang et al., 2004). We
established transgenic plants of A. belladonna in which both PMT
and H6H were overexpressed for the first time and found that
scopolamine biosynthesis was also strongly enhanced (Wang et al.,
2011).

To study biosynthesis and translocation of TAs in the offspring of
transgenic A. belladonna (T0 progeny), we generated T1 progeny of
NtPMT-HnH6H-overexpressing plants of A. belladonna. In field
conditions, we analyzed the tissue profiles of the two transgenes

Fig. 1. The biosynthetic pathway of tropane alkaloids in Solanaceae.
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