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A B S T R A C T

Mandrakes (Mandragora spp., Solanaceae) are known to contain tropane alkaloids and have been used since
antiquity in traditional medicine. Tropane alkaloids such as scopolamine and hyoscyamine are used in modern
medicine to treat pain, motion sickness, as eye pupil dilators and antidotes against organo-phosphate poisoning.
Hyoscyamine is converted to 6β-hydroxyhyoscyamine (anisodamine) and scopolamine by hyoscyamine 6β-hy-
droxylase (H6H), a 2-oxoglutarate dependent dioxygenase. We describe here a marked chemo-diversity in the
tropane alkaloid content in Mandragora spp. M. officinarum and M. turcomanica lack anisodamine and scopola-
mine but display up to 10 fold higher hyoscyamine levels as compared with M. autumnalis. Transcriptomic
analyses revealed that H6H is highly conserved among scopolamine-producing Solanaceae. MoH6H present in
M. officinarum differs in several amino acid residues including a homozygotic mutation in the substrate binding
region of the protein and its prevalence among accessions was confirmed by Cleaved-Amplified-Polymorphic-
Sequence analyses. Functional expression revealed that MaH6H, a gene isolated from M. autumnalis encodes an
active H6H enzyme while the MoH6H sequence isolated from M. officinarum was functionally inactive. A single
G to T mutation in nucleotide 663 of MoH6H is associated with the lack of anisodamine and scopolamine in M.
officinalis.

1. Introduction

1.1. Hyoscyamine and scopolamine

Hyoscyamine and scopolamine are tropane alkaloids found in sev-
eral Solanaceae genera, including Hyoscyamus, Mandragora, Anisodus
and Datura. Scopolamine differs from hyoscyamine by the presence of
an epoxide bridge present in the tropane ring of scopolamine (Fig. 1)
[1]. Both alkaloids have comparable pharmacological action and
compete with acetylcholine for the muscarinic site of the para-
sympathetic nervous system, thus preventing the passage of nerve im-
pulses [2]. The agonist properties of hyoscyamine and scopolamine give

rise to several important pharmacological effects, such as anti-
spasmodic actions on the gastrointestinal tract and anti-secretory ef-
fects controlling salivary secretions during surgical operations. Scopo-
lamine has a depressant action on the central nervous system and has
particular uses as a sedative to control motion sickness. Atropine, (a
mixture of both L- (2′S) and D-(2′R) enantiomers of hyoscyamine)
functions as an antidote against cholinesterase inhibitors poisoning and
is also used for dilating the pupil of the eye during eye examinations
[3]. The total chemical synthesis of scopolamine is a complicated and
costly process, and the extraction from plants is the preferred source for
commercially obtaining this alkaloid.
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1.2. Hyoscyamine 6β-hydroxylase (H6H) in Mandragora spp.

Hyoscyamine 6β-hydroxylase (EC 1.14.11.11, H6H) is a key enzyme
catalyzing the last two steps in the scopolamine biosynthetic pathway:
the hydroxylation of L-hyoscyamine to 6β-hydroxyhyoscyamine (ani-
sodamine) and its subsequent epoxidation to scopolamine (Fig. 1) [4].
According to Hashimoto and Yamada the enzyme only accepts the L-
(2′S) -enantiomer of hyoscyamine as a substrate while D-(2′R) hyos-
cyamine is inactive [5]. H6H is a member of the 2-oxoglutarate-de-
pendent dioxygenases (2OGD) gene family. The enzymes encoded by
members of the 2OGD gene family are soluble non-heme iron proteins
localized in the cytosol. 2OGDs require 2-oxoglutarate and molecular
oxygen as co-substrates and ferrous iron as a cofactor for catalysis [6].
In plants, 2OGDs are involved in a wide range of biological processes,
including DNA demethylation, proline hydroxylation, gibberellin bio-
synthesis and the formation of various specialized metabolites in-
cluding flavonoids and scopolamine [5,6]. Although the overall se-
quence similarity among members of the 2OGD family is quite low,

three regions are highly conserved among 2OGD members. A region
comprising from His217 to Asp229 is widely conserved among 2OGD’s
and is probably involved in catalysis. Other two highly conserved re-
gions include the sequences from Gly59 to Gly67 and from Val253 to
Val276 that are probably part of the iron binding site [4,7]. These
conserved regions are identical in H6H genes in other Solanaceae [8].
Although it is commonly accepted and widely cited in the literature that
Mandragora spp. contain both hyoscyamine and scopolamine [9–13], a
comprehensive study that considers the chemistry, the exact botanical
identification of the plants and the location of their collection is
lacking. The taxonomy of the genus Mandragora, based on morpho-
metric analysis of herbarium specimens, recognizes only three species:
M. turcomanica Mizg. from central Asia, Southwestern Kopet Dag/Iran,
M. officinarum L. from the Mediterranean basin and M. caulescens C.B.
Clarke from the Sino-Himalayan region [14]. Volis [15,16] indicated a
further geographical re-structuring of Mandragora spp. taxonomy using
morphological and molecular analyses. Their studies inferred two main
species in the Mediterranean basin and two main species in the Eastern

Fig. 1. The proposed biosynthesis of scopolamine in the Solanaceae. Atropine is a racemic mixture of L (2′S) – and D (2′R)-hyoscyamine, but only L (2′S) – hyos-
cyamine is present in plants. The last two biosynthetic steps in scopolamine formation are mediated by the action of hyoscyamine 6β-hydroxylase (H6H) [5]. L- (2′S)
Hyoscyamine is oxidized to 6β–hydroxyhyoscyamine (6S, 2′S) anisodamine) that in turn is epoxidated to (2′S)-scopolamine. The carbon numbering system for each
compound is according to [34].
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distribution range of the genus. Mandragora officinarum Mill. is pro-
minent in Israel and the Middle East, while Mandragora autumnalis
Bertol. prevails in Cyprus and the Western Mediterranean basin
[15,16]. Mandragora turcomanica Mizg. is prominent in the Kopet Dag
mountains in Turkmenistan and neighboring Iran. In the Sino-Hima-
layan range, two species, namely M. chinghaiensis K.Z. Kuang and A.M.
Lu and M. caulescens C.B. Clarke were identified [15,16].

In this study we describe a previously unknown polymorphism in
the tropane alkaloid content among Mandragora species. M. officinarum
and M. turcomanica accessions accumulated high levels of hyoscyamine
but markedly lacked anisodamine and scopolamine. In contrast, M.
autumnalis accessions accumulated scopolamine, anisodamine and
hyoscyamine. Additionally, we describe that M. officinarum accessions
carry a non-functional H6H gene likely preventing anisodamine and
scopolamine formation and associated with the chemical polymorphism
observed.

2. Materials and methods

2.1. Plant material

M. officinarum tissues were collected from eleven natural locations
representing three geographical regions in Israel. Northern Galilee and

Golan (5 sites), Jezreel valley (2 sites), and Central-Southern (4 sites)
(Fig. 2). In addition we analyzed samples ofM. autumnalis originating in
Morocco, Spain and Cyprus and M. turcomanica from Turkmenistanian
and Iranian origin [15] that were grown in a nethouse located in the
Campus Bergman, Ben-Gurion University, Beer Sheva, Israel, and irri-
gated during November–April. Seeds of Datura innoxia Mill. and Hyos-
cyamus aureus L. were collected in the Jezre'el Valley, Israel. Roots were
sampled from mature flowering plants grown in pots in a nethouse in
the Newe Yaar Research Center in Israel

2.2. Alkaloid extraction and sample preparation

Alkaloid analyses were conducted on mature leaves or roots of M.
autumnalis, M. turcomanica and M. officinarum as indicated in the fig-
ures. In addition, roots, leaves, flowers, unripe fruits and ripe fruits of
M. officinarum were sampled from three plants from the Timrat (Jezreel
Valley) population. Tissues (0.5 g) were frozen using liquid N2 and
ground to a fine powder using a mortar and pestle and tropane alkaloids
were extracted by adding a 7 to 1 ratio (v/w) of methanol 80% (v/v) to
the frozen ground tissues. After vortexing for 15 s, the samples were
centrifuged at 1000 g for 5min. in a clinical centrifuge. The super-
natants were filtered through a 13mm Syringe filter with 0.2 μm GHP
Polypro membrane (Acrodisc) into a 2ml vial for analyses by LC-QTOF-

Fig. 2. A map of Israel showing the locations where M. offi-
cinarum was collected. The Northern locations included: 1:
Nahal Guvta (33°15′02.5″N 35°41′40.8″E), 2: Qiryat Shmona
(33°11′32.1″N 35°33′31.8″E), 3: Yiftah (33°08′29.7″N
35°33′21.4″E), 4: Malkiya (33°05′44.2″N 35°31′25.3″E) and 5:
Bar'am (33°02′15.9″N 35°25′11.6″E). Two locations re-
presentative of the Jezreel valley area included: 6: Timrat
(32°42′11.7″N 35°12′56.9″E) and 7: Alonim (32°43′05.6″N
35°09′20.3″E) and the Central-Southern locations included 8:
Karmei Yosef (31°50′49.0″N 34°56′02.0″E), 9: Bet Shemesh
(31°45′05.0″N 34°58′32.0″E), 10: Lachish (31°34′01.7″N
34°51′03.1″E) and 11: Pura reserve (31°29′47.0″N
34°46′45.0″E).
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MS (see Section 2.3). The concentrations of hyoscyamine and scopo-
lamine were calculated using a calibration curve created using atropine
and scopolamine standards respectively (Sigma, Israel). The con-
centration of anisodamine was determined using atropine as an external
standard.

2.3. LC-Q-TOF-MS/MS analysis

UPLC-MS analyses were carried out on an Agilent 1290 Infinity
series liquid chromatograph coupled with an Agilent 6530 Accurate-
Mass Quadrupole Time-of-Flight (Q-TOF) LC/MS equipped with the
Agilent Jet Stream interphase (Agilent Technologies, Santa Clara, USA).
The analytical column was a Zorbax Extend-C18 Rapid Resolution HT
column (2.1×50.0mm, 1.8 μm, Agilent Technologies, Waldbronn,
Germany). Samples (1ul injected) were separated by a gradient elution
mobile phase consisting of water with 0.1% (v/v) formic acid (eluent A)
and acetonitrile with 0.1% (v/v) formic acid (eluent B). A gradient
program of elution started with 5% B for 2min and changed to 10% B
until 5 min, increased to 15% until 7 min and then raised to 80% until
13.5 min. At 13.5min, elute B raised to 95% and then restored to 5%
after 15.5 min. The flow rate of the mobile phase was 0.3 ml/min and
the column oven temperature was 40 °C. The compounds were sub-
jected to Jet Stream source (Agilent Technologies, Santa Clara, USA)
operating in a positive mode with the following settings: Gas temp was
−350 °C at 10 l/min, SheathGas temp- 400 °C at 12 l/min and the
nebulizer was set to 20 psig. VCap was set to 3500 V; and the
Fragmentor to 175 V. The mass spectrometry was adjusted to a
minimum range of 100 (m/z) and maximum range of 1600 (m/z) at
scan rate of 2 (spectra/s). For the tandem mass spectrometry (MS/MS)
analysis the minimum range was 100 (m/z) and the maximum range
was 1600 (m/z). Maximum time between MS was 5.0 s and the fixed
collision energies were set to 20 and 40 V. The targeted masses for
collision were 290.175 for atropine, 304.155 for scopolamine and
306.17 for anisodamine. The [M+H] ions of target compounds were
detected using the 'find compound by formula' function and analyzed
by Masshunter qualitative and quantitative analysis software version
B.07.00 (Agilent technologies). Compounds were identified by com-
parison of exact mass and retention time to authentic standards.
(Sigma, Israel). The match tolerance was +/- 5 ppm for the masses and
+/− 0.35min for the retention times.

2.4. RNA extraction

Mature Mandragora spp. (M. officinarum, M. autumnalis, and M.
turcomanica), D. innoxia and H. aureus roots were frozen in liquid N2

and ground into a uniform powder using a chilled mortar and pestle.
RNA was extracted using the SIGMA Plant total RNA kit following the
manufacturer’s protocol. Total RNA was used for mRNA – seq library
construction and Illumina sequencing. In addition the RNA was used for
cDNA synthesis for CAPS analyses and H6H gene isolation by amplifi-
cation with specific primers (see Section 2.7).

2.5. RNA sequencing and transcriptome assembly

RNA-seq libraries were constructed using the ‘TruSeq Stranded
mRNA Sample Prep kit’ (Illumina, San Diego, CA), following the
manufacturer’s protocol. Libraries were then processed with Illumina
cBot for cluster generation on the flowcell and sequenced on paired-end
250 bp mode on HiSeq 2500 platform (Illumina, San Diego, CA), pro-
ducing about 50 million reads per sample. The CASAVA 1.8.2 version of
the Illumina pipeline was used to processed raw data for both format
conversion and de-multiplexing.

2.6. Bioinformatics

Reads were assembled de novo using Trinity software (version:

v2.3.2; [17]) with the trimmomatic option to remove adaptors [18]and
25 mer k-mer size. BLAST searches using the Hyoscyamus niger L.
HnH6H (AAA33387.1 [4]) were performed on the newly acquired
transcriptomes of M. officinarum, M. autumnalis, D. inoxia and H. aureus
using the BLOSUM62 matrix [19] in order to find the candidate genes
encoding putative hyoscyamine 6β-hydroxylases.

2.7. Cleaved amplified polymorphic sequence (CAPS) analyses

Two CAPS markers were designed according to sequences obtained
from the BLAST search of the newly acquired transcriptomes. The first
was designed to distinguish H6H enzymes displaying the Ile64– Met64
substitution. The primers for Ile– Met substitution were: 5′- TCCAACA
AGACCACCTTCTTATTATTCAACAA -3′ and 5′- CTCATGGTTAACTTCC
TCACTTCCACTG -3′. The second set of primers that discriminated the
Gly220–Cys220 substitution, prominent in M. officinarum were: 5′- AAA
GCTTGTCAGGATTTTGGTCTCTTTCAGG -3′ and 5′- GTTGGATTTGTCA
CCACTCTATGGATAGAACC -3′ (Supplementary Fig. S1). For the am-
plification cDNA was synthesized from 0.2 μg of total RNA using the
Verso cDNA synthesis kit (Thermo Fisher scientific, Kiryat Shmona,
Israel). The amplification was done using 150 ng of the cDNA and the
Phusion high-fidelity PCR master mix (Thermo Fisher scientific, Kiryat
Shmona, Israel). The PCR conditions were according to the Tm of the
primers and to the Phusion high-fidelity PCR master mix protocol. The
restriction enzymes utilized were Sau3A I (GA^TC, New England
Biolabs) for the Ile64–Met64 substitution and Eco91I (G^GTNACC, New
England Biolabs) for the Gly220–Cys220 substitution. The amplified
fragments were digested for 1 h at 37 °C according to the New England
Biolabs protocol and were separated using 1% (w/v) agarose gel elec-
trophoresis stained with ethidium bromide at a final concentration of
0.3 μg/ml.

2.8. Isolation and functional expression of MaH6H and MoH6H

For the isolation of the H6H candidate genes, specific primers were
designed for cloning into pET-28a according to sequences obtained
from the BLAST search of the newly acquired transcriptomes. The pri-
mers employed were as follows:

5′- AAGCTAGCATGACTAGTGTAGTCTCAAATTGGT -3′ and 5′-
TTCTCGAGTTAGGCATTGATTTTAAATGGCTT -3′.

The amplification was performed using 150 ng of cDNA (see Section
2.7) from a M. autumnalis accession originating in Morocco and from
two M. officinarum accessions, Qiryat Shmona (2) and Lachish (10)
(Fig. 2) using the Phusion high-fidelity PCR master mix (Thermo Fisher
scientific, Kiryat Shmona, Israel). The full length amplified genes were
ligated into pET28a plasmid using XhoI and NheI (New England Bio-
labs) restriction enzymes and transformed into Escherichia coli DH5α for
plasmid purification and sequencing. The purified plasmids were in-
troduced to the expression strain E. coli BL21 (DE3) for functional
analyses (see Section 2.9). The MaH6H and MoH6H genes were am-
plified using the T7 terminator and T7 promotor primers and were
sequenced (Sanger) with an Applied Biosystems 3130xl Genetic Ana-
lyzer (Applied Biosystems, http://www.appliedbiosystems.com) ac-
cording to the manufacturer’s instructions.

2.9. Functional expression analyses

After the transformation of the recombinant plasmid into E. coli
BL21 (DE3), a fresh bacterial culture harboring the recombinant
plasmid was added to 5ml of Luria-Bertani (LB) liquid medium con-
taining kanamycin (50 μg/ml) as a selection agent. The culture was
grown at 37 °C with shaking (225 rpm) until it reached an OD600 be-
tween 0.6 and 0.8 then 1mM IPTG was added for induction of the
ectopically expressed gene and atropine to a final concentration of
0.35mM was added to the medium as a substrate. The temperature was
reduced to 22 °C with shaking (225 rpm) for overnight incubation.
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Before the analysis by LC-QTOF-MS/MS, 1ml of the cultures were
centrifuged in an Eppendorf tube at 14,000 g for 5min and filtered
through a 13mm Syringe filter with 0.2 μm GH Polypro membrane
(Acrodisc) into a 2ml vial.

3. Results

3.1. Identification and determination of tropane alkaloids in Mandragora
spp.

Initial analyses of Mandragora spp. accessions indicated a marked
polymorphism in the alkaloid content in mature leaves (Fig. 3). M. of-
ficinarum leaves contained the highest hyoscyamine levels, followed by
M. turcomanica and M. autumnalis. Scopolamine and anisodamine were
prominent in M. autumnalis but interestingly, both scopolamine and
anisodamine were wholly lacking in M. officinarum and M. turcomanica
accessions (Fig. 3). Mandragora roots generally accumulated higher
hyoscyamine levels as compared to leaves and M. officinarum roots also
lacked anisodamine and scopolamine (Figs. 4 and 5, Supplementary
Fig. S2). These phenotypes were respectively consistent in M. au-
tumnalis accessions originating in Spain, Morocco, and Cyprus and in all
M. officinarum accessions (Fig. 4B, C). Interestingly, hyoscyamine levels
were about 10 fold higher in M. officinarum accessions as compared to
M. autumnalis (Fig. 4A) and anisodamine concentrations were about 10
fold lower than the hyoscyamine levels in M. autumnalis accessions
(Fig. 4).

Other M. officinarum tissues, from a representative population, were
further analyzed to evaluate their tropane alkaloid composition and
content. Root tissues displayed the highest hyoscyamine levels as
compared with other tissues analyzed and all tissues (except the mature
mesocarp) displayed substantial hyoscyamine accumulation. No sco-
polamine nor anisodamine were detected in any of the samples (Fig. 5).

3.2. Comparison between known H6H and putative H6H genes from M.
officinarum and M. autumnalis

Hyoscyamine 6β-hydroxylase (H6H) is a key enzyme in anisoda-
mine and scopolamine biosynthesis catalyzing sequencial hydroxyla-
tion and epoxidation reactions. H6H – like sequences were identified in
the transcriptomes of roots of M. officinarum (Israel) and M. autumnalis
(Morocco, Cyprus and Spain). The putative Mandragora H6H deduced
proteins were very conserved and showed more than 90% amino acid
similarity to each other and more than 80% amino acids similarity to
the previously characterized H. niger HnH6H [4]. Alignment of the
putative amino acid sequences of M. officinarum and M. autumnalis with
the corresponding sequence from H. niger (HnH6H) [4], Anisodus tan-
guticus (Maxim.) Pascher (AtH6H) [20] and Anisodus acutangulus C.Y.
Wu & C. Chen (AaH6H) [21] revealed the presence of the conserved

catalytic region at residues 217–229 and the two iron binding sites at
49–97 and 255–276 respectively (Fig. 6). In addition, the comparison
between the H6H-like sequences isolated fromM. officinarum (MoH6H),
and M. autumnalis (MaH6H) indicates that MoH6H displays 8 different
amino acid residues in comparison to MaH6H. Two of the differences
are in the conserved regions, the first one is in an iron binding site,
where Ile64 in MaH6H is replaced by Met64 in MoH6H and the second is
in the catalytic site where Gly220 in MaH6H is replaced by a Cys220 in
MoH6H. The other six differences are in residues 2, 3, 96, 119, 204 and
213 (Fig. 6).

Fig. 3. Tropane alkaloid chemodiversity in Mandragora spp. Hyoscyamine,
anisodamine and scopolamine content in the leaves of M. officinarum (n=25),
M. turcomanica (n=3) and M. autumnalis (n=5). Values presented are
means± S.E. One way ANOVA with post hoc Tukey HSD test was performed to
analyze differences in hyoscyamine concentrations between the species.
Significant differences at 5% are indicated by letters.

Fig. 4. Tropane alkaloid chemodiversity in roots of Mandragora spp. The con-
centrations of hyoscyamine (A), anisodamine (B) and scopolamine (C) in roots
of Mandragora spp. accessions are depicted. Values presented are means± S.E.
One way ANOVA with post hoc Tukey HSD test was performed to analyze dif-
ferences in hyoscyamine concentrations between the M. officinarum and M.
autumnalis accessions. Letters indicate statistically significant differences at a
confidence level of 5%. M. autumnalis populations included Spain n=6,
Morocco n=10, Cyprus n=5. M. officinarum included North (collection sites
1–5) n= 11, Jezre'el Valley (collection sites 6 and 7) n=6 and Central-South
(collection sites 8–11) n=5. N.D – Not detected. Note the different scales of the
Y axes.
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3.3. Verification of the prevalence of Gly220–Cys220 and the Ile64–Met64
substitutions in Mandragora accessions

The Gly220–Cys220 substitution found in M. officinarum (Fig. 6) is
due to one SNP at position 663 in the nucleotide sequence (Supple-
mental Fig. S1). In order to verify the prevalence of this SNP in M.
officinarum populations, the sequences from nucleotide 157 to 842
(686 bp) of the MoH6H, MaH6H, DiH6H and HaH6H genes were am-
plified using two conserved primers and subjected to CAPS analysis.
The amplicons were digested with Eco91I which can differentiate be-
tween the SNP associated with the Gly220–Cys220 substitution. The re-
sults are shown in Fig. 7. Amplicons originating in species displaying
the consensus conserved sequence were digested and the original
686 bp amplicon was cleaved into two smaller fragments (501 bp and
185 bp) while the M. officinarum amplicons displayed a 686 bp non
cleaved fragment (Fig. 7). It is clear that the Gly220–Cys220 substitution
is found only in M. officinarum strains in a homozygotic display and is
absent in M. autumnalis, D. innoxia and H. aureus. CAPS analysis was
performed on additional M. officinarum samples originating from 14
different individuals collected across its distribution range in Israel. In
all cases, the uncleaved amplicon was readily detected (Supplementary
Fig. S3) suggesting that the G to T substitution is conserved within M.
officinarum accessions and is consistent with the chemo-diversification
observed. Another apparent substitution in the M. officinarum MoH6H
that could be related to the alkaloid chemopolymorphism resides in the
Ile residue 64 localized in the iron-binding region of the protein (Fig. 6).
The Ile64 is conserved among all H6H sequences obtained through Il-
lumina sequencing the transcriptome of scopolamine producing Sola-
naceae but the H6H-like deduced protein fromM. officinarum displays a
Met residue in this position (Fig. 6). CAPS analyses of the corresponding
SNP using Sau3A digestion indicated that the patterns of amplicon
cleavage are not fully consistent with the chemical polymorphism ob-
served. M. officinarum accessions display polymorphism in this SNP,
such as a heterozygotic pattern (Supplementary Fig. S3, e.g. Kyriat
Shmona accession) or display the consensus sequence (Supplementary
Fig. S3 Alonim accession). Moreover, this CAPS analysis revealed that
amplicons from M. autumnalis accessions from Spain also display a SNP
encoding a Ile64-Met substitution that was further confirmed by Sanger
sequencing. Based on the above evidence, we conclude that the Ile64
–Met substitution is not fully associated with the alkaloid pattern of the
plant (Supplemental Fig. S4).

3.4. Functional expression of MaH6H and MoH6H

In order to verify the functionality of MaH6H and MoH6H genes,
atropine (a racemic mixture of hyoscyamine enantiomers) was ad-
ministered to E. coli cultures expressing either MoH6H or MaH6H. The
putative presence of anisodamine and scopolamine in the medium was
tested by LC-Q-TOF to assess functionality of the encoded proteins. A
compound with a m/z of 304.1548 and eluting at 3.50min corre-
sponding to authentic scopolamine was prominent in media supporting
the growth of E. coli ectopically expressing MaH6H, and incubated with
atropine (Fig. 8a). In addition, two compounds with m/z of 306.1700, a
major one eluting at Rt 4.20min and a minor one eluting at Rt 3.08min
corresponding to anisodamine isomers were also prominent. In con-
trast, E. coli cultures expressing MoH6H or devoid of atropine did not
accumulate neither scopolamine nor anisodamine isomers (Fig. 8a).
Anisodamine has two chiral centers at carbons 6 and 2′ (Fig. 1) and
therefore can exist in 4 different stereo-isomeric configurations.
Nevertheless, anisodamine isomers elute as two peaks eluting at 3.08
and 4.20min respectively corresponding to two diastereoisomeric pairs
of enantiomers (Fig. 8A). The enantiomeric pairs are not separated
under our conditions. Tandem mass-spectrometry was applied in at-
tempts to distinguish between the fragmentation patterns of the two
eluting peaks but the mass spectra were identical to each other (Fig. 8b)
and did not allow the unequivocally assignment of a stereochemical
structure to each of the eluting peaks. Nevertheless, the enantiomeric
pair eluting at Rt 4.20min was much more abundant in the assays than
the pair eluting at Rt 3.08min (Fig. 8a). Based on the studies of Ha-
shimoto et al [5] indicating that the H. niger H6H exclusively accepts L-
(6S)-hyoscyamine as a substrate we tentatively assigned the pair eluting
at 4.2min as (6S,2′S/6R,2′R) anisodamine (Fig. 8a). Moreover, the
earlier peak was also much more abundant inM. atumnalis root samples
as compared to the later peak (Supplementary Fig. S2) further sup-
porting the peak assignment.

4. Discussion

4.1. Mandragora taxonomy

European and Middle Eastern Mandragora species have a long his-
tory of traditional medicinal usage, partly because of their alkaloid
content [22]. Still, there is considerable confusion in the nomenclature
and the systematics of the species within the Mandragora genus. Dif-
ferent phenotypes such as time of flowering, color of the corolla and the
size and shape of the fruits have traditionally been used in taxonomy.
Volis et al. [15,16] showed a clear geographic structuring of Mandra-
gora genetic variability using morphological and molecular analyses.
Volis et al. [15,16] recognized five species within the genus Mandra-
gora: (1) M. autumnalis – with a distribution area covering the west part
of the Mediterranean basin including Turkey, Cyprus, Greece, Italy,
Spain and Morocco; (2) M. officinarum – covering the Eastern Medi-
terranean range including Israel, Lebanon and Jordan; (3) M. turco-
manica distributed in a small area in Turkmenistan and Iran; (4) M.
chinghaiensis and (5) M. caulescens covering the Tibetian range. Ac-
cording to Volis et al [15,16] M. turcomanica has a closely related
evolutionary history with plants from the Near East (M. officinarum)
indicating a possible dispersion through human assisted migration in
historical times. The results of the chemical profile (Figs. 3 and 4) re-
inforce the species division according to Volis et al. [15,16], since
plants originating in Israel, Iran and Turkmenistan (M. officinarum and
M. turcomanica) lack anisodamine and scopolamine and contain only
their precursor, hyoscyamine. In contrast, plants from Morocco, Spain
and Cyprus (M. autumnalis) grown under similar conditions, accumulate
hyoscyamine, anisodamine and scopolamine (Figs. 3 and 4).

Fig. 5. Tropane alkaloid content in different tissues of M. officinarum origi-
nating in Timrat, Israel (population 6). Values presented are means of hyos-
cyamine, anisodamine and scopolamine determinations± S.E, n=3. N.D – Not
detected. Student’s t-test was performed to analyze differences between the
tissues. Significant differences at a confidence level of 5% are indicated by
letters and a correction for multiple testing by the false discovery rate (FDR)
was adopted [35].
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4.2. Tropane alkaloids distribution in scopolamine producing species

In addition to the lack of anisodamine and scopolamine in leaves
(Fig. 3) roots (Fig. 4) and other tissues (Fig. 5) ofM. officinarum, we also
show that these tissues accumulate high levels of hyoscyamine as
compared with the levels found in M. autumnalis (Figs. 3 and 4). Very
little is known concerning the tropane alkaloid levels in Mandragora
spp. Our studies indicate that the hyoscyamine levels in M. officinarum
roots (450 μg/gFW) are comparable and often higher than the levels
found in other Solanaceae including transformed hairy roots of Scopolia
stramonijolia (56 μg/gFW), Hyoscyamus (265–727 μg/gFW) and Datura
species (268–1053 μg/gFW) [23].

4.3. Polymorphism in hyoscyamine 6β-hydroxylase associated with chemo-
differentiation

Hyoscyamine 6β-hydroxylase (H6H) catalyzes the sequential con-
version of hyoscyamine to anisodamine and scopolamine (Fig. 1) and
could be key in the alkaloid chemopolymorphism observed. Although
many H6H genes have been isolated from various scopolamine-produ-
cing species [8] catalytic activity has only been demonstrated in genes
isolated from Hyoscyamus niger (HnH6H) [4], Anisodus acutangulus
(AaH6H) [21] and Anisodus tanguticus (AtH6H) [20]. H6H-like genes are
found in Solanaceae species are highly similar (85% at the amino acid
level), the corresponding genes isolated from two accessions M. offici-
narum were identical to each other but display several substitutions as
compared to other H6H genes (Fig. 6). A prominent difference is a

Fig. 6. Polymorphism in H6H-deduced protein sequences in scopolamine-containing Solanaceae and M. officinarum. Multiple CLUSTALW alignment [36] of func-
tional H6H proteins from Hyoscyamus niger (AAA33387.1) [4], Anisodus tanguticus (AAQ75700.1) [20], Anisodus acutangulus (ABM74185.1) [8] and the newly
acquired Mandragora autumnalis (MaH6H). Sequences from other scopolamine-containing accessions of Mandragora autumnalis were also included in the comparison
and compared to the non-functional MoH6H isolated fromM. officinarum (Israel). The conserved iron-binding sites are shown in red boxes and the conserved catalytic
site [4] is shown in the blue box. A highly conserved HXD motif implicated in catalysis are green shaded. The Ile64–Met64 and the Gly220–Cys220 for which CAPS
analyses were performed are red shaded. The yellow marker designates other amino acids different inM. officinarum as compared to the consensus sequences found in
the other species. (For interpretation of the references to colour in the text, the reader is referred to the web version of this article.)

D. Schlesinger, et al. Plant Science 283 (2019) 301–310

307

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=AAA33387.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=AAQ75700.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=ABM74185.1


Gly220–Cys substitution, located in the conserved catalytic region of the
protein [4,7] (Fig. 6 blue box) and displaying a significant homozygotic
genotype in the CAPS analyses (Fig. 7, Supplemental Fig. S3).

The amino acid glycine is unique because it contains a hydrogen as

its R group that often confers conformational flexibility to its sur-
roundings, playing important roles in protein folding and in de-
termining tertiary structure [24,25]. In contrast, Cys is a sulfur con-
taining amino acid and its presence in the active region could also have

Fig. 7. CAPS analyses demonstrating poly-
morphism in the Gly220–Cys220 substitution in
H6H-like genes of Mandragora spp and scopo-
lamine accumulating Solanaceae. Amplicons of
M. officinarum H6H-like genes were subjected
to Eco91I restriction and were compared to
amplicons derived from H6H sequences from
species accumulating scopolamine (M. au-
tumnalis, D. innoxia and H. aureus). The M. of-
ficinarum genes displayed a 686 bp non cleaved
fragment while the digested amplicons dis-
played two smaller fragments corresponding to
501 bp and 185 bp. The numbers above in-
dicate different individuals sampled from each
region. M – DNA Marker ladder.

Fig. 8. Functional expression of M. autumnalis (MaH6H) and M. officinalis (MoH6H) genes in E. coli. (A) Extracted ion chromatogram of the tropane alkaloids in the
culture medium of E. coli ectopically expressing MaH6H (in black) or MoH6H (in red) and supplemented with 0.35mM atropine. The MaH6H gene primarily directs
the formation of a compound identified as (6S,2′S/6R,2′R) anisodamine, and scopolamine. Small levels of a compound tentatively identified as (6S,2'R/6R,2'S)
anisodamine are also prominent. (B) Identification of the anisodamine isomers and scopolamine by tandem mass-spectrometry. The upper spectra indicate bio-
synthetic compounds. The lower spectra correspond to authentic standards. (For interpretation of the references to colour in the text, the reader is referred to the web
version of this article.)

D. Schlesinger, et al. Plant Science 283 (2019) 301–310

308



a substantial conformational impact on the protein that could be re-
flected in the loss of functionality of MoH6H. Moreover, the Gly220–Cys
substitution is homozygotic in all M. officinarum accessions (Fig. 7,
Supplementary Fig. S3) and this is consistent with the lack of aniso-
damine-scopolamine phenotype displayed (Fig. 4) further stressing that
this substitution could have a crucial effect on the functionality of the
MoH6H gene. Since we found 8 amino acid substitutions in MoH6H as
compared to the consensus H6H sequences from other scopolamine
producing Solanaceae, we cannot exclude the possibility that other
amino acid substitutions could contribute to the loss of functionality of
MoH6H protein. Initially, we hypothesized that the Ile64 – Met sub-
stitution found in the conserved iron-binding site of the protein (Fig. 6)
could potentially be crucial for activity, but the associated SNP also
appeared in two Spanish accessions ofM. autumnalis (Fig. S3) and had a
heterozygotic display and not always associated with the alkaloid
content composition of M. officinarum (Supplementary Fig. S4). Our
results emphasize the importance of verifying the Illumina sequencing
results using CAPS analysis and Sanger sequencing and also reinforces
the consistency of the association of the Gly220–Cys substitution with
alkaloid chemodiversity in Mandragora spp.

Nevertheless, it is still unclear if other amino acid changes found in
the M. officinarum MoH6H display a homozygotic or heterozygotic ap-
pearance and are associated to alkaloid diversity in the plants.

In any case, the overall changes in the MoH6H gene were associated
with a full loss of the catalytic activity of the encoded proteins (Fig. 8)
and our results strongly suggest that this non-functionality is the major
biochemical reason for the chemo-differentiation observed in M. offi-
cinarum.

H6H has long been implicated in affecting the scopolamine/hyo-
syamine ratios in several Solanaceae species. Higher anisodamine and
scopolamine levels were consistent with the levels of the H6H enzy-
matic activity in hairy root cultures of several Solanaceae [5] and
species-dependent expression of H6H was associated to the scopola-
mine content [26]. Moreover, transgenic Atropa belladonna con-
stitutively expressing the H. niger HnH6H accumulated almost ex-
clusively scopolamine [27] while the non-transgenic controls mainly
accumulated hyoscyamine. In other studies, the levels of expression of
H6H were found to be generally in agreement with the enhancement of
scopolamine content in transformed Hyoscyamus, Datura, Duboisia and
Atropa hairy root cultures [5,28,29]. The above evidence prompted us
to hypothesize that a lack of the anisodamine-scopolamine phenotype
in M. officinarum could be associated with the lack of functionality of
MoH6H.

Scopolamine is evidently formed by E. coli cultures harboring
MaH6H in a medium supplemented with atropine (Fig. 8). Still, the
major product of the reaction was tentatively identified as (6S,2′S/
6R,2′R) anisodamine in our experimental conditions (Fig. 8). In addi-
tion, it seems that minute levels of (6S,2′R/6R,2′S)- anisodamine were
also present in the bacterial medium. According to Hashimoto and
Yamada [5] the H. niger HnH6H enzyme exclusively utilizes the L-(2′S)-
isomer of hyoscyamine as the alkaloid substrate and D-(2′R) hyoscya-
mine is inactive. Hashimoto and Yamada [5] did observe a very low
apparent D-(6S,2′R/6R,2′S)-anisodamine producing activity in the H.
niger H6H but it was attributed to the presence of L-(2′S)-hyoscyamine
impurities in the original D-(2′R)-hyoscyamine substrate then tested [5].
Our results (Fig. 8) suggest that the M. autumnalis enzyme does accept
D-(2′R)-hyoscyamine as a substrate albeit at much lower rates as com-
pared to L (2′S)-hyoscyamine. Nevertheless, the presence of D-(6S,2′R/
6R,2′S)-anisodamine in the medium could be a result of a slow iso-
merization of (6S, 2′S)-anisodamine explaining the minute levels of D-
(6S,2′R/6R,2′S)-anisodamine present in the bacterial medium. In any
case, the Mandragora H6H enzyme is markedly more active using L-
(2′S)-hyoscyamine as compared with the D-(2′R)-isomer (Fig. 8). In this
context, minute levels of D (2′R)-scopolamine could also be generated in
our assay conditions but we could not verify this possibility because L

-(2′S) – and D-(2′R) scopolamine are enantiomers and are not separable

under our non-chiral chromatographic conditions.

5. Concluding remarks

We show here a marked chemo–diversity previously unknown in the
genus Mandragora. Two species (M. officinarum and M. turcomanica)
distributed in different geographic areas (Near East and Irano-Turanian
region) show a similar alkaloid profile that is different to the profile of
the sibling species M. autumnalis that is distributed in the Western
Mediterranean, Turkey and Cyprus. Moreover, the profound changes in
alkaloid composition ofM. officinarum are associated with a loss of H6H
activity. In turn, this loss of function is associated with one nucleotide
change (G to T) that is reflected in a Gly residue at the 220 position
changed to a Cys. The fixation of the variant allele in M. officinarum
populations could be explained by a founder effect on the populations
now prevailing [30]. It is possible therefore that an individual M. offi-
cinarum plant that lacked anisodamine and scopolamine founded the
population that exists nowadays in Israel and neighboring countries,
and was further translocated to an area of modern Iran and Turkme-
nistan by human migration [15,16]. Both hyoscyamine and scopola-
mine have comparable pharmacological effects, and the possible eco-
logical role of these compounds has not been proved experimentally.
The known and dramatic marked neurological effects of scopolamine
and atropine poisoning and abuse include confusion, agitation, dan-
gerous submissive behavior, hallucinations, and paranoia and could
reflect an efficient defense mechanism against mammalian and other
herbivores. Moreover, hyoscyamine and scopolamine have a negative
impact on several insects such as Spodoptera littoralis and Leptinotarsa
decemlineata [31,32] and that insects can cause a negative directional
selection on scopolamine biosynthesis when hyoscyamine is under
stabilizing selection in D. stramonium [33]. We cannot exclude the
possibility that the lack of anisodamine and scopolamine confers an
unknown increase in ecological fitness to this phenotype under the
Eastern Mediterranean and Turkmenistanian conditions prevailing in
the M. officinarum range as compared to the other species. However, in
this case, the presence of more than one molecular event rendering
inactive H6H alleles in the different populations sampled would be
expected.

Acknowledgments

The research leading to these results has received funding from the
European Union’s Seventh Framework Programme for research, tech-
nological development and demonstration under grant agreement n°
613513. We thank Prof. Shimon Ben Shabat, BGU University and Dr.
Yaakov Tadmor, Newe Yaar Center for helpful discussions and teaching
the CAPS methodologies. We also thank Galil Tzuri for helping with the
Sanger sequencing.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.plantsci.2019.03.013.

References

[1] L.O. Hanus, T. Rezanka, J. Spízek, V.M. Dembitsky, Substances isolated from
Mandragora species, Phytochemistry 66 (2005) 2408–2417, https://doi.org/10.
1016/j.phytochem.2005.07.016.

[2] K. Elrod, J.J. Buccafusco, An evaluation of the mechanism of scopolamine-induced
impairment in two passive avoidance protocols, Pharmacol. Biochem. Behav. 29
(1988) 15–21, https://doi.org/10.1016/0091-3057(88)90267-5.

[3] P.M. Dewick, Alkaloids, Med. Nat. Prod. A Biosynthetic Approach, 2nd ed., John
Wiley & Sons, United kingdom, 2002, pp. 292–302, https://doi.org/10.1016/j.
jbiosc.2010.01.005.

[4] J. Matsuda, S. Okabe, T. Hashimoto, Y. Yamada, Molecular cloning of hyoscyamine
6β-hydroxylase, a 2-oxoglutarate-dependent dioxygenase, from cultured roots of
Hyoscyamus niger, J. Biol. Chem. 266 (1991) 9460–9464.

D. Schlesinger, et al. Plant Science 283 (2019) 301–310

309

https://doi.org/10.1016/j.plantsci.2019.03.013
https://doi.org/10.1016/j.phytochem.2005.07.016
https://doi.org/10.1016/j.phytochem.2005.07.016
https://doi.org/10.1016/0091-3057(88)90267-5
https://doi.org/10.1016/j.jbiosc.2010.01.005
https://doi.org/10.1016/j.jbiosc.2010.01.005
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0020
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0020
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0020


[5] T. Hashimoto, Y. Yamada, Hyoscyamine 6β-hydroxylase, a 2-oxoglutarate-depen-
dent dioxygenase, in alkaloid-producing root cultures, Plant Physiol. 81 (1986)
619–625.

[6] Y. Kawai, E. Ono, M. Mizutani, Evolution and diversity of the 2-oxoglutarate-de-
pendent dioxygenase superfamily in plants, Plant J. 78 (2014) 328–343, https://
doi.org/10.1111/tpj.12479.

[7] L. Aravind, E.V. Koonin, The DNA-repair protein AlkB, EGL-9, and leprecan define
new families of 2-oxoglutarate- and iron-dependent dioxygenases, Genome Biol. 2
(2001), https://doi.org/10.1186/gb-2001-2-3-research0007 research0007.
1–0007.8.

[8] G. Kai, J. Chen, L. Li, Z. Genyu, Z. Limin, Z. Lei, C. Yuhui, Z. Linxia, Molecular
cloning and characterization of a new cDNA encoding hyoscyamine 6β-hydroxylase
from roots of Anisodus acutangulus, J. Biochem. Mol. Biol. 40 (2007) 715–722.

[9] V.F.B. Ahrens, Die Alkaloide der Mandragora, Eur. J. Org. Chem. 251 (1889)
312–316.

[10] H. Thoms, M. Wentzel, Ueber mandragorin, Eur. J. Inorg. Chem. 31 (1898)
2031–2037.

[11] O. Hesse, Ueber die Alkalo’ide der Mandragorawurzel, J. Für Prakt. Chem. 64
(1900) 274–286.

[12] B.P. Jackson, M.I. Berry, Hydroxytropane tiglates in the roots of Mandragora spe-
cies, Phytochemistry 12 (1973) 1165–1166, https://doi.org/10.1016/0031-
9422(73)85035-6.

[13] K. Bekkouche, Quantitative determination of atropine and scopolamine in man-
drake from Morocco, Plant. Med. Phyther. 26 (1993) 309–318.

[14] S. Ungricht, S. Knapp, J.R. Press, A revision of the genus Mandragora (Solanaceae),
Bull. Nat. Hist. Museum, The Natural History Nuseum, London, 1998, pp. 17–40.

[15] S. Volis, T. Tu, T. Deng, M. Zaretsky, K. Fogel, H. Sun, Phylogeographic study of
Mandragora L. reveals a case of ancient human assisted migration, Isr. J. Plant Sci.
62 (2015) 176–186, https://doi.org/10.1080/07929978.2015.1063922.

[16] S. Volis, K. Fogel, T. Tu, H. Sun, M. Zaretsky, Evolutionary history and biogeo-
graphy of Mandragora L. (Solanaceae), Mol. Phylogenet. Evol. 129 (2018) 85–95,
https://doi.org/10.1016/j.ympev.2018.08.015.

[17] M.G. Grabherr, B.J. Haas, M. Yassour, J.Z. Levin, D.A. Thompson, I. Amit, et al.,
Trinity: reconstructing a full-length transcriptome without a genome from RNA-Seq
data, Nat. Biotechnol. 29 (2011) 644–652, https://doi.org/10.1038/nbt.1883.
Trinity.

[18] A.M. Bolger, M. Lohse, B. Usadel, Trimmomatic: a flexible trimmer for Illumina
sequence data, Bioinformatics 30 (2014) 2114–2120, https://doi.org/10.1093/
bioinformatics/btu170.

[19] S. Henikoff, J.G. Henikoff, Amino acid substitution matrices from protein blocks,
Proc. Natl. Acad. Sci. U. S. A. 89 (1992) 10915–10919, https://doi.org/10.1073/
pnas.89.22.10915.

[20] T. Liu, P. Zhu, K. Cheng, C. Meng, H.-X. He, Molecular cloning, expression and
characterization of hyoscyamine 6β-hydroxylase from hairy roots of Anisodus tan-
guticus, Plant. Med. 71 (2005) 249–253, https://doi.org/10.1055/s-2005-837825.

[21] G. Kai, Y. Liu, X. Wang, S. Yang, X. Fu, X. Luo, P. Liao, Functional identification of
hyoscyamine 6β-hydroxylase from Anisodus acutangulus and overproduction of
scopolamine in genetically-engineered Escherichia coli, Biotechnol. Lett. 33 (2011)
1361–1365, https://doi.org/10.1007/s10529-011-0575-y.

[22] A. Dafni, Z. Yaniv, Solanaceae as medicinal plants in Israel, J. Ethnopharmacol. 44
(1994) 11–18, https://doi.org/10.1016/0378-8741(94)90093-0.

[23] A.J. Parr, J. Payne, J. Eagles, B.T. Chapman, R.J. Robins, M.J.C. Rhodes, Variation
in tropane alkaloid accumulation within the solanaceae and strategies for its ex-
ploitation, Phytochemistry 29 (1990) 2545–2550, https://doi.org/10.1016/0031-
9422(90)85185-I.

[24] M.J. Betts, R.B. Russell, Amino-acid properties and consequences of substitutions,
in: R. Gray, Michael R. Barnes (Eds.), Bioinforma. Genet. A Bioinforma. Prim. Anal.
Genet. Data, second ed., John Wiley & Sons, Germany, 2003, pp. 311–342, , https://
doi.org/10.1002/9780470059180.ch13.

[25] U. Schulze-Gahmen, H.L. De Bondt, S.H. Kim, High-resolution crystal structures of
human cyclin-dependent kinase 2 with and without ATP: bound waters and natural
ligand as guides for inhibitor design, J. Med. Chem. 39 (1996) 4540–4546, https://
doi.org/10.1021/jm960402a.

[26] T. Kanegae, H. Kajiya, Y. Amano, T. Hashimoto, Y. Yamada, Species-dependent
expression of the hyoscyamine 6β-hydroxylase gene in the pericycle, Plant Physiol.
105 (1994) 483–490, https://doi.org/10.1104/pp.105.2.483.

[27] D.J. Yun, T. Hashimoto, Y. Yamada, Metabolic engineering of medicinal plants:
transgenic Atropa belladonna with an improved alkaloid composition, Proc. Natl.
Acad. Sci. U. S. A. 89 (1992) 11799–11803, https://doi.org/10.1073/pnas.89.24.
11799.

[28] K. Jouhikainen, L. Lindgren, T. Jokelainen, R. Hiltunen, T.H. Teeri, K.-M. Oksman-
Caldentey, Enhancement of scopolamine production in Hyoscyamus muticus L. hairy
root cultures by genetic engineering, Planta 208 (1999) 545–551, https://doi.org/
10.1007/s004250050592.

[29] C. Yang, M. Chen, L. Zeng, L. Zhang, X. Liu, X. Lan, K. Tang, Z. Liao, Improvement
of tropane alkaloids production in hairy root cultures of Atropa belladonna by
overexpressing pmt and h6h genes, Plant Omi. J. 4 (2011) 29–33.

[30] W.B. Provine, Ernst Mayr, Genetics and speciation, Genetics 167 (2004)
1041–1046, https://doi.org/10.1016/j.tree.2005.10.001.

[31] T.H. Hsiao, G. Fraenkel, The role of secondary plant substances in the food speci-
ficity of the Colorado potato beetle, Ann. Entomol. Soc. Am. 61 (1968) 485–493.

[32] E. Krug, P. Proksch, Influence of dietary alkaloids on survival and growth of
Spodoptera littoralis, Biochem. Syst. Ecol. 21 (1993) 749–756.

[33] I. Shonle, J. Bergelson, Evolutionary ecology of the tropane alkaloids of Datura
stramonium L. (Solanaceae), Evolution 54 (2000) 778–788, https://doi.org/10.
1554/0014-3820(2000)054[0778:EEOTTA]2.3.CO;2.

[34] S.F. Ullrich, N.J.H. Averesch, L. Castellanos, Y.H. Choi, A. Rothauer, O. Kayser,
Discrimination of wild types and hybrids of Duboisia myoporoides and Duboisia
leichhardtii at different growth stages using 1H NMR-based metabolite profiling and
tropane alkaloids-targeted HPLC-MS analysis, Phytochemistry 131 (2016) 44–56,
https://doi.org/10.1016/j.phytochem.2016.08.008.

[35] Y. Benjamini, Y. Hochberg, Controlling the false discovery rate: a practical and
powerful approach to multiple testing, J. R. Stat. Soc. 57 (1995) 289–300.

[36] M.A. Larkin, G. Blackshields, N.P. Brown, R. Chenna, P.A. Mcgettigan,
H. McWilliam, F. Valentin, I.M. Wallace, A. Wilm, R. Lopez, J.D. Thompson,
T.J. Gibson, D.G. Higgins, Clustal W and Clustal X version 2.0, Bioinformatics 23
(2007) 2947–2948, https://doi.org/10.1093/bioinformatics/btm404.

D. Schlesinger, et al. Plant Science 283 (2019) 301–310

310

http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0025
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0025
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0025
https://doi.org/10.1111/tpj.12479
https://doi.org/10.1111/tpj.12479
https://doi.org/10.1186/gb-2001-2-3-research0007
https://doi.org/10.1186/gb-2001-2-3-research0007
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0040
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0040
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0040
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0045
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0045
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0050
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0050
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0055
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0055
https://doi.org/10.1016/0031-9422(73)85035-6
https://doi.org/10.1016/0031-9422(73)85035-6
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0065
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0065
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0070
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0070
https://doi.org/10.1080/07929978.2015.1063922
https://doi.org/10.1016/j.ympev.2018.08.015
https://doi.org/10.1038/nbt.1883.Trinity
https://doi.org/10.1038/nbt.1883.Trinity
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1073/pnas.89.22.10915
https://doi.org/10.1073/pnas.89.22.10915
https://doi.org/10.1055/s-2005-837825
https://doi.org/10.1007/s10529-011-0575-y
https://doi.org/10.1016/0378-8741(94)90093-0
https://doi.org/10.1016/0031-9422(90)85185-I
https://doi.org/10.1016/0031-9422(90)85185-I
https://doi.org/10.1002/9780470059180.ch13
https://doi.org/10.1002/9780470059180.ch13
https://doi.org/10.1021/jm960402a
https://doi.org/10.1021/jm960402a
https://doi.org/10.1104/pp.105.2.483
https://doi.org/10.1073/pnas.89.24.11799
https://doi.org/10.1073/pnas.89.24.11799
https://doi.org/10.1007/s004250050592
https://doi.org/10.1007/s004250050592
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0145
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0145
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0145
https://doi.org/10.1016/j.tree.2005.10.001
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0155
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0155
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0160
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0160
https://doi.org/10.1554/0014-3820(2000)054[0778:EEOTTA]2.3.CO;2
https://doi.org/10.1554/0014-3820(2000)054[0778:EEOTTA]2.3.CO;2
https://doi.org/10.1016/j.phytochem.2016.08.008
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0175
http://refhub.elsevier.com/S0168-9452(18)31478-X/sbref0175
https://doi.org/10.1093/bioinformatics/btm404

	Alkaloid chemodiversity in Mandragora spp. is associated with loss-of-functionality of MoH6H, a hyoscyamine 6&#x003B2;-hydroxylase gene
	Introduction
	Hyoscyamine and scopolamine
	Hyoscyamine 6&#x003B2;-hydroxylase (H6H) in Mandragora spp.

	Materials and methods
	Plant material
	Alkaloid extraction and sample preparation
	LC-Q-TOF-MS/MS analysis
	RNA extraction
	RNA sequencing and transcriptome assembly
	Bioinformatics
	Cleaved amplified polymorphic sequence (CAPS) analyses
	Isolation and functional expression of MaH6H and MoH6H
	Functional expression analyses

	Results
	Identification and determination of tropane alkaloids in Mandragora spp.
	Comparison between known H6H and putative H6H genes from M. officinarum and M. autumnalis
	Verification of the prevalence of Gly220&#x02013;Cys220 and the Ile64&#x02013;Met64 substitutions in Mandragora accessions
	Functional expression of MaH6H and MoH6H

	Discussion
	Mandragora taxonomy
	Tropane alkaloids distribution in scopolamine producing species
	Polymorphism in hyoscyamine 6&#x003B2;-hydroxylase associated with chemo-differentiation

	Concluding remarks
	Acknowledgments
	Supplementary data
	References




