Mol Biol Rep (2012) 39:1721-1729
DOI 10.1007/s11033-011-0912-1

Effects of different elicitors on yield of tropane alkaloids in hairy

roots of Anisodus acutangulus

Guoyin Kai - Sheng Yang - Yan Zhang -
Xiuqin Luo * Xueqing Fu - Ang Zhang -
Jianbo Xiao

Received: 30 September 2010/ Accepted: 18 May 2011 /Published online: 28 May 2011

© Springer Science+Business Media B.V. 2011

Abstract The four tropane alkaloids have played a piv-
otal role in controlling diseases such as the toxic and septic
shock, the organophosphorus poison and the acute lung
injury. Here, the elicitation effect of different elicitors on
the production of tropane alkaloids and the molecular
mechanism of enzyme genes in the pathway was firstly
demonstrated in hairy roots of Anisodus acutangulus. The
results showed ethanol, methyl jasmonate and Ag* could
improve the accumulation of tropane alkaloids up to 1.51,
1.13 and 1.08 times after 24 h treatment, respectively
(P < 0.05), whereas salicylic acid decreased the average
content of tropane alkaloids. Furthermore, expression
profile analysis results revealed that up-regulation of
hyoscyamine-6b-hydroxylase (AaH6H) and little regula-
tion of tropinone reducase II (AaTR2) elicited by ethanol,
increased expression of putrescine N-methyltransferase I
(AaPMTI) elicited by Ag™, elevated expression of tropi-
none reducase I (AaTRI) elicited by methyl jasmonate,
respectively, resulted in tropane alkaloids improvement.
Our results showed that hairy root culture of A. acutang-
ulus in combination with elicitors was a promising way for
production of tropane alkaloids in the future.
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Abbreviations

A. acutangulus Anisodus acutangulus

TA Tropane alkaloids

MeJA Methyl jasmonate

SA Salicylic acid

EtOH Ethanol

SA/EtOH Salicylic acid dissolved in ethanol

RT-PCR Reverse transcriptase-polymerase
chain reaction

DW Dry weight

FwW Fresh weight

Introduction

Tropane alkaloids (TA), such as hyoscyamine, scopol-
amine, anisodamine, and anisodine, are widely used as
anticholinergic agents, which act on the parasympathetic
nervous system. They have protective effects on acute lung
injury induced by oleic acid and microvascular injury of
acute renal failure in rats [1, 2]. These compounds are
mainly found in Solanaceae plants such as Anisodus,
Atropa, Datura, Duboisia, Hyoscyamus and Scopolia
[3, 4]. However, the supply of TA is unable to meet the
increasing needs of the pharmaceutical market because of
low contents in natural plants. So the alternative methods
for TA production such as conventional inter-specific
hybridization, chemical synthesis and plant cell cultures
were developed. Among these methods, the hairy root
technology was found to be a beneficial way [5]. Small
scale jar fermenters for several Solanaceous species hairy
roots have been developed in vitro for production of TA
[6, 7].
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The use of elicitors including abiotic elicitors such as
metal ions, inorganic compounds and biotic elicitors such
as fungi, bacteria, viruses, and chemicals which are defined
as compounds that not only stimulate any type of defense
response, but also induce accumulation of phytoalexins in
plants, is very promising and well documented for
enhanced production of metabolite from plant cell culture
recently [8—10]. In hairy root cultures, the accumulation of
TA in several Solanaceae species is a characteristic
response to the elicitors [11].

Anisodus acutangulus is a Solanaceous perennial plant,
which is endemic to China and classified as an endangered
species. It contains much TA through HPLC analysis and
has been used as an anesthetic herb in Yunnan Province for
several hundred years [12, 13]. It is reported that total TA
reached above 1.2% DW in wild A. acutangulus, which is
much higher than the common Solanaceae species, so it has
been an attractive resource for the production of TA in
China [14].

Lastly, we successfully established hairy root cultures of
A. acutangulus [7], which provided a new approach to
obtain TA. Meanwhile, several important genes involved in
TA biosynthetic pathways including AaH6H, AaPMT]I,
AaPMT2, AaTRI and AaTR2 have been isolated from
A. acutangulus by our laboratory [12—14]. However, there
is little information on the relationship between the yield of
TA and expression levels of the above genes in A. acu-
tangulus when elicited by elicitors. Herein, some elicitors
including MeJA, SA/EtOH, Ag™ and EtOH are firstly used
to examine their effects on the yield of four TA and the
expression levels of TA biosynthetic genes in hairy roots of
A. acutangulus (Table 1).

Table 1 Primer pairs employed for the PCR amplification of TA
biosynthetic genes AaPMTI, AaPMT2, AaTRI, AaTR2 and AaH6H in
A. acutangulus

AaPMTI Forward: 5-ATGGAGGTCATAAGCAACCAC-3'
Reverse: 5'-TCAAAATTCAACCAAATCCC-3’
AaPMT?2 Forward: 5'-ATGGAGGTCATAAGCAACCA-3’
Reverse: 5'-TTAATCTAATTCCG ACTCCATC-3’
AaTRI1 Forward: 5'-ATGGGAGAATCAAAAGTTTACAT-3'
Reverse: 5'-TCAAAATCCACCATTAGCTGTGA-3’
AaTR2 Forward: 5'-ATGGCAGGAAGGTGGAATCTTGA-3’
Reverse: 5'-TTAAAACCCACCATTAGCCATAA-3'
AaH6H Forward: 5'-ATGGCTACTCTTGTCTCAAATTG-3'

Reverse: 5-TAGGCATTGATTTTATATGGC-3’

Primer pairs: KF of AaPMTI, AaPMT2, AaTRI, AaTR2 and AaH6H
(forward) and KR of AaPMTI1, AaPMT2, AaTRI, AaTR2 and AaH6H
(reverse)
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Materials and methods
Plant transformation and root cultivation

The hairy roots were obtained according to our previous
paper [7]. Seven hairy roots were chosen and inoculated in
150 ml 1/3N6 liquid nutrient media at 27°C with shaking
in darkness.

Choice of hairy root clone number

After 3 weeks’ cultivation, total RNA was extracted from
these 7 hairy root clones with RNA pure Plant Kit (Tiangen
Biotech Co., Ltd, Beijing, China) according to the manu-
facturers’ handbook. Then it was reversely transcribed by
using avian myeloblastosis virus (AMV) reserve trans-
criptase (Promega, China) to generate cDNA. At last we
chose number 2 hairy root clone. This clone was young and
its metabolism was active. The genes’ expression was a
little higher than other clones’ (Fig. 1).

Preparation and addition of four elicitors

A solution of 2.4 mol/l SA (Shanghai Zhanyun Chemical
Co., Ltd) was prepared by dissolving 2 g SA powder with
6 ml EtOH. MeJA (Sigma, China) was dissolved in DMSO
with the concentration of 4.4583 mol/l. AgNOj; (Shanghai
Institute of Fine Chemical Materials) was dissolved in
distilled water with the concentration of 0.3 mol/l. All
solutions were sterilized according to the process of
leaching. Sterilized solutions were individually added to
28-day-old hairy root cultures to a final concentration of
100 pmol/l (SA and MeJA), 30 umol/l (Ag") and 6 ml

1-7 stands for clone number
1 2 3

4 5 6 7
PMTI

PMTII

TRI

TRII

H6H

18S

Fig. 1 The expression of five key enzyme genes in biosynthetic
pathways of A. acutangulus hairy roots analyzed by RT-PCR. Unlike
AaAPMTI, AaPMT?2 expressed little in roots [12]. The expression of
AaPMT?2 was so much weaker than AaPMT1 expression that we could
not see its bands on the electrophoretogram even if we amplified it
through RT-PCR
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Fig. 2 Effects of elicitors on the fresh growth (a) and dry growth
(b) of hairy roots

Fig. 3 The morphology of

A. acutangulus hairy roots. The
control group at 96 h (a) the
group treated by SA/EtOH at
96 h treatment (b)

(EtOH). The control group was carried out by the addition
of water. The effect was measured at 24, 48, and 96 h after
elicitation.

RNA extraction and gene expression studies
using RT-PCR

When the roots were ready for harvest, the hairy roots in
every flask were taken out and weighted. RNA was
extracted using RNA pure Plant Kit (Tiangen Biotech Co.,
Ltd, Beijing, China) following the manufacture’s instruc-
tions and quantified using spectrophotometric measure-
ments, then kept at —80°C for further analysis. Aliquots of
total RNA (1 pg) was used as a template to generate cDNA
using avian myeloblastosis virus (AMV) reserve trans-
criptase (Promega, USA) and then for further semi-quan-
titative RT-PCR to quantify gene expression profiles of
different samples. RT-PCR was carried out using similar
procedure as reported before [12, 13].

Extraction and HPLC Analysis of TA

TA was extracted from the hairy roots according to our
previous paper [7]. HPLC analyses were performed to
determine the contents of anisodamine (National Institutes
for Food and Drug Control, China), anisodine (National
Institutes for Food and Drug Control, China), hyoscyamine
(Sigma, China) and scopolamine (Sigma, China) on a
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Sepax reversed-phase symmetry column (250 mm x
4.6 mm, 5 pm). The mobile phase consisted of 22% ace-
tonitrile (HPLC grade) and 78% diethylamin buffer (con-
taining 0.7% diethylamine and adjust pH to 7.2 with
orthophosphoric acid). The flow rate was 1.0 ml/min and
the injection volume was 40 pl. The chromatogram was
monitored at 220 nm on a HITACHI Diode Array Detector
L2455. 1 mg/ml of anisodamine, anisodine, hyoscyamine
and 0.5 mg/ml of scopolamine were prepared with meth-
anol as the authentic standard. The peak purity of the test
samples was determined by comparing their UV spectra to
that of the authentic standard. Quantification was based on
the peak area of the original sample injected. The recovery
rate of extraction was 100% with RSD 0.53% for anisod-
amine, 99.90% with RSD 0.65% for hyoscyamine, 99.94%
with RSD 0.13% for anisodine and 99.96% with RSD
0.92% for scopolamine, respectively. The accuracy and
reproducibility of HPLC analysis were quantified using
standard curves fit with linear regression, which was liner
in the range of 5-40 pg with the correlation coefficient
1.0000 for anisodamine, 540 pg with the correlation
coefficient 0.9990 for hyoscyamine, 5-40 ng with the
correlation coefficient 0.9994 for anisodine, 2.5-20 pg
with the correlation coefficient 0.9996 for scopolamine,
respectively.

Statistical analysis

Three independent biological samples from both control
and elicitor-treated hairy root cultures were analyzed at
each time point with SPSS software. A two-factor repeated
measure ANOVA was used to identify TA accumulations
which showed significant changes in relative abundance, in
response to elicitor treatment at different time points.
Significance level was set as 5%.

Result

Time courses of hairy roots biomass growth
after elicitor treatment

The effects of elicitors used on the biomass of hairy roots
were investigated. As compared to control, SA/EtOH, Ag™
and MeJA could stimulate accumulation of the fresh
weight (FW) and the dry weight (DW) before 48 h treat-
ment (Fig. 2a, b). But after 96 h treatment, FW and DW
induced by SA/EtOH, Ag' and MeJA decreased, which
were less than control. Moreover, the hairy roots in this
time point looked a little brownish in these groups (Fig. 3).
Contrarily, EtOH hardly affected the FW or DW of hairy
roots, which was different with other three elicitors
(Fig. 2a, b).
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Yields of TA elicited by EtOH, MeJA, Ag" and SA/
EtOH

The production of four TA was analyzed after treated with
elicitors for 0, 24, 48 and 96 h, respectively (Fig. 4). EtOH
induced a 1.51-fold increase in the level of total TA at 24 h
treatment (P < 0.05). Specifically, the accumulation of
anisodamine and hyoscyamine was increased by 40 percent
and 25 percent as compared with the control group
(P < 0.05) (Fig. 5a, c). The yield of anisodine was found to
be 469 ug g DW ', which was 1.49-fold higher than the
control group (314.48 pg g DW™") (P < 0.05) (Fig. 5e).
The largest yield of scopolamine was recorded as
659.2 ug g DW™', which showed a 3.88-fold increase
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Fig. 4 HPLC chromatograms showing separation of TA from
extracts. Separation was carried out on a reversed-phase symmetry
1 column using 22% acetonitrile and 78% water (diethylamine
dissolved) and a flow rate of 1 ml/min. (a) mixture of standards of
TA. (b) TA analysis in the samples of hairy roots. (¢) TA analysis in
the control group. / anisodamine, 2 hyoscyamine, 3 anisodine, 4
scopolamine
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compared with the control group (170 pg g DW™)
(P < 0.05) (Fig. 5g).

As compared to control, the levels of TA treated with
MelJA increased to 1.13-fold at 24 h treatment (P < 0.05).
But the yield of TA was suddenly lower at 48 h treatment.
However, at 96 h treatment, the yield of TA improved
again (Fig. 5a, c, e, g). For example, the accumulation of
anisodamine was 431.8 pg g DW ™', representing a 1.06-
fold increase at 24 h treatment compared with control
40728 ng g DW_l) (P <0.05). But it reduced to
332.48 pg ¢ DW™!, which was less than the level of the
control (396.62 ug g DW™') at 48 h treatment. However,
it increased again to 430.68 ug g DW ™', which improved
by 1.18 times compared with the control at 96 h treatment
(365.44 ng g DW ) (P < 0.05) (Fig. 5a). The yields of
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Fig. 5 Anisodamine content in hairy roots (a) and in 1/3N6 liquid
nutrient medium (b) after elicitation of A. acutangulus hairy root
cultures with EtOH, Ag*, MeJA and SA/EtOH. Each value is the
mean of three replicates standard error. Hyoscyamine content in hairy
roots (c¢) and in 1/3N6 liquid nutrient medium (d) after elicitation of
A. acutangulus hairy root cultures with EtOH, Ag™, MeJA and SA/
EtOH. However, we could not detect hyoscyamine at some points in
time in 1/3N6 liquid nutrient medium due to the low production. Each
value is the mean of three replicates standard error. Anisodine content
in hairy roots (e) and in 1/3N6 liquid nutrient medium (f) after

hyoscyamine, anisodine and scopolamine showed similar
trends with anisodamine in MeJA group.

Similar to MeJA group, the yield of TA in Ag" group
enhanced at 24 h treatment, then decreased at 48 h treat-
ment and at last increased at 96 h treatment compared with
that in the control group. The highest contents of anisod-
amine, hyoscyamine, anisodine and scopolamine were
438.28, 1417.84,340.28 and 211.2 pg g DW ™', which was
improved to 1.08, 1.06, 1.08 and 1.24 times, respectively at
24 h treatment in comparison with the control group (P <
0.05) (Fig. 5a, c, e g).

In SA/EtOH group, although the contents of hyoscyamine
(1351.68 ug g DW™') at 48 h treatment, anisodamine
(380.24 pg g DW ') and scopolamine (118.4 pg g DW ™)
at 96 h treatment were a little higher than that in the control
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elicitation of A. acutangulus hairy root cultures with EtOH, Ag*,
MeJA and SA/EtOH. However, we could not detect anisodine at some
points in time in 1/3N6 liquid nutrient medium due to the low
production. Each value is the mean of three replicates standard error.
Scopolamine content in hairy roots (g) and 1/3N6 liquid nutrient
medium (h) after elicitation of A. acutangulus hairy root cultures with
EtOH, Ag*, MeJA and SA/EtOH. However, we could not detect
scopolamine in 1/3N6 liquid nutrient medium due to the low
production. Each value is the mean of three replicates standard error
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Fig. 5 continued

group (1331.12, 365.44 and 89.2 pg g DW 1), respectively,
the yields of them were found to decrease on average
(Fig. 5a, c, g). Contrarily, SA/EtOH could improve the
production of anisodine all the time, with the highest yield of
414.52 ug g DW ' at 48 h treatment, which showed a 1.38-
fold increase (Fig. 5e) (P < 0.05).

Effects of EtOH, MeJA, AgJr and SA/EtOH
on the gene expression

The expression of AaPMTI reached the highest level at
24 h treatment in EtOH group. But its levels decreased
after 24 h treatment (Fig. 6a, e). AaTRI showed little
detectable transcript accumulation from Oh to 96 h
(Fig. 6a, e). With respect to AaH6H, its expression showed
increasingly higher than that in the control group from 0 to
96 h. As for AaTR2, the mRNA level gradually decreased
from O h to 96 h although its expression level was a little
higher than the level in the control group after 48 h treat-
ment (Fig. 6a, e).

In MeJA group, mRNA level of AaPMTI was a little
higher than the level of the control group at 24 h treatment.
But the levels decreased and represented a similar trend to
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the control group after 48 h treatment (Fig. 6b, ). AaTR]
reached the highest level and was higher than the expres-
sion in the control group at 48 h treatment (Fig. 6b, e). The
expression of AaH6H reached the highest level at 24 h
treatment. But its level showed a minor difference from the
level in the control group (Fig. 6b, e). AaTR2 decreased
significantly at 24 h treatment. But its level gradually
increased at 48 h treatment and reached the highest level at
96 h treatment (Fig. 6b, e).

In Ag" group, the expression level of AaPMTI
increased from O h and approached to a maxim value at
48 h treatment, which was significantly higher than the
value in the control group. However, the transcript levels
of AaPMTI dramatically decreased at 96 h treatment
(Fig. 6¢, e). AaTRI transcript showed a little higher
accumulation than that in the control group at 48 h
treatment in Ag" group (Fig. 6¢c, €). AaH6H transcript
gradually decreased from 24 to 96 h, whose expression
level displayed a minor difference from the level in the
control group (Fig. 6¢c, e). AaTR2 gradually increased
after 0 h and reached the highest level at 48 h treatment.
Then its expression levels decreased at 96 h treatment
(Fig. 6c, e).
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Fig. 6 Expression profiles of five key enzyme genes in biosynthetic
pathways of A. acutangulus hairy roots analyzed by RT-PCR at 0, 24,
48 and 96 h. The total RNAs used in RT-PCR were isolated from the

In SA/EtOH group, mRNA level of AaPMTI was sim-
ilar to the control group before 48 h treatment, but its level
reached the highest at 96 h treatment (Fig. 6d, e). AaTRI
transcript showed a little higher accumulation than that in
the control group at 48 h treatment (Fig. 6d, e). AaH6H
decreased from 24 to 48 h, but dramatically increased and
reached the highest level at 96 h treatment (Fig. 6d, e).
AaTR2 showed little detectable transcript accumulation
before 48 h treatment. But its expression level reached the
highest after 96 h treatment and higher than that in the
control group (Fig. 6d, e).

Discussion

The A. acutangulus hairy root cultures can be a valuable
tool to study plant second metabolism, since it can be
assessed in strictly controlled conditions [5, 15]. Our study
reported EtOH, MeJA and Ag" could enhance the pro-
duction of four TA on average in A. acutangulus hairy root
cultures. Furthermore, TA accumulation was also dis-
charged into the medium (Fig. 5b, d, f). This may be
because the produced TA had some damage to the hairy

water control

number 2 hairy roots that exposed to EtOH (a), 100 pmol/l MeJA (b),
30 pumol/l Ag* (c), 100 umol/l SA/EtOH (d) and water control (e) for
the indicated times

roots. Therefore, the addition of elicitors may commonly
cause negative effects on the growth of hairy roots such as
tissue browning and decomposition [16-20]. Meanwhile,
the effect of elicitors on the gene expression was also
studied because of the importance of integration of gene
transcripts and metabolites for the study of secondary
metabolism [21]. In our work, the accumulation of TA may
depend on the antagonistic effect between positive genes
such as the AaPMTI, AaTR1 and AaH6H and the negative
gene AaTR2 (Fig. 7).

The extent of EtOH-induced TA accumulation was the
highest in the elicitor used, which indicated the powerful
ability of EtOH to stimulate TA biosynthesis. Similar
stimulatory effects of EtOH were also reported in Esche-
richia coli and Glycine max [22, 23]. Furthermore, EtOH
hardly affected the growth of hairy roots (Fig. 4a).
Therefore, this elicitor will hold a potential value in
improving TA production. The effect of EtOH on the yield
of TA may be because it plays a role of an activator that
could stimulate the genes involved in TA production.
Analysis of gene expression revealed that EtOH led to little
expression level of AaTR2, a branching point in the bio-
synthesis of TA in A. acutangulus [13], while obviously
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Fig. 7 Scheme of the main biosynthetic tropane alkaloid pathway in
A. acutangulus

increased the expression level of AaH6H, which catalyzes
the last committed step in the biosynthesis of TA [14], in
the whole time. These dual positive effects could account
for the fact that EtOH improved the yield of TA largely.
Analogous effects of EtOH were also found in Atropa
baetica hairy root cultures [11].

MeJA played a pivotal role in the elicitation process
leading to gene activation coded for the enzymes involved
in pathways of secondary metabolites [24-26]. Our work
showed MeJA augmented the production of TA by means
of inhibiting AaTR2 at 24 h treatment, providing tight
molecular evidence for improving TA content. At 48 h
treatment, the up-regulation of AaTR2 seems to be more
effective than AaTRI, the second committed step in TA
biosynthetic pathway [13], which led to weakening the
production of TA. However, the up-regulation of AaTR2 at
96 h treated with MeJA did not seem to be enough to
explain the high yield of TA, which showed TA production
induced by MeJA could be independent from the tran-
scriptional activation of AaTR2. This may be due to the
activation of different signaling pathways or the direct
activation of other genes [11]. Similar conclusion was got
in Artemisia annua suspension cultures [27].

Ag™ is supposed to play a role in blocking ethylene
which had a negative effect on TA production in the plant
[9]. It indeed improved TA yield in our study although the
production was not high. Parallel result was also reported
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in Salvia miltiorrhiza hairy root cultures [28, 29]. Inte-
grating expression levels and TA production, Ag" could
stimulate the accumulation of TA by means of high
expression of AaPMTI gene, which catalyzes the first
committed step in TA biosynthetic pathway. However, up-
regulation of AaPMT]I just improved the precursor of TA
named N-methylputrescine. There were still two steps to
generate hyoscyamine (Fig. 7), which could explain why
Ag" improved a little yield of TA on average. Similar
conclusions were also reported in Atropa belladonna and
Duboisia hybrid [30, 31].

SA/EtOH, led to the decrease of the mean production of
TA except anisodine because of its resistible effect, which
was consistent to the result reported in Atropa belladonna
root cultures or in plants of cotton [32, 33]. From the
analysis of expression profiles, there was little expression
on AaPMTI and AaH6H gene before 48 h, coinciding with
the low production of hyoscyamine, anisodamine and
scopolamine, which agreed to the result reported in Atropa
baetica [11]. On the contrary, SA could elicit the produc-
tion of secondary metabolites like scopolamine in other
Solanaceae plants [26, 34]. Taking together the results
above, the plant response to SA/EtOH seemed to be spe-
cies-related. Moreover, that the production of anisodine
was always higher than the control in SA/EtOH group
attracted our attention (mechanism is not clear). Therefore,
studies on biotransformation among different compounds
of TA in A. acutangulus hairy roots have been performed to
find the metabolic pathway of anisodine in our future work.
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