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Editorial on the Research Topic

Artemisinin—From Traditional Chinese Medicine to Artemisinin Combination Therapies;
Four Decades of Research on the Biochemistry, Physiology, and Breeding of Artemisia annua

The 2015 Nobel Prize in Physiology or Medicine was awarded to Tu Youyou for her “discoveries
concerning a novel therapy against malaria”. Educated in pharmaceutical sciences, Tu was recruited
to Chinese military research Program 523, with the aim of finding new drugs for the treatment of
malaria. A malaria epidemic during the Vietnam War had led Ho Chi Minh, the Prime Minister of
North Vietnam, to request medical help from China. In response, Chairman Mao approved Project
523, which involved over 500 scientists, military personnel, and medical practitioners and ran from
1967 to 1980. Whilst reviewing written records of traditional Chinese medicine, Tu noticed a
mention of Qinghao (Artemisia annua) for alleviation of malaria fevers in Ge Hong’s “A handbook
of prescriptions for emergencies”, which has been dated to around 317-420 A.D. She next found
that an ethyl ether extract from A. annua leaves strongly inhibited malaria, leading Tu and two
other members of her team to test the Qinghao plant extract for safety and side-effects on
themselves. In 1972, Tu’s team obtained the pure active substance from this extract and
determined its chemical structure, naming it as ginghaosu, or artemisinin, as it became more
commonly known in the West. A series of chemical derivatives of artemisinin were subsequently
developed by Project 523, including dihydroartemisinin, artemether, and artesunate. These
compounds have become part of the artemisinin combination therapies (ACTSs), currently the
World Health Organisation (WHO)-recommended first-line drugs to combat malaria.

Almost fifty years after Tu’s discovery, malaria still poses a global threat, with an estimated 228
million cases occurring worldwide in 2018 causing 405,000 deaths - two thirds of them among
children under 5 years old in sub-Saharan Africa (World malaria report, 2019). The introduction of
ACTs (it is estimated that 3 billion treatment courses have been procured worldwide between 2010
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and 2018), rapid diagnostic tests (RDTs) and malaria vector
controls, including insecticide-treated mosquito nets, reduced
the number of cases significantly over the past 10 years (World
malaria report, 2019). However, artemisinin resistance conferred
by genetic mutations in Plasmodium falciparum recently
emerged in the Greater Mekong sub-region (Ariey et al., 2014)
together with Pfhrp2/3 gene deletions that render parasites
undetectable by RDT (Owusu et al., 2018), represent major
new threats in the global fight against malaria.

A. annua remains the sole global source of the drug at the
time of writing, despite significant efforts to develop alternative
production platforms, as discussed herein. National malaria
programmes delivered 214 million ACT treatment courses in
2018 (WHO Malaria report, 2019), equating to around 100
metric tonnes of pure artemisinin obtained from A. annua
(assuming 0.5 g artemisinin per treatment). The plant-sourced
drug demand stimulated breeding efforts to improve yields.
Widely practiced phenotypic selection of open pollination
varieties has been supplemented by modern molecular
breeding approaches, resulting in A. annua F1 hybrids that
yield almost 55 kg of artemisinin per hectare with a content
reaching 1.44% of leaf dry weight (Artemisia F1 Seed). Several
publications herein suggest that natural variation within A.
annua populations may have even more to offer in terms of
further improving yields. Wetzstein et al. show that further yield
improvements can be achieved through the use of phenotypic-
based selection and clonally propagating high-yielding
genotypes. Work from Ferreira et al. shows the importance of
a thorough understanding of seasonal variation of artemisinin
content in the A. annua crop when planning harvest and
maximising artemisinin returns from plantations. That work
also highlights existing differences in response to photoperiod
among different chemotypes of A. annua. Czechowski et al. shed
new light on the molecular basis of the existence of high- and
low- artemisinin producing chemotypes, providing candidate
targets for yield improvement through molecular breeding.

Transgenic routes, also being explored for further artemisinin
yield improvement in A. annua, have resulted in the elucidation of
much of the artemisinin biosynthetic pathway and the identification
of multiple transcriptional regulators of biosynthetic genes, as
reviewed by Ikram and Simonsen The same work also reviews
transgenic approaches that have succeeded in achieving an
artemisinin content of 2.6% leaf dry weight by overexpressing
biosynthetic genes; and over 3%, when metabolic pathways
competing for the five-carbon isoprenoid precursors are blocked.
Ma et al. and Tang et al. report on further transgenic approaches
that identify additional genes involved in the regulation of
artemisinin biosynthesis in A. annua. Fu et al. present work
adding to the sparse knowledge of the transport systems
potentially involved in regulation of artemisinin biosynthesis,
which may prove to be a valuable alternate route for genetic
improvement of artemisinin production. A number of the
transgenic approaches to improve artemisinin yield appear to
come at the cost of plant biomass and fitness, highlighting the
need for extensive field trials to validate laboratory and glasshouse
data. Regulatory approval will be required before release of these

GMOs, which remains a challenge for this high-profile medicinal
plant. Transgenics is, of course, also an extremely valuable
experimental tool for characterisation of in planta gene function,
yielding knowledge that is useful for both genome editing and
molecular breeding. In this context, Zhang et al. report on the
characterisation of genes involved in the supply of isoprene
precursors from the MEP-pathway and Catania et al. report on
the effects of silencing the first committed step in artemisinin
biosynthesis using an RNAi approach. This latter study also
opens up the prospect of using A. annua as a production
platform for other high value sesquiterpenes.

Attempts to transfer artemisinin production to other plant and
microbial hosts are reviewed by Ikram and Simonsen and Kung
et al. Achievements of the Keasling group in engineering
Saccharomyces cerevisiae that produces the artemisinin precursor,
artemisinic acid, at yields of 25 g/L remains an exemplar for
successful metabolic engineering (Paddon et al., 2013). However,
costs associated with the non-enzymatic photochemical conversion
of artemisinic acid to artemisinin have proved too expensive to
allow the semi-synthetic route to compete with plant-based
production, where both enzymatic and non-enzymatic steps are
conducted in glandular secretory trichomes, which are specialized
10-cell structures found on the surface of the leaf, stems and flower
buds (Peplow, 2016). Kung et al. discuss recent developments in the
chemical conversions of artemisinic acid to artemisinin potentially
replacing costly photochemical processes developed by Sanofi,
raising the prospect once again of an alternative source of
artemisinin that would help stabilise supply.

Ikram and Simonsen review the prospect of engineering plant
heterologous systems for artemisinin production and report a
proof-of-concept in Nicotiana species, albeit at yields significantly
less than for A. annua itself. The presence of endogenous
glycosyltransferases in Nicotiana species that are able to
glycosylate the engineered artemisinin precursors, rendering them
unsuitable for further spontaneous conversions into artemisinin,
makes the use of these species as production hosts particularly
challenging. In an effort to find an alternative host with less
glycosyltransferase activity, Ikram et al. have evaluated the non-
vascular plant, Physcomitrella patens. The artemisinin levels
achieved in this moss species were significantly higher than those
from Nicotania species, but still around 100-times lower than those
found in A. annua.

The use of monotherapies that rely on artemisinin or its
derivatives as the sole antimalarial agents is not recommended by
the World Health Organisation since this practice significantly
increases the risk of the emergence of parasite resistance. Some
previous literature has supported the use of A. annua herbal remedies
as cost-effective alternatives to ACTs with the suggestion that
artemisinin works in combination with other compounds, such as
flavonoids (for example Weathers et al., 2014). Czechowski et al. used
in vitro assays with whole plant extracts from a series of A. annua
mutants, deficient in either the production of artemisinin or
flavonoids, to demonstrate that artemisinin is the sole metabolite
from A. annua with in vitro anti-plasmodial activity. The possibility
of other compounds having in vivo effects was also discussed as it is
recognised that in vitro and in vivo studies do not always recapitulate
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one another in therapeutics development. This study has recently
been cited as evidence in a WHO position paper that does not
support the promotion or use of Artemisia plant material in any form
for the prevention or treatment of malaria (WHO, 2019).
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Malaria is a real and constant danger to nearly half of the world’s population of 7.4 billion
people. In 2015, 212 million cases were reported along with 429,000 estimated deaths.
The World Health Organization recommends artemisinin-based combinatorial therapies,
and the artemisinin for this purpose is mainly isolated from the plant Artemisia annua.
However, the plant supply of artemisinin is irregular, leading to fluctuation in prices. Here,
we report the development of a simple, sustainable, and scalable production platform of
artemisinin. The five genes involved in artemisinin biosynthesis were engineered into the
moss Physcomitrella patens via direct in vivo assembly of multiple DNA fragments. In vivo
biosynthesis of artemisinin was obtained without further modifications. A high initial pro-
duction of 0.21 mg/g dry weight artemisinin was observed after only 3 days of cultivation.
Our study shows that P patens can be a sustainable and efficient production platform
of artemisinin that without further modifications allow for industrial-scale production.
A stable supply of artemisinin will lower the price of artemisinin-based treatments, hence
become more affordable to the lower income communities most affected by malaria; an
important step toward containment of this deadly disease threatening millions every year.

Keywords: Physcomitrella patens, malaria, artemisinin, in vivo assembly, bioengineering

INTRODUCTION

Physcomitrella patens is a non-vascular plant that has been well established as a model organism
to be used in basic research and in applied biotechnology (Simonsen et al., 2009; Buttner-Mainik
etal, 2011; Ikram et al., 2015; Reski et al., 2015). The genome is fully sequenced and the haploid life
cycle and efficient homologous recombination makes P. patens an attractive industrial production
system compared to other plant hosts (Schaefer and Zryd, 1997; Reski, 1998). Additionally, a novel
transformation technology involving in vivo assembly of multiple DNA fragments in P. patens has
been established, further increasing the potential as a photosynthetic chassis for synthetic biology
(King et al.,, 2016). Currently, several recombinant pharmaceutical proteins and molecules of com-
mercial value are being produced in this system (Anterola et al., 2009; Zhan et al., 2014; Pan et al.,
2015; Reski et al., 2015).
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Artemisinin originates from the plant Artemisinia annua
and is the first-choice treatment for malaria (Novotny et al.,
1966). Chemically, artemisinin is a sesquiterpene lactone bear-
ing a unique endoperoxide structure and its complex structure
makes it difficult and not economically feasible to be chemically
synthesized (Pandey and Pandey-Rai, 2016). Several efforts have
been made to obtain artemisinin from a stable source, such as
yeast (Ro et al., 2006), where a production of artemisinic acid
followed by a three-step chemical synthesis to artemisinin was
established (Paddon and Keasling, 2014). It was previously
shown that artemisinin could be mass-produced by cultivation
of A. annua or semi-synthetically in microorganisms producing
artemisinic acid (Paddon and Keasling, 2014). Besides these
efforts, extensive bioengineering of modified Nicotiana plants
(Malhotra et al., 2016; Wang et al., 2016) has provided limited
production of artemisinin. However, these have not yet been used
for large-scale production. Currently, there are no reports on the
stable heterologous biosynthesis of artemisinin in photosynthetic
organisms that can be grown in bioreactors.

In order to produce artemisinin in P. patens, we introduced
the five genes responsible for the biosynthesis of dihydroarte-
misinic acid (Figure 1), where amorpha-4,11-diene synthase,
ADS (Komatsu et al., 2010) catalyzes the first step. This was
followed by the second step, the cytochrome P450, CYP71AV1
(Roetal.,, 2006) which we linked with the third step, the alcohol
dehydrogenase 1 (ADHI) (Paddon et al., 2013) by the hybrid
LP4/2A peptide linker (Francois et al., 2004). Finally, we
introduced the fourth step catalyzed by double-bond reductase
2 (DBR2) (Zhang et al.,, 2008) and the fifth step, being the
aldehyde dehydrogenase 1 (ALDH1I) (Teoh et al., 2009). These
five genes would yield dihydroartemisinic acid. The final con-
version of dihydroartemisinic acid into artemisinin is thought
to occur by photooxidation (Sy and Brown, 2002), thus the
enzymatic end product is dihydroartemisinic acid. The five
genes were transformed into P. patens using in vivo homolo-
gous recombination that allows multiple DNA fragments to be
transformed at once into the genome (King et al., 2016). Here,
we show that engineered P. patens can produce significant levels
of artemisinin. This could become a sustainable and efficient
production platform of artemisinin, which could potentially
help to stabilize the supply of artemisinin and aid in containing
malaria.

MATERIALS AND METHODS
P. patens Material and Growth Conditions

Physcomitrella patens (Gransden ecotype, International Moss
Stock Center #40001) was grown on solid and liquid PhyB
media under sterile conditions, at 25°C with continuous 20-50
W/m? light intensity. For PhyB media mix 800 mg Ca(NOs3),,
250 mg MgSO47H20, 12.5 mg FeSO4-7H20, 0.5 g (NH4)2C4H40,
10 mL KH,PO, buffer (25 g KH,PO, per liter and adjusted to
pH 6.5 with 4 M KOH), and 0.25 mL trace element solution
(110 mg CHSO4'5H20, 110 mg ZHSO4'7H20, 1,228 mg H3BO3,
778 mg MnCL-4H,O, 110 mg CoCl,-6H,0, 53 mg KI, 50 mg
Na,MoO,-2H,0 per liter). The medium can be solidified with

Farnesyl diphosphate

Amorpha-4,11-diene

Artemisinic alcohol

Artemisinic aldehyde
DBR2 1
3 Dihydroartemisinic aldehyde
°x
1 ALDH1 1 .
02

—>
UV Light

o)

X
OH

Artemisinin

Dihydroartemisinic acid

FIGURE 1 | Schematic representation of the engineered artemisinin
biosynthetic pathway in Physcomitrella patens. The five genes that encode
the dihydroartemisinic acid biosynthetic pathway are ADS, amorphadiene
synthase; CYP71AV1, amorphadiene oxidase; ADH1, alcohol dehydrogenase
1; DBR2, artemisinic aldehyde double-bond reductase; ALDH1, aldehyde
dehydrogenase 1. The numbers 1-3 indicates transformation sets.

0.7% (w/v) agar and is sterilized by autoclaving at 121°C (Bach
etal., 2014).

Transformation of P. patens

A detailed description of P patens transformation was
previously published (Bach et al., 2014). Five days cultured
P. patens with approximately 1.5 g (fresh weight) was digested
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by adding 1 mL of 0.5% DriselaseR enzyme solution in 8.5%
mannitol (Sigma D9515) for every 40 mg of P. patens tissue.
The tissue was incubated at room temperature with occasional
gentle shaking for 30-60 min before filtering through a
100-um pored mesh-filter. The filtrate was collected by cen-
trifugation at 150-200 X g for 4 min with slow breaking. The
pellet was washed twice with protoplast wash solution (8.5%
mannitol, 10 mM CaCl,). Protoplast density was measured
using a hemocytometer, and resuspended in MMM solution
(9.1% p-mannitol, 10% MES, and 15 mM MgCl,) at a concen-
tration of 1.6 X 10° protoplasts/mL. 300 pL of the protoplast
suspension and 300 pL of PEG solution were added to a 15-mL
tube containing 10 pg total DNA followed by incubation in
a water bath for 5 min at 45°C and another 5 min at room
temperature. 300 uL of 8.5% D-mannitol were added five times
followed by another five times dilutions with 1 mL of 8.5%
p-mannitol. Transformed protoplasts were pelleted by cen-
trifugation and resuspended in 500 pL of 8.5% p-mannitol and
2.5 mL of protoplast regeneration media (top layer; PRMT).
1 mL of the mixture was dispensed on three plates containing
protoplast regeneration media (bottom layer; PRMB) overlaid
with cellophane. The plates were incubated in continuous light
for 5-7 days at 25°C. The cellophane and regenerating pro-
toplasts were then transferred to PhyB media containing the
appropriate selection marker for 2 weeks, before transferring
on PhyB media without antibiotics for another 2 weeks. This
process was repeated twice, after which the stable transfor-
mants was kept on PhyB media with biweekly subcultivation
including blending in sterile water until further use.

DNA Fragments and Genes

The Pp108 locus homologous recombination flanking regions
were amplified from P. patens genomic DNA. The ADS gene was
akind gift from Assoc. Prof. Dae Kyun Ro, University of Calgary,
Canada. The synthetic genes CYP71AV1 (DQ268763), ADHI
(JF910157.1), DBR2 (EU704257.1), and ALDHI (F]J809784.1)
were codon-optimized according to the P. patens codon usage
by GenScript, USA. The Ubiquitin promoter and Ubiquitin
terminator from Arabidopsis thaliana (CP002686.1) synthetic
genes were also purchased from GenScript. The Maize Ubiquitin
1 promoter and G418 selection cassettes were obtained from the
pMP1355 vector, a kind gift from Prof. Mark Estelle, University
of California San Diego, USA. The rice actin promoter and
hygromycin selection cassette were obtained from the pZAG1
vector, a kind gift from Assoc. Prof. Yuji Hiwatashi from Miyagi
University, Japan.

PCR, DNA Purification and Concentration

The DNA fragments were amplified using PhusionR High-
Fidelity DNA Polymerase (New England Biolabs). The primers
used are listed in Table S1 in Supplementary Material. PCR con-
ditions and annealing temperatures were modified depending
on primers and templates used in the reaction. PCR reactions
using plasmid DNA as template were digested with Dpnl (NEB,
USA) for 1 h at 37°C followed by inactivation at 65°C for 20 min
to lower background after transformation. PCR products were
purified using QIAquick PCR Purification Kit (QIAGEN GmbH,

Germany). The DNA fragments for transformations were con-
centrated via ethanol precipitation to a final concentration of
~1 pg/pL, determined using NanoDrop2000 (Thermo Fisher
Scientific).

GC-MS Analysis of Amorpha-4,11-Diene
Amorpha-4,11-diene production was measured using a
Shimadzu GCMS-QP2010 Plus (GC-2010). The initial screen-
ing was performed by HS-SPME (Headspace-Solid Phase
Micro-Extraction) (Drew et al., 2012; Andersen et al., 2015).
Quantification of amorpha-4,11-diene was performed according
to a published protocol (Rodriguez et al., 2014). One-week-old
P. patens was blended in sterile water using a Polytron (PT 1200
E, Kinematic AG) to a final concentration of 0.2 g/mL (fresh
weight). Two milliliters of the blended P. patens were inoculated
into 20 mL liquid PhyB media and cultivated on a shaker under
standard conditions for 4 days. Then, 2 mL of decane were added
into the P. patens culture and cultivation was continued for up
to 2 weeks. After 2 weeks, 100 pL of decane was harvested and
diluted twice in ethyl acetate spiked with an internal standard
(trans-caryophyllene), and analyzed by GC-MS. 1 uL of the
extract was injected in split mode and separated with HP-5MS
UI column (20.0 m X 0.18 mm X 0.18 um) with hydrogen as
a carrier gas. The GC program was as follows, injection tem-
perature of 250°C, oven temperatures of 60°C for 3 min and
60-320°C at 40°C/min. The amorpha-4,11-diene concentration
was calculated based on the calibration curve of the internal
standard run in parallel (Rodriguez et al., 2014).

P. patens Growth and Biomass

Measurements

Physcomitrella patens lines were blended in sterile water and
subcultivated onto PhyB. After 1 week, the P. patens was blended
for 30 s in sterile water, normalized to a concentration of 0.2 g/mL
(fresh weight) as previously described (Zhan etal., 2014; Pan etal.,
2015). 2 mL of the blended P. patens was inoculated into 20 mL
liquid PhyB media and cultivated on a horizontal shaker under
standard conditions without aeration. The P, patens cultures were
prepared in 3 replicates and harvested in 3, 6, 12, 15, and 18 days.
The harvested P. patens tissue was dried overnight in an oven at
90°C and weighed.

Metabolite Extraction and UPLC-MRM-MS
Analysis

Physcomitrella patens lines were blended in sterile water and
subcultivated onto PhyB. After 1 week the fresh P. patens samples
were harvested, snap-frozen, and ground into a fine powder.
Samples of 3,000 mg were extracted with 3 mL citrate phosphate
buffer, pH 5.4, followed by vortexing and sonication for 15 min.
1 mL Viscozyme (Sigma V2010) was added and samples were
incubated at 37°C. The whole mixture was then extracted three
times with 3 mL ethyl acetate, concentrated to a volume of 1 mL,
and stored at —20°C. For liquid culture extracts, 500 mL of liquid
culture was harvested, passed through a filter paper and extracted
with 200 mL of ethyl acetate in a separation funnel. Ethyl acetate
was concentrated to a volume of 1 mL and stored at —20°C. Ethyl
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acetate of both liquid culture and P. patens sample extracts were
then dried under a flow of N, and resuspended into 300 pL of
75% MeOH:H,O (V:V). Extracts were passed through a 0.45-um
membrane filter (Minisart® RC4, Sartorius, Germany) before
analysis.

Artemisinin and artemisinin biosynthesis pathway intermedi-
ates were measured in a targeted approach by using a Waters Xevo
tandem quadrupole mass spectrometer equipped with an electro-
spray ionization source and coupled to an Acuity UPLC system
(Waters), essentially as described before (Ting et al., 2013). A
BEH C18 column (100 mm X 2.1 mm X 1.7 um; Waters) was used
for chromatographic separation by applying a water:acetonitrile
gradient. The gradient started with 5% (v/v) acetonitrile in
water with formic acid [1:1,000 (v/v)] for 1.25 min, then raised
to 50% in 2.35 min and further raised to 90% at 3.65 min. This
was kept for 0.75 min before returning to the 5% acetonitrile/
water (v/v) with formic acid [1:1,000 (v/v)] by using a 0.15-min
gradient. The same solvent composition was used to equilibrate
the column for 1.85 min. The flow rate was 0.5 mL/min, and the
column temperature was maintained at 50°C. Injection volume
was set to 10 pL. Desolvation and cone gas flow were set to 1,000
and 50 L/h, and the mass spectrometer was operated in positive
ionization mode. Capillary voltage was set at 3.0 kV. Desolvation
and source temperatures were set at 650 and 150°C, respectively.
The cone voltage was optimized for all metabolites using the
Waters IntelliStart MS Console. Fragmentation by collision-
induced dissociation was done in the ScanWave collision cell
using argon. Multiple Reaction Monitoring (MRM) was used
for detection and quantification of artemisinin. MRM transi-
tions for artemisinin and pathway intermediates measurement
settings were optimized for MRM channels, which are presented
in (Table S2 in Supplementary Material). Artemisinin and dihy-
droartemisinic acid were gifts from Dafra Pharma (Belgium).
Other precursors were synthesized from dihydroartemisinic acid
by Chiralix (Nijmegen, the Netherlands) and were then examined
by NMR (>98% purity). External calibration curves were meas-
ured by using reference standards. The metabolite profiling was
performed twice with 2 months apart, using the same original
cell lines that had been subcultivated four times on PhyB media
in between the analysis.

Analysis of Conjugated Artemisinin
Biosynthesis Pathway Intermediates

by LC-QTOF-MS

In order to analyze the putative conjugated forms of artemisinin
biosynthesis pathway intermediates, P. patens lines were blended
in sterile water and subcultivated onto PhyB. After 1 week, 100 mg
of fresh P. patens was ground in liquid nitrogen and extracted with
300 pL MeOH:formic acid [1,000:1 (v/v)]. Samples were briefly
vortexed and sonicated for 15 min, followed by 15 min centrifuga-
tion at 13,000 X g. Extracts were passed through a 0.45-pum mem-
brane filter (Minisart® RC4, Sartorius, Germany) before analysis
on a Water alliance 2795 HPLC connected to a QTOF Ultima
V 4.00.00 mass spectrometer (Waters. MS technologies, UK).
The mass spectrometer was operated in negative ionization
mode. A precoloumn of 2.0 mm X 4 mm (Phenomenex, USA)

was connected to the C18 analytical column (Luna 3 pm C18/2
100A; 2.0 mm X 150 mm; Phenomenex, USA). Degassed eluent
A and B were HPLC-grade water:formic acid [1,000:1 (v/v)] and
acetonitrile:formic acid [1,000:1 (v/v)], respectively. The flow rate
was 19 mL/min. The HPLC gradient started from 5% eluent B and
linearly increased to 75% in 45 min. after that the column was
equilibrated for 15 min with 5% eluent B. 5 uL of each sample
was used for injection.

P. patens Cell Components Isolation

and Extraction

Physcomitrella patens protoplasts were isolated according to a
previously published protocol (Bach et al., 2014). The P. patens
lines were blended in sterile water and subcultivated onto PhyB.
After 1 week, protoplast were isolated and pelleted by centrifuga-
tion at 150-200 X g for 4 min with slow breaking. Supernatant,
which contained the apoplast (AP) was harvested and 10 mL of
ultra-pure water was added to the pelleted protoplast to lyse the
cells. Lysed cells were centrifuged at 6,000 X g for 10 min, and
7 mL of the supernatant was mixed with an equal amount of
sucrose to a final concentration of 0.3 M. The mixture was loaded
into an ultracentrifuge tube with a 2 mL over-lay of water and
centrifuged at 135,000 X g for 40 min at room temperature using
a swinging bucket rotor. The bottom layers containing the cyto-
plasm (CT) and the cell pellet (CP) was harvested. The top layer
(1.5 mL) containing neutral lipid bodies (LBs) was transferred to
another centrifuge tube, mixed with sucrose to a final concentra-
tion of 0.3 M, overlaid with 2 mL of water as before, and 1 mL of
the top-most layer of the LBs after centrifugation at 135,000 x g
for 40 min. The harvested samples; AP, CT, LBs, and CP was then
extracted with 3 mL ethyl acetate and concentrated to a volume
of 1 mL and stored at —20°C. The samples were then dried under
a flow of N, and resuspended into 300 pL of 75% MeOH:H,O
(V:V). Extracts were passed through a 0.45-pum membrane filter
(Minisart® RC4, Sartorius, Germany) before analysis.

RESULTS AND DISCUSSIONS

Engineering of P. patens

Weintroduced ADS under the control of the strong constitutively
expressed promoter, Ubiquitinl from Zea mays with geneticin
(G418) as resistance cassette. After two rounds of selection
the ADS product amorpha-4,11-diene was detected in 11 lines
with an average content of 200 mg/L, which is higher than in
A. annua (Ma et al., 2009), Nicotiana tabacum (Wallaart et al.,
2001), E. coli (Martin et al., 2003), and yeast (Ro et al., 2006).
An encouraging initial result was achieved without further
optimization of terpenoid biosynthesis. The best producing line
was selected for further transformation with CYP71AVI and
ADH]I. The CYP71AV1-LP4/2A-ADH] construct was controlled
by the rice actin promoter with hygromycin resistance cassette.
The genome homologous overhang was targeted to remove the
previously integrated G418 cassette during the recombination
event. Of 47 transformed lines, 11 were chemo- and genotyped
and one line was selected for transformation with the final genes,
DBR2 and ALDHI. The DBR2-LP4/2A-ALDHI construct was
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controlled by the Arabidopsis Ubiquitin promoter and the G418
selection cassette was used again. The hygromycin cassette was
targeted for recombination to remove this selection marker.
Three independent transformants were recovered, and genotyp-
ing showed that the five genes in the biosynthesis of dihydroar-
temisinic acid were integrated into the genome (Figure S1 in
Supplementary Material). PCR analysis showed there was no
untargeted integration for the selected lines. This showed that
the selected P. patens lines have a uniform integration of the five
genes and one copy of each.

Metabolite Profiling and Growth

of Engineered Strains

Extracts of the transgenic P. patens lines containing all five
genes were analyzed using ultra-high performance liquid
chromatography coupled with a triple quadrupole mass spec-
trometer operated in MRM mode (MRM) (UPLC-MRM-MS).
MRM traces identical with the artemisinin standard were
detected in the P. patens extracts, but not in the liquid culture
medium or in extracts of wild-type P. patens (WT) (Figure 2;
Figure S2 in Supplementary Material). The analysis was per-
formed twice with 2 months apart in triplicates each time. The
presence of artemisinin, but no intermediates, in P. patens was
confirmed by comparison with an artemisinin standard (Figure
S2 in Supplementary Material). Quantification using external
calibration showed that the artemisinin yield was 0.21 mg/g dry
weight (DW), which is in the range of native A. annua (0.001-
1.54 mg/g DW) (Bhakuni et al., 2001) and in cross-bred plants
(up to 10 mg/g DW) and higher in genetically engineered (up
to 30 mg/g DW) (Tang et al., 2014). The amount of artemisinin

in our P. patens lines is higher than what was initially obtained
via heterologous expression in N. tabacum (0.0068 mg/g DW)
(Farhi et al., 2011) and in Nicotiana benthamiana (0.003 mg/g
DW) (Wang et al., 2016). Recent efforts of targeting the bio-
synthesis to the chloroplast elevated the yield in N. tabacum
to 0.8 mg/g DW (Malhotra et al., 2016), since glycosylation
of the precursors was avoided. Glycosylation and glutathione
conjugation was previously shown to influence the yield in
N. benthamiana (Mukanganyama et al., 2001; van Herpen
etal., 2010; Ting et al., 2013; Liu et al., 2014). We also explored
the presence of sugar and glutathione conjugated products by
liquid chromatography coupled to quadrupole time-of-flight
mass spectrometry (LC-QTOF-MS). However, no glycosylated
or glutathione conjugated products were detected in the culture
medium nor in the P. patens extracts. The lack of glycosides
may be explained by the fact that P. patens only has 20 glyco-
syltransferase 1 (GT1) genes that encode for enzymes involved
in deactivation or detoxification of secondary metabolites,
while higher vascular plants usually have hundreds (Yonekura-
Sakakibara and Hanada, 2011). As no pathway intermediates
(conjugated or not) were detected in our extracts, we conclude
that the pathway operates efficiently in P. patens.

A slight reduction in growth rate was observed after day
12, resulting in 11% lower biomass in the transgenic line after
18 days (Figure 3A). This indicates that there is just a small
disruption of other metabolic pathways responsible for P. patens
growth and fitness. The effect of artemisinin biosynthesis on
P, patens growth is less, but follows and suggests the same pattern
as was previously observed (Simonsen et al., 2009; Zhan et al.,
2014; Pan et al., 2015). The lesser growth is likely due to toxicity
of the product and to depletion of nutrients in the media, but this

RT=4.90

Artemisinin

ADS-CYP71AV1-ADH1-DBR2-ALDH1

Total Ion Chromatogram (TIC)
Peak Intensity (9X10%)

440 450 460 470

4.80

490
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FIGURE 2 | UPLC-MRM-MS analysis of artemisinin produced from transgenic Physcomitrella patens, an internal standard (artemisinin) and WT as control with
retention time. TIC represents the sum of multiple reaction monitoring channels used for the detection of artemisinin: m/z 283.19 > 219.21; 283.19 > 247.19; and
283.19 > 265.22.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 12 August 2017 | Volume 5 | Article 47


www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org
http://www.frontiersin.org/Bioengineering_and_Biotechnology/archive

Khairul Ikram et al.

Stable Production of Artemisinin in Moss

>
w

03

0,25
0,2
0,15

01

Biomass (mg DW)

=<¢--Transgenic moss

Artemisinin (mg/g DW)

| wr 0,05

0 -+ T

(o]

Artemisinin (mg/g DW)

: : ) 0 ‘ﬁ‘—‘ )

T T T T T ]
D3 D6 D12 D15 D18
Harvesting dav

Do D3 D6

Harvesting day

FIGURE 3 | Growth and production of artemisinin in Physcomitrella patens. (A) Time course analysis of growth of transgenic and WT P, patens in liquid culture. DO
indicates the initial sub-culturing day. (B) Time course analysis of artemisinin production in P patens. Error bars denote the SE of triplicate shake-flask liquid culture.
(C) Production of artemisinin after 18 days of cultivation in different cellular component of AP, apoplast; CT, cytoplasm; LBs, lipid bodies; and CP, cell pellet.

D12 D15 D18 AP cT LB CcP

requires further studies in semi-continuous cultures. The highest
concentration (0.21 mg/g DW) of artemisinin was observed after
3 days of cultivation (Figure 3B), whereas the highest accumula-
tive amount of artemisinin (2.5 mg artemisinin) was observed at
day 12. This is mainly due to the increase in biomass. This show
that the primary production of artemisinin in P. patens happens
within the first 2 weeks after subcultivation. This rapid produc-
tion of artemisinin is very valuable for future industrial produc-
tion and suggests that a semi-continuous batch cultivation with
weekly extraction and disruption of the cells can provide high
amounts of artemisinin.

Conversion of dihydroartemisinic acid to artemisinin in
A. annua has been suggested to occur via photooxidation and
induced by oxygen (Sy and Brown, 2002). In the present study,
P. patens was grown under 24-h light and ambient air, which
seems to facilitate the conversion to artemisinin as dihydroar-
temisinic acid was not detected in the extract. The reduction
in artemisinin content from day 12 to day 18 might be due
to chemical degradation of the compound, but no obvious
breakdown products was found in the analysis; thus, this drop
requires further studies.

Storage of Artemisinin in P. patens
Artemisinin biosynthesis occurs in the glandular trichomes of
A. annua, but P. patens does not have trichomes. To identify
the storage location of artemisinin in our transgenic P. patens,
extracts of the AP, CT, LBs, and CPs were analyzed by UPLC-
MRM-MS. Artemisinin was detected in all the extracts except
for the CPs (Figure 3C). The highest accumulation was in the
AP at 0.04 mg/g DW (after 18 days of cultivation, analyzed at
18 days to obtain enough biomass for the analysis) with 10- and
20-fold less in the CT and LBs. In the native plant A. annua,
dihydroartemisinic acid is transported to the subcuticular space
of the glandular trichomes before photooxidation into arte-
misinin (Brown, 2010). The high accumulation of artemisinin
in the P. patens AP indicates a transport of pathway products
over the cell membrane, as also shown N. benthamiana (Wang
et al., 2016).

This work demonstrates a stable production of artemisinin
in a photosynthetic organism that allows for large-scale
industrial production. The production will not be affected by
environmental and ecological variables and overall have a lower

environmental impact than field production (water usages,
fertilizers, petrol usages, etc.). It should be noted that besides
using codon-optimized sequences, no other enhancement,
e.g. increasing terpenoid precursor supply or multi copy gene
integration was applied. The high flux through the terpenoid
pathway is likely to be due to the metabolic robustness of
P. patens (Schaefer and Zryd, 1997). In contrast, yeast needed
extensive and complex precursor pathway engineering prior to
the introduction of the artemisinic acid pathway genes. Further
optimization of the metabolic network in P. patens has been
shown to optimize sesquiterpenoid production (Zhan et al.,
2014) and possibly also artemisinin production. Possible targets
include overexpression of the key enzymes, 3-hydroxy-3-meth-
ylglutaryl-CoA reductase (HMGR), and farnesyl diphosphate
synthase (FPS), which improved terpenoid production in other
plants (van Herpen et al., 2010) and microbial (Ro et al., 2006;
Paddon et al,, 2013) hosts. Another possibility is targeting
biosynthesis to different cellular compartments, which has also
been shown to improve artemisinin and other sesquiterpenoid
yield up to 1,000-fold in N. tabacum (Wu et al., 2006; Malhotra
et al., 2016), which alone in P. patens would lead to a yield of
210 mg/g DW.

Optimization of artemisinin yield in P. patens can poten-
tially result in a stable, sustainable, environmentally friendly,
and commercially viable production platform. A considerable
advantage of P. patens as an artemisinin production platform
is that the extract only requires simple purification steps
(Figure 2). This is different from the current yeast produc-
tion platform that requires further chemical synthesis to yield
artemisinin (Paddon et al., 2013; Turconi et al., 2014) and the
production in N. tabacum was only described as semi-pure
extracts (Malhotra et al., 2016). The use of P. patens could lead
to a reduced price for artemisinin-based treatments, allowing
lower income communities most affected by malaria, to contain
malaria. Furthermore, scaling up the production of artemisinin
in plant-based bioreactors would expand the use of plant cells
in bioreactors.

CONCLUSION

All five artemisinin biosynthetic pathway genes were engineered
into the moss P. patens. In vivo biosynthesis of artemisinin was
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obtained without further modifications and a high initial pro-
duction of 0.21 mg/g DW artemisinin was observed after only
3 days of cultivation. This bioengineering achievement expands
the frontiers of synthetic biotechnology, offering a genetically
robust plant-based platform, which can be scaled up for industrial
production of other complex high-value plant-based compounds.
P. patens uses light as an energy source, thus is potentially more
cost effective than other carbon supplemented biotechnological
platforms.
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Malaria is still an eminent threat to major parts of the world population mainly in sub-
Saharan Africa. Researchers around the world continuously seek novel solutions to
either eliminate or treat the disease. Artemisinin, isolated from the Chinese medicinal
herb Artemisia annua, is the active ingredient in artemisinin-based combination therapies
used to treat the disease. However, naturally artemisinin is produced in small quantities,
which leads to a shortage of global supply. Due to its complex structure, it is difficult
chemically synthesize. Thus to date, A. annua remains as the main commercial source
of artemisinin. Current advances in genetic and metabolic engineering drives to more
diverse approaches and developments on improving in planta production of artemisinin,
both in A. annua and in other plants. In this review, we describe efforts in bioengineering
to obtain a higher production of artemisinin in A. annua and stable heterologous in
planta systems. The current progress and advancements provides hope for significantly
improved production in plants.

Keywords: plant biotechnology, malaria, artemisinin, Artemisia annua, bioengineering

INTRODUCTION

Malaria is still a global concern with around 214 million annual cases and 430,000 annual deaths,
mainly among of children younger than 5 (World Health Organization [WHO], 2016). This fatal
disease is caused by Plasmodium sp. particularly Plasmodium falciparum that proliferate in female
Anopheles mosquitoes (Cox, 2010). Since the 1940s there has been continuous attempts to halt the
spread of the disease and this has succeeded in Europe, North America, and parts of Asia and Latin
America (Carter and Mendis, 2002). However, not in Sub-Saharan Africa where 80% of the annual
malaria patients are found. Besides measures such as vector control and insecticide-treated nets,
research and development has led to new drugs and a vaccine. The current preferred therapy is
artemisinin combination therapy (ACT) (Banek et al., 2014; Lalloo et al., 2016) that is based on
artemisinin produced in the natural source Artemisia annua. Artemisinin can also be produced
heterologously in the plants Nicotiana benthamiana and Physcomitrella patens (Han et al., 2016;
Wang et al.,, 2016; Tkram et al., 2017). The vaccine toward Plasmodium is called PfSPZ and can be
produced in N. benthamiana and P. patens plants (Rosales-Mendoza et al., 2014, 2017; Boes et al.,
2016; Epstein et al., 2017).

Malaria drugs have contributed significantly to the reductions in malaria mortality and
morbidity. The focus for many years has been to screen traditional medicine to find new
antimalarial drugs (Simonsen et al., 2001; Adia et al., 2016; Nondo et al., 2017). The malaria
drug artemisinin is an example of this and originates from A. annua, a Chinese medicinal
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plant (Qinghao), commonly known as sweet wormwood. It
was discovered by the Chinese researcher You-You Tu and
her team in 1972, and was named Qinghaosu (Klayman, 1985;
Tu, 2011). Chemically, artemisinin is a sesquiterpene lactone
with a unique endoperoxide structure, without the nitrogen
containing heterocyclic ring like other antimalarial compounds
(Luo and Shen, 1987). The in planta accumulation of artemisinin
is 0.01-1.4% dry weight depending on the plant variety and
artemisinin is stored in the glandular trichomes of A. annua
(Duke et al., 1994; Van Agtmael et al., 1999; Bhakuni et al., 2001;
Muangphrom et al., 2016). The current production using plants
with a “low” content of artemisinin can only just cover the global
need, which have led to an increase in price (Peplow, 2016).
In 2006, World Health Organization (WHO) recommended
artemisinin as the first-choice treatment for malaria. Rapid
emergence of antimalarial drug resistance drew attention to
formulation of artemisinin-based combination therapy (ACT)
with artemisinin as the primary substance and is now the
preferred treatment (World Health Organization [WHO], 2015).

To secure the global need of artemisinin, there are continuous
and extensive efforts to enhance the production of artemisinin
in the native plant A. annua. A. annua is currently the primary
commercial source of artemisinin and significant breeding
programs has contributed to higher artemisinin content in the
plant (Ma et al, 2015; Pulice et al, 2016; Xie et al., 2016),
including establishment of mutant libraries (Pandey et al,
2016). Several plant-breeding techniques have been applied to
create superior cultivars of A. annua. For example, conventional
breeding by crossing A. annua with high artemisinin content in
wild population has led to hybrid lines with 2% artemisinin d.w
(Delabays et al., 2001; Cockram et al., 2012). A detailed genetic
map of A. annua comprising of genes and markers controlling
artemisinin yield has been established to generate robust high
yielding crops (Graham et al., 2010). Identification of A. annua
superior parental lines with desired traits from these genetic maps
has provided two high-yielding hybrids and diallel crossing of
the parental lines and the hybrids has showed consistent results
for the development of improved A. annua hybrids (Townsend
et al., 2013). Doubling the number of chromosomes generated a
new variety of tetraploid cultivar with higher artemisinin content
and this might become a new elite line (Banyai et al., 2010b). The
overall production of the new cultivars from various laboratories
have increased the level of artemisinin to about 1 to 2% d.w.
(Delabays et al., 1993; Ferreira et al., 2005; Graham et al., 2010;
Brisibe et al., 2012), but not all the established plant lines are
stable over generations (Delabays et al., 2001).

Efforts in plant breeding have been challenging due to the
heterozygous nature of A. annua, which results in transgenic
plants with varying degrees of artemisinin content even though
they were generated in the same laboratory (Delabays et al., 2001;
Graham et al., 2010; Larson et al., 2013). This variation is due to
the segregation of the heterozygous wild type progeny leading to
a different genetic background than the parent plant. Although
several high content lines have been created, the unstable yield
in the progeny of these cultivars were insufficient to increase the
global supply of artemisinin (Shretta and Yadav, 2012; Paddon
etal., 2013).

Accumulation of artemisinin in A. annua is limited to the
small 10 cell glandular trichomes (GT) mostly on leaves and
other aerial parts (Ferreira and Janick, 1995; Lommen et al.,
2006; Ling et al, 2016). Low GT numbers are correlated to
low artemisinin content (Graham et al, 2010; Kjer et al,
2012). Attempts to increase the number of GTs by physical and
chemical stress have not been successful (Kjeer et al,, 2012).
One study expressed the f glucosidase (bgll) gene in A. annua
through Agrobacterium-mediated transformation, which resulted
in an increase of GT density by 20% on leaves and 66% on
flowers and an increase in artemisinin content of 1.4% in leaves
and 2.56% in flowers (d.w). Manipulating GT density together
with biosynthetic pathway engineering may further increase
artemisinin content in A. annua. In depth understanding of
A. annua GT generation at the molecular level, will broaden
the opportunities of increasing the artemisinin production. This
approximately though require a greater acceptance of GMO crops
in open fields to ensure the global supply.

Plant tissue culture has also been investigated to establish
a production of artemisinin in A. annua hairy root or cell
suspension cultures (Nair et al., 1986; Baldi and Dixit, 2008).
Several manipulations of the growth conditions such as different
sugar supply, light irradiation, UV-B radiation and chilling
treatment have led to production of artemisinin in A. annua
tissue cultures (Woerdenbag et al., 1993; Liu et al., 2002; Wang
and Weathers, 2007; Baldi and Dixit, 2008; Yin et al., 2008;
Pandey and Pandey-Rai, 2014). Generating somaclonal variants
tolerant against salt stress through gamma-rays irradiation has
resulted in 13 somaclonal variants (ASV1 to ASV13) of which
one of the variants, ASV12 is a stable salt-tolerant line with
a higher expression profile of artemisinin key genes (ADS,
CYP71AV1, DBR2, and ALDHI1) and a higher artemisinin
content as compared to wild type. In addition, treatments with
elicitors such as methyl jasmonate has significantly increased
artemisinin production by up to 49% including up-regulating
the expression of artemisinin biosynthesis genes as well as
increased GT index (0.128) (Baldi and Dixit, 2008; Wang
et al., 2010; Dangash et al., 2014; Xiang et al., 2015). Other
elicitors such as chitosan, gibberellic acid, and salicylic acid
also aid in the accumulation of artemisinin (Guo et al., 2010;
Banyai et al., 2011). Combinations of various cultivation and
elicitation methods are currently being geared for a mass
production of artemisinin in A. annua hairy roots via bioreactors
with 6.3 g/L dry weight (37.50 g fresh weight) biomass and
0.32 mg/g artemisinin content after 25 days (Patra and Srivastava,
2017).

Other efforts to enhance artemisinin production have been
attempted through genetic engineering of the artemisinin
biosynthetic pathway genes in microbial heterologous hosts.
Extensive work on the development of microbial production
of artemisinin precursors led to semi-synthesis of artemisinin,
but this is only partly commercially successful (Benjamin
et al, 2016; Peplow, 2016; Singh et al, 2017). In this
review, the progress and recent bioengineering advances
in artemisinin production in stable heterologous in planta
systems including genetic modifications of A. annua is
summarized.
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ARTEMISININ BIOSYNTHESIS IN
Artemisia annua

The biosynthesis of Artemisinin (Figure 1) has been explored
for many years. However, not every detail about the regulation
and biosynthesis is completely understood, but the discovery
that the whole biosynthesis is located in the glandular
trichomes of A. annua has facilitated in-depth regulatory studies
(Olsson et al., 2009; Olofsson et al., 2011). Derived from the
general terpenoid biosynthesis, two molecules of isopentenyl
diphosphate (IPP) and one dimethylallyl diphosphate (DMAPP)
are condensed by farnesyl diphosphate synthase (FPPS/FPS) into
farnesyl diphosphate (FPP, farnesyl pyrophosphate), the C15
sesquiterpenoid precursor (Weathers et al., 2006; Brown, 2010;
Wen and Yu, 2011). Overexpression of FPS in A. annua resulted
in an increase of artemisinin production (Han et al., 2006; Banyai
et al., 2010a), which confirms the role of FPS and availability
of the substrates in the regulation of artemisinin biosynthesis
similar to other sesquiterpene lactones (Simonsen et al., 2013).
FPP is converted to amorpha-4,11-diene by amorpha-4,11-
diene synthase (ADS) via carbocation formation and cyclization
(Bouwmeester et al.,, 1999; Mercke et al., 2000; Picaud et al.,
2005, 2006). In the following two oxidization steps, amorpha-
4,11-diene is hydroxylated into artemisinic alcohol and oxidized

to artemisinic aldehyde by amorphadiene monooxygenase
(CYP71AV1), a cytochrome P450 enzyme (Teoh et al., 2006;
Wang et al, 2011). The activity of the CYP71AV1 has also
been confirmed through a knock-out of the endogenous gene
in A. annua showing that these plants do not produce any
downstream products of amorphadiene (Czechowski et al., 2016).
It has later been discovered that the alcohol dehydrogenase
(ADH1, a dehydrogenase/reductase enzyme) is specific toward
artemisinin alcohol and oxidizes this to the aldehyde. This
specificity and strong expression in A. annua glandular trichomes
confirms that ADHI1 is responsible for oxidation of artemisinic
alcohol to artemisinic aldehyde (Olofsson et al., 2011; Paddon
et al., 2013; He et al, 2017). Artemisinic aldehyde is further
reduced to dihydroartemisinic aldehyde by artemisinic aldehyde
A11 (13) reductase (DBR2) and subsequently oxidized to
dihydroartemisinic acid by aldehyde dehydrogenase (ALDH1),
which is also expressed in the trichomes (Zhang et al., 2008; Teoh
etal., 2009; Rydén et al., 2010; Liu et al., 2016). Besides catalyzing
the oxidation of dihydroartemisinic aldehyde to the acid, ALDH1
also catalyzes the oxidation of artemisinic aldehyde to artemisinic
acid (a reaction that in yeast is catalyzed by CYP71AV1) (Teoh
etal., 2006, 2009). Another enzyme, dihydroartemisinic aldehyde
reductase (RED1) converts dihydroartemisinic aldehyde to
dihydroartemisinic alcohol, a “dead end” substance, which

ADH1 /
CYP71AV1

CVP71AV1
HO

AAOH

ADS

UV light,

g Arteannuin B

Artemisinin Pathway

- : i DBR2 /@ ALDH1 o,
H

AAA

lc YP71AV1

DHAAA DHAA

ALDH1/

RED1 1 UV light, O,
H

HO.

Dihydroartemisinic
Alcohol

Artemisinin

dihydroartemisinic acid. The full name of the enzymes is stated in the text.

FIGURE 1 | Artemisinin biosynthesis pathway occurs in the glandular trichomes of Artemisia annua. The pathway intermediates are defined as FPP, farnesyl
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affects the production yield of artemisinin (Rydén et al., 2010).
The final step is a light-induced non-enzymatic spontaneous
reaction converting dihydroartemisinic acid to artemisinin and
artemisinic acid to arteannuin B (Sy and Brown, 2002; Teoh et al.,
2006; Czechowski et al., 2016).

BIOENGINEERING OF ARTEMISININ
PRODUCTION IN GREEN PLANT CELLS

Bioengineering of Biosynthetic Genes in

Artemisia annua

Characterization of enzymes in the artemisinin biosynthetic
pathway provides new tools and advances the possibility
of engineering the production of artemisinin. This can be
achieved by enhancing the general terpenoid metabolism and
through overexpression of several genes involved in artemisinin
biosynthesis in A. annua (Tang et al., 2014). Overexpression of
key terpenoid genes encoding for the enzymes IDI, FPS, HMGR,
the plastid targeted DXR and HDR have increased production
significantly (some by 2 to 3 fold) in many different studies in
A. annua (Han et al, 2006; Aquil et al., 2009; Banyai et al.,
2010a; Nafis et al., 2011; Xiang et al.,, 2012; Ma et al., 2017a).
Co-expression of FPS, CYP71AV1 and its redox partner, POR

(cytochrome P450 reductase) increased production by 3.6 fold,
whereas combining four genes ADS, CYP71AV1, ALDHI, and
POR from A. annua yielded a 3.4 fold increase in the artemisinin
levels (Chen et al, 2013; Shi et al,, 2017). Additionally, the
production also increased by overexpression of ADS, CYP71AV1,
and HMGR (Ma et al., 2009; Alam et al., 2016). The expression
of several genes in the pathway clearly have an effect on the
artemisinin level and do increase the amount of biomass obtained
(Shen et al,, 2012; Alam et al., 2016). Thus, utilizing genetic
engineering to target the expression of both upstream and specific
artemisinin genes should be pursued.

The overexpression of DBR2 clearly showed that this is
a key enzyme that regulates the production of artemisinin
by guiding the metabolic flow from artemisinic acid toward
dihydroartemisinic acid. Without the activity of DBR2 the plants
solely make artemisinic acid and thereby arteannuin B (Zhang
etal., 2008), thus showing that overexpression of this enzyme will
enhance artemisinin production. Collectively, the overexpression
studies have provided insights into the understanding of the
pathway and how to upregulate it.

Another strategy in bioengineering is to block competing
reactions such as the squalene synthase (SQS) and
B-caryophyllene synthase, enzymes consuming FPP for sterol
and P-caryophyllene biosynthesis. This has been proven to
elevate artemisinin production by 3.14 and 5.49 fold, respectively

TABLE 1 | Genetic engineering to improve the production of artemisinin in Artemisia Annua.

Type Overexpressed enzymes Artemisinin yield Reference
Upstream key enzymes FPS 13.0 mg/g (DW) Han et al., 2006
Banyai et al., 2010a
Chen et al., 2000
HMGR 1.7 mg/g (DW) Aquil et al., 2009
0.6 mg/g (DW) Nafis et al., 2011
AalPP1 2.5 mg/g (DW) Ma et al., 2017a
AaHDR1 0.09 mg/g (FW) Ma et al., 2017b
Artemisinin biosynthesis enzymes DXR 1.21 mg/g (DW) Xiang et al., 2012
with related key enzymes CYP71AV1 and POR 0.98 mg/g (FW) Shen et al., 2012
HMGR and ADS 1.73 mg/g (DW) Alam and Abdin, 2011
FPS and ADS 26 mg/g (DW) Han et al., 2016

FPS, CYP71AV1, POR

2.90 mg/g (FW) Chen et al., 2013

Competitive pathway enzymes

Transcription factors

Others

ADS, CYP71AV1, ALDH1, and POR
ADS, CYP71AV1, POR
DBR2

ALDH1

SQS

CPS

AaWRKY

AaERF1 and AaERF2
AaORA

AaMYC2

AaNAC1

Rol B

Rol C

AaPYL9

AtCRY1

15.1 mg/g (DW)
22.35 mg/g (DW)
25.34 mg/g (DW)
31.0 mg/g (DW)
3.56 mg/g (DW)
14.2 mg/g (DW)

9.1 and 8.1 mg/g (DW)

11.9 mg/g (DW)
15.3 mg/g (DW,
23.5 mg/g (DW,
7.30 ug/g (DW)
3.33 ug/g (DW)
1.80 mg/g (FW)
1.65 mg/g (DW)

)
)

(
(

Shiet al., 2017
Luetal.,, 2013a
Tang et al., 2012b
Tang et al., 2012a
Zhang et al., 2009
Chen et al., 2011
Jiang et al., 2016
Yu et al., 2012
Luetal., 2013b
Shen et al., 2016a
Lvetal, 2016

Dilshad et al., 2015b
Zhang et al., 2013
Hong et al., 2009
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TABLE 2 | Compilation of bioengineering works in heterologous in planta host producing artemisinin and artemisinic acid.

Construct Strain

Artemisinin Artemisinic acid Reference

Mega vector consisting HMGR, CYP71AV1, CPR, DBR2,
cytosolic-targeting ADS and mitochondria-targeting ADS
Transient expression of ADS, CYP71AV1, DBR2, ALDH1
with co-expression of lipid transfer proteins from A. annua
FPS, ADS, CYP71AV1, CPR targeted at the chloroplast
followed by combinatorial supertransformation of CYPB5,
ADH1, ALDH1, DBR2

Six MVA pathway genes, AACT, HMGS, HMGR, MVK,
PMK;, PMD transformed into chloroplast and subcellular
targeting DBR2, CYP71AV1 and CPR via chloroplast
transient peptide

Five artemisinin pathway genes, ADS, CYP71AV1, ADH1,
DBR2, ALDH1 stably transformed into Physcomitrella
patens via a novel in vivo DNA assembly method

Nicotiana tabacum

Nicotiana benthamiana

Nicotiana tabacum

Nicotiana tabacum

Physcomitrella patens

0.0068 mg/g DW - Farhi et al., 2011

0.0030 ng/g DW - Wang et al., 2016

- 120 ng/g FW Fuentes et al., 2016

0.8 mg/g DW - Malhotra et al., 2016

0.21 mg/g DW - lkram et al., 2017

(Zhang et al., 2009; Chen et al., 2011). Since RED1 competes
with ALDHI in artemisinin biosynthesis of A. annua, removing
REDI1 could also lead to the increase of artemisinin production
in A. annua (Rydén et al., 2010).

FPS in general has a higher k. value than sesquiterpene
synthases and this is true for the FPS and ADS in A. annua. Thus,
it has been investigated whether a fusion of the two enzymes
would increase the turnover of FPP to amorphadiene (Han et al.,
2016). The findings that such fusion can facilitate metabolite
channeling through a biosynthesis pathway has recently been
shown for other metabolites (Laursen et al., 2016). The metabolite
channeling from FPS to ADS is supported by a 2-3 fold increase
of amorphadiene in plants where these two genes are fused (Han
et al., 2016). The dynamic artemisinin content in the transgenic
and wild type plants is associated with the expression of these
genes involved in the artemisinin pathway. Table 1 summarizes
the work on genetic manipulation in A. annua to improve the
production of artemisinin.

Bioengineering the Regulation of

Artemisinin Biosynthesis

Over the last 20 years Agrobacterium rol A, B, and C genes
have been shown to increase the biosynthesis of stress response
metabolites in different plant families (Bulgakov, 2008). Rol
genes are a potential activator of secondary metabolites which
directly upregulate artemisinin production by induction of the
gene expression, leading to higher amounts of enzymes and thus
more products. Transformation of rol genes in other Artemisia
sp. resulted not only in the overexpression of artemisinin pathway
genes, but also artemisinin content in the plant (Dilshad et al.,
2015a,b; Amanullah et al., 2016). Integration of individual and
combined rol B and C genes in A. annua increases the production
of artemisinin by up to ninefold (Ghosh et al., 1997; Dilshad et al.,
2015a,b).

Identifying transcription factors involved in regulating
artemisinin production has also contributed to a higher
production of artemisinin and was recently reviewed (Shen et al.,
2016b). Overexpression of the transcription factor AaWRKY1
shows a 4.4 fold increase of artemisinin compared to the control

plant. Overexpression of another transcription factor jasmonate-
responsive AP2/ERF-type; AaERF1 and AaERF2 increases the
gene expression levels of ADS, CYP71AV1, and DBR2 resulting
in a higher accumulation of artemisinin and artemisinic acid in
A. annua (Shen et al., 2016b). What is clear from recent work
is that there are parts of the artemisinin pathway, which have
promoters that are specific for trichomes (Chen et al., 2017).
Therefore changing these to a strong constitutive promoter might
be a novel engineering target with CRISPR/Cas9 technology.

Metabolic Engineering in Nicotiana spp.
Introducing artemisinin pathway genes in heterologous plants
has been successful in both stable and transient expression but
the artemisinin yield is relatively low (Farhi et al., 2011; Zhang
et al,, 2011; Ting et al., 2013). Currently, only Nicotiana spp. has
been used as the plant alternative in the artemisinin research
as it is cheap, well-established with rapid growth and high
biomass. The expression of ADS in Nicotiana tabacum resulted
in an increased production of the first product amorpha-4,11-
diene (Wallaart et al., 2001). The addition of CYP71AV 1, DBR2,
and ALDHI1 produced 4 mg/g fresh weight of amorph-4,11-
adiene in leaves followed by 0.01 mg/g dry weight of artemisinic
alcohol (Zhang et al., 2011). Stable expression of five multiple
genes from the MVA and artemisinin pathway constructed in
a single vector into N. tabacum produces 0.48-6.8 pg/g dry
weight of artemisinin (Farhi et al, 2011). However, transient
expression combining ADS, FPS, HMGR, and CYP71AV1 in
N. benthamiana produced artemisinic acid that was further
modified by endogenous glycosyl transferase into artemisinic
acid-12-B-diglucoside (Van Herpen et al, 2010). There is a
high production of glycosylated artemisinin precursors with the
expression of artemisinin genes in N. benthamiana (Ting et al.,
2013).

Glycosylation is a problem in the Nicotiana spp. (Van
Herpen et al, 2010; Ting et al, 2013). To overcome this,
attempts were made to target the biosynthesis into different
cellular compartments such as the chloroplast. Fuentes et al.
(2016) introduced the artemisinin pathway into N. tabacum
chloroplast via a stable plastid genome transformation followed
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by a combinatorial transformation resulting in a transformation
of transplastomic recipient lines (COSTREL) that produces
120 pg/g artemisinic acid.

Another group aimed to engineer two mega-metabolic
pathways separately into two different cellular compartments.
They first elevated the IPP pools by introducing six genes
from MVA pathway into N. tabacum chloroplast followed
by the artemisinin pathway genes into the nuclear genome
with subcellular targeting at DBR2, CPR, and CYP71AV1 via
chloroplast transit peptide. The lines produced ~0.8 mg/g
dry weight of artemisinin (Malhotra et al., 2016). While
various methods were explored in order to enhance artemisinin
production in Nicotiana, the production levels remain minimal
due to the complex nature of the gene expression and regulation
in artemisinin biosynthesis pathway as well as the complex
glycosylation response in Nicotiana.

Metabolic Engineering in Physcomitrella

Patens

A new production platform is being established in a non-vascular
plant, the moss P. patens (Simonsen et al, 2009; Buttner-
Mainik et al., 2011; Tkram et al., 2015; Reski et al., 2015).
Having unique molecular tools of highly efficient homologous
recombination and a fully sequenced genome, P. patens is an
attractive production system when compared to other plant
production hosts (Schaefer and Zrjyd, 1997; Reski, 1998; Frank
et al., 2005). Additionally, a novel transformation technology
involving in vivo assembly of multiple DNA fragments in
P. patens has been established, further increasing its attractiveness
as a promising photosynthetic chassis for synthetic biology (King
et al., 2016). This is also supported by several works utilizing
P. patens as a “green factory,” for example, the expression of
taxadiene synthase in P. patens produces taxadiene without
any phenotypic change, making it a capable host for the
production of paclitaxel (Anterola et al., 2009). In addition,
three important sesquiterpenoids in the fragrance industry,
patchoulol, P-santalene, and sclareol was also successfully
produced in P. patens with productivity up to 1.3, 0.039, and
2.84 mg/g dry weight respectively (Zhan et al., 2014; Pan
et al, 2015). We recently reported the successful production
of artemisinin in P. patens (Ikram et al, 2017). All five
artemisinin pathway genes were introduced into P. patens via
the in vivo assembly of multiple DNA fragments method and
the transgenic P. patens lines produces 0.21 mg/g DW of
artemisinin, a significant level at only 3 days of culturing.
A considerable advantage of P. patens as an artemisinin
production platform is the absence of pathway intermediates
(glycosylation and glutathione conjugation). P. patens has less
glycosyltransferases as compared to higher plants that may lead
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The antimalarial drug artemisinin is a natural product produced by the plant Artemisia
annua. Extracts of A. annua have been used in Chinese herbal medicine for over two
millennia. Following the re-discovery of A. annua extract as an effective antimalarial,
and the isolation and structural elucidation of artemisinin as the active agent, it was
recommended as the first-line treatment for uncomplicated malaria in combination
with another effective antimalarial drug (Artemisinin Combination Therapy) by the
World Health Organization (WHO) in 2002. Following the WHO recommendation, the
availability and price of artemisinin fluctuated greatly, ranging from supply shortfalls
in some years to oversupply in others. To alleviate these supply and price issues, a
second source of artemisinin was sought, resulting in an effort to produce artemisinic
acid, a late-stage chemical precursor of artemisinin, by yeast fermentation, followed
by chemical conversion to artemisinin (i.e., semi-synthesis). Engineering to enable
production of artemisinic acid in yeast relied on the discovery of A. annua genes
encoding artemisinic acid biosynthetic enzymes, and synthetic biology to engineer yeast
metabolism. The progress of this effort, which resulted in semi-synthetic artemisinin
entering commercial production in 2013, is reviewed with an emphasis on recent
publications and opportunities for further development. Aspects of both the biology of
artemisinin production in A. annua, and yeast strain engineering are discussed, as are
recent developments in the chemical conversion of artemisinic acid to artemisinin.

Keywords: artemisinic acid, artemisinin, semi-synthetic, Saccharomyces cerevisiae, synthetic biology,
Artemisia annua

INTRODUCTION

Artemisia annua has been known to traditional Chinese medicine for two millennia, but its modern
history dates back to the 1970s when Chinese scientists rediscovered its antimalarial properties,
and shortly thereafter isolated artemisinin, the active compound, and elucidated its structure
(Tu, 2016, 2017). In 2002 the World Health Organization designated Artemisinin Combination
Therapy (ACTs) as the first-line treatment for uncomplicated malaria (Paddon and Keasling,
2014). Following this decision there were significant swings in both the availability and price of
artemisinin, which led to the concept of developing a second, non-plant derived, source to stabilize
the availability and cost, and ultimately to decrease its cost (Hale et al., 2007). The semi-synthetic
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artemisinin project that sprang from this concept envisaged
production of a late-stage precursor (artemisinic acid) by
microbial fermentation, followed by its isolation from the
fermentation medium and chemical conversion to artemisinin
(Figure 1A; Hale et al., 2007).

The semi-synthetic artemisinin project that led to the
industrial production of artemisinic acid and its chemical
conversion to artemisinin has been reviewed (Paddon and
Keasling, 2014). Briefly, brewer’s yeast (Saccharomyces cerevisiae)
was engineered to overexpress the enzymes of the mevalonate
pathway along with A. annua amorphadiene synthase, leading to
the production of over 40 g/L amorphadiene (the hydrocarbon
precursor of artemisinic acid) in fed-batch fermentors fed with
ethanol (presumed to feed directly into cytosolic acetyl-CoA
production) (Westfall et al., 2012). The cytochrome P450 enzyme
(CYP71AV1) and its cognate reductase (AaCPR) responsible for
the oxidation of amorphadiene had been identified earlier (Ro
et al., 2006), but conversion of amorphadiene to artemisinic
acid was poor when expressed in yeast (Westfall et al., 2012).
High-level production of artemisinic acid (25 g/L) by yeast
fermentation at 2 L scale was achieved by decreasing the
expression of AaCPR to (presumably) alter the stoichiometry of
the CYP71AV1:AaCPR interaction, and co-expression of other
enzymes (cytochrome b5 and two dehydrogenases) involved
in the three oxidation reactions that convert amorphadiene to
artemisinic acid (Figure 1B; Paddon et al., 2013). Following the
development of an industrial process for the chemical conversion
of artemisinic acid to artemisinin, commercial production of
semi-synthetic artemisinin began in 2013 (Paddon and Keasling,
2014; Peplow, 2016).

The strain engineering and processes for production for
amorphadiene and artemisinic acid at laboratory scale (Westfall
etal., 2012; Paddon et al., 2013) were completed in 2008, almost a
decade ago. Much has changed technologically in the intervening
years, allowing the prospect of significantly improving the
production of semi-synthetic artemisinin to decrease its cost.
Developments have been made in several relevant areas including
improved production of terpenes by yeast, understanding
of cytochrome P450 oxidation reactions, advancements in
understanding of the enzymology and physiology of artemisinin
production in A. annua trichomes (Czechowski et al., 2016), and
finally advances in the chemistry for conversion of artemisinic
acid to artemisinin. These developments are described below.
For comparison, advances in the biotechnological production of
artemisinin in plants have been recently reviewed (Ikram and
Simonsen, 2017), as has an overview of the engineering of cellular
metabolism (Nielsen and Keasling, 2016).

DEVELOPING TERPENOID
PRODUCTION DIRECTLY FROM SUGAR

Early descriptions of amorphadiene production by yeast were
at concentrations of ~100 mg/L (Ro et al., 2006), which was
increased to 40 g/L following considerable strain engineering
and the use of a pure ethanol feedstock in pulse-fed batch
fermentations. However, this methodology is not industrially

scalable owing to the excessively high oxygen demand, and the
process difficulties that a pure ethanol feed would bring (Westfall
et al, 2012). An ethanol-glucose feed could be industrially
feasible, but decreases amorphadiene production to less than
20 g/L (Westfall et al., 2012). While strains were generated that
produce amorphadiene constitutively in lab-scale fermentations,
it is likely that the strain stability necessary in a large-scale
industrial fermentation would require the use of a switch to
turn on production. The most well-studied genetic switches
rely on the addition of galactose to the fermentation medium,
which is expensive and would add to the production cost. There
has been considerable progress in the industrial production of
terpenes by yeast in the decade following the amorphadiene
work described above, though directed primarily at production of
another sesquiterpene, B-farnesene (Benjamin et al., 2016; Leavell
etal., 2016).

Regarding the industrial process of artemisinic aid production,
the use of sugar as the primary feedstock (as opposed
to a glucose/ethanol mix) would lead to feedstock cost
saving, albeit somewhat limited. Of greater significance is that
recently developed strains using sugar as feedstock have much
higher flux to product, attaining over 100 g/L B-farnesene
production in 6-day fed-batch fermentations (Meadows et al.,
2016). Conversion of these improved B-farnesene strains to
amorphadiene production by swapping B-farnesene synthase
for amorphadiene synthase should enable production of much
greater concentrations of amorphadiene as a substrate for
biological oxidation in an industrially scalable manner. The use
of a cost-effective switch (Sandoval et al., 2014) to turn on
production at scale would likely improve genetic stability, extend
the fermentation production run, and decrease cost. Another
process approach to improve production of artemisinic acid
could involve in situ product removal using oils such as isopropyl
myristate which has been demonstrated to boost artemisinic acid
production (Paddon et al., 2013). Expression of an A. annua
transport system for export of artemisinic acid (Wang et al., 2016)
may improve its secretion from yeast.

A fundamental biochemical challenge is to improve the
oxidation of amorphadiene to artemisinic acid. The highest
published fermentative production of artemisinic acid in a yeast
strain expressing the full complement of A. annua enzymes
for the oxidation of amorphadiene was 25 g/L (Paddon et al,
2013), grown under the same regimen as the parental strain
that produced 40 g/L amorphadiene (Westfall et al.,, 2012), a
conversion efficiency of 55 mol%; there is clearly room for
improvement in the oxidation of amorphadiene to artemisinic
acid. Given that expression of A. annua alcohol and aldehyde
dehydrogenases in yeast strains producing amorphadiene and
expressing optimized CYP71AV1/AaCPR/cytochrome-bs ratios
virtually eliminated buildup of artemisinic alcohol and aldehyde
(Teoh et al., 2009; Paddon et al., 2013), it seems reasonable to
conclude that the bottleneck in oxidation of amorphadiene lies
in the activity of CYP71AV1 and associated proteins. It follows
that improving oxidation of amorphadiene to artemisinic alcohol
by CYP71AV1 and associated proteins would likely be a fruitful
approach to improving the overall production of artemisinic
acid.
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FIGURE 1 | Summary of yeast strain engineering underlying fermentative production of artemisinic acid and subsequent conversion to artemisinin. (A) Biosynthetic
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INCREASING ACTIVITY OF
HETEROLOGOUSLY EXPRESSED
CYP71AV1

At the current level of production, the concentration of
amorphadiene is approaching 200 mM in the fermentation
tanks, which is well beyond the solubility limit. At such high
concentrations of substrate, plant P450s harvested from nature
are working well outside of the biological context in which
they evolved, in addition to being heterologously expressed
in yeast. While CYP71AV1 is remarkably able to accomplish
such high conversions under the extreme concentrations of
amorphadiene, a variety of approaches to engineer improved
P450 conversion and generate even higher, economically relevant
titers of artemisinic acid are required.

Engineering of the catalytic system directly could be
accomplished on several fronts. Based on previous successes
with titrating expression levels of AaCPR and cytochrome-
bs, we know that modulation of the enzymes indirectly
participating in catalysis can have a huge impact. While the
interaction between CYP71AV1 and cytochrome-bs has not been
characterized, our results (Paddon et al., 2013) are consistent with
studies on the interaction between cytochrome-b5 and CYP2B4,
whereby cytochrome-bs provides the second electron of the

oxidation reaction, the reaction being strongly influenced by
the stoichiometry of the two proteins (Im and Waskell, 2011).
Cytochrome-bs may also behave as an allosteric activator, as was
suggested by its interaction with CYP3A4 (Zhao et al., 2012).
AaCPR has been shown to have relatively poor coupling to its
cognate P450 compared to human CPRs and P450s (Simtchouk
et al., 2013). This uncoupling likely produces large amounts
of reactive oxygen species in addition to consuming valuable
NADPH. Potential avenues to increase heterologous oxidation
of amorphadiene would be to engineer the AaCPR/CYP71AV1
coupling efficiency by altering the protein-protein interactions
or weakening the binding of NADPH to AaCPR when AaCPR is
not set up to transfer electrons to CYP71AV1. To reduce potential
substrate or product inhibition that may be occurring under these
abnormal conditions, engineering of CYP71AV1 directly through
tightening of the active site or engineering of the substrate
entrance channel could be undertaken. Such strategies would
eliminate non-productive binding conformations observed in
other P450s (Tietz et al., 2017). In addition to engineering the
active site of P450s, engineering how P450s interact with the
yeast endoplasmic reticulum has been fruitful for endeavors such
as heterologous hydrocodone production (Galanie et al., 2015).
Manipulation of the yeast genome may also be a means to
improve heterologous P450 activity, for example it was recently
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shown that a mutation (4pahl) resulting in expansion of yeast
endoplasmic reticulum leads to an increase in the heterologous
production of triterpenoid saponins (Arendt et al., 2017).

The approaches described above illustrate the need for
development of rapid screening systems. Saturation mutagenesis
of CYP71AV1, a protein of 496 amino acids, and testing
production of oxidized product(s) from yeast producing
amorphadiene with reasonable statistical coverage would require
well over 10,000 assays to detect mutants with improved
oxidation properties. Assays for quantification of artemisinic
acid and other oxidized intermediates used to date are long
[up to 30 min. (Paddon et al, 2013)], and too consuming
of time and resources for high-throughput screening. A rapid
methodology for detecting improved production of oxidized
products of amorphadiene would be needed such as rapid mass
spectrometry (Rohman and Wingfield, 2016) or surrogate assays
based on spectrophotometric or fluorescent methods that could
cut the time required to measure titers to 10 s or less per
sample, albeit with the statistical reproducibility required to
detect genuine improvements on artemisinic acid production
from the background variability inherent in a high-throughput
screen.

CHEMICAL CONVERSION OF
ARTEMISINIC ACID TO ARTEMISININ

Following determination of the structure of artemisinin in 1977
(Tu, 2016, 2017), chemists quickly responded to the synthetic
challenge presented by its sesquiterpene lactone structure, with
seven chiral centers and a unique stable endoperoxide bond,
and the first syntheses were reported soon thereafter. Broadly
speaking, all these can be divided into two groups: total syntheses
starting from a chiral pool compound and semi-syntheses from
a terpene natural product precursor. The former is solely of
academic interest, as they invariably involve too many steps to
provide artemisinin at a price that can compete with extraction
of the natural product from A. annua or the semi-synthetic
approach described above. As there is no shortage of reviews
that comprehensively cover both the earlier and more recent total
and partial synthesis approaches (Jung, 1994; Haynes, 2006; Kim
and Sasaki, 2006; Li et al., 2006; Wang et al., 2014; Corsello and
Garg, 2015; Vil et al., 2017), here we shall only focus on reported
industrial-scale partial synthesis routes or syntheses conceivably
amenable to industrial scale-up that represent or could become
commercially viable routes to artemisinin and by extension, the
various derivatives used in ACTs. All semi-syntheses involve the
steps shown in Figure 2, differing only in the reagents used to
accomplish each step.

The first partial synthesis (Roth and Acton, 1989) started
with a NaBH4/NiCl,.6H,0 (“nickel boride”) reduction of the
unsaturated carboxylic acid group of artemisinic acid, a relatively
abundant A. annua natural product. This reduction afforded an
85:15 (R:S) mixture of 11,13-dihydroartemisinic acid isomers.
11-(R)-Dihydroartemisinic acid has also been reported as present
(Wallaart et al., 1999) or not (Haynes and Vonwiller, 1991)
in A. annua. This apparent contradiction has been explained

by either differences in the plant cultivars analyzed or the
inherent instability of the molecule, which reportedly quickly
vanishes from the leaves after harvest (Kim and Kim, 1992).
This would be consistent with a spontaneous transformation
of 11-(R)-dihydroartemisinic acid into artemisinin on exposure
to air and light, conditions likely found in nature (Czechowski
et al., 2016) and mimicked by exposing the intermediate to
photooxidation, followed by air oxidation in petroleum ether
at room temperature for 4 days to give a 17% total yield of
artemisinin (Roth and Acton, 1989).

Almost all other subsequent semi-syntheses have followed this
route, with variations of the reagents and reaction conditions
used in the various steps with the aim of improving the overall
reaction yield. These include: (1) the use of asymmetric catalytic
hydrogenation in the production of dihydroartemisinic acid
aimed at improving the (R:S) ratio, as only the R isomer correctly
forms artemisinin, while the “wrong” (S)-isomer undergoes an
identical sequence of intermediate steps to give the undesired
9-(S)-isomer of the final target; (2) protection of the carboxylic
acid function, typically as a simple ester. The advantages of
esterification enabled a 23% yield of artemisinin using the methyl
ester in place of the acid (Acton and Roth, 1992). Presumably
the protection blocks the well-known oxidative lactonization of
dihydroartemisinic acid to give dihydro-epi-deoxyarteannuin B
[the latter is an advanced intermediate in an alternative semi-
synthesis of artemisinin (Nowak and Lansbury, 1998), but in the
sequence of Figure 2 it is an unproductive byproduct]; (3) the
use of pure oxygen instead of air in the final step, along with the
addition of diverse catalysts, such as acid (Kim and Kim, 1992) or
copper ion (Kim and Sasaki, 2006).

The first synthesis amenable to scale-up was developed
by Amyris chemists in the context of the semi-synthetic
artemisinin project described above. As the main details
have been reported elsewhere (Paddon et al, 2013) only the
highlights are summarized here: (1) the use of chlorotris
(triphenylphosphonium) rhodium(I) (“Wilkinson’s catalyst”) in
an asymmetric catalytic hydrogenation of artemisinic acid to
afford a 90:10 ratio of (R) and (S)-dihydroartemisinic acid;
(2) on the assumption that large-scale photochemistry would
add significant capital costs to the project, the dye sensitized
photogeneration of singlet oxygen was replaced by a chemical
generation of this reactive species based on the group VI metal
salt-induced disproportionation of concentrated H,O, (Boehme
and Brauer, 1992; Nardello et al., 2002); (3) for safety reasons
the oxygen used in the last step was replaced by air, and (4)
benzenesulfonic acid/Cu(II) Dowex resin was used as catalyst
replacing the expensive copper triflate used in other syntheses.
This 4-step synthesis gave the desired target in 40% overall yield,
an improvement over the typical <30% overall yields previously
reported in the literature.

After the technology transferred from Amyris to Sanofi,
extensive work was undertaken between 2008 and 2013
to “industrialize” this process. Despite a series of notable
improvements to the Amyris route that provided a safe and
scalable process that even slightly improved upon the Amyris
bench scale yields at pilot scale, it became apparent that this
route had reached its performance limits and would not be
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cost-effective enough for commercial production. This led Sanofi
chemists to reconsider the original photochemical approach. As
the details of this work have been published (Turconi et al.,
2014), including the optimization of the key photochemical
generation of singlet oxygen (Burgard et al., 2016), they are not
repeated here. The resulting semi-batch tetraphenylporphyrin
dye sensitized photochemical process in a custom-designed
photochemical reactor is currently being used to manufacture up
to 60 MT/year of the target molecule in about 55% overall yield

from artemisinic acid produced by fermentation of engineered
S. cerevisiae strains in what is the only current industrial-scale
semi-synthesis of artemisinin.

While as yet unproven as commercially viable syntheses
of artemisinin, there have been developments that point the
way to potential additional improvements that could break the
existing cost/yield barrier. For example, although not part of the
current manufacturing process, Sanofi chemists also developed
an alternative high-yielding diimide reduction of artemisinic
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acid to dihydroartemisinic acid that does not require catalytic
hydrogenation with a chiral catalyst, yet still provides excellent
chemical yields (>90% including all crystallization, isolation, and
drying steps), in addition to high diastereoselectivities (>97:3).
Details of the pilot-scale optimization of this process have been
published (Feth et al., 2013). In another area, the continuous-flow
photochemical synthesis of artemisinin from dihydroartemisinic
acid has been reported (Levesque and Seeberger, 2012; Kopetzki
et al, 2013). Although to our knowledge this approach has
not been scaled up, recent data (Porta et al., 2016) suggest
that once the problems of large-scale generation of singlet
oxygen in a flow system are overcome (Loponov et al., 2014),
this could conceivably become the basis of a new industrial
route. Meanwhile, other authors have followed up on the
original Amyris “non-photochemical” route and claim similar
yields of around 40% using the same molybdate catalyst/H,O,
route to generate singlet oxygen, but with a simplified and
perhaps easier to scale overall process (Chen et al., 2013).
Finally, very recently a route that differs in part from the
previous approaches has been demonstrated. Chemists at IPCA
have reported a novel large-scale synthesis of artemisinin
from amorphadiene (Singh et al., 2017). The key step in this
route is the functionalization of amorphadiene using simple
and cheap chemistry to directly afford (R)-dihydroartemisinic
acid (i.e., avoiding the need for a stereoselective reduction
of artemisinic acid). The reported ca. 60% vyield of pure
artemisinin from dihydroartemisinic acid obtained also using
an improved molybdate/peroxide route suggests that further
yield breakthroughs may indeed be possible through additional
process optimization of the key steps, namely the singlet
oxygen generation and the Hoch cleavage and subsequent
rearrangements.
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Artemisinin, produced in the glandular trichomes of Artemisia annua L. is a vital
antimalarial drug effective against Plasmodium falciparum resistant to quinine-derived
medicines. Although work has progressed on the semi-synthetic production of
artemisinin, field production of A. annua remains the principal commercial source of
the compound. Crop production of artemisia must be increased to meet the growing
worldwide demand for artemisinin combination therapies (ACTs) to treat malaria.
Grower artemisinin yields rely on plants generated from seeds from open-pollinated
parents. Although selection has considerably increased plant artemisinin concentration
in the past 15 years, seed-generated plants have highly variable artemisinin content
that lowers artemisinin yield per hectare. Breeding efforts to produce improved F
hybrids have been hampered by the inability to produce inbred lines due to self-
incompatibility. An approach combining conventional hybridization and selection with
clonal propagation of superior genotypes is proposed as a means to enhance crop
yield and artemisinin production. Typical seed-propagated artemisia plants produce less
than 1% (dry weight) artemisinin with yields below 25 kg/ha. Genotypes were identified
producing high artemisinin levels of over 2% and possessing improved agronomic
characteristics such as high leaf area and shoot biomass production. Field studies of
clonally-propagated high-artemisinin plants verified enhanced plant uniformity and an
estimated gross primary productivity of up to 70 kg/ha artemisinin, with a crop density
of one plant m~2. Tissue culture and cutting protocols for the mass clonal propagation
of A. annua were developed for shoot regeneration, rooting, acclimatization, and field
cultivation. Proof of concept studies showed that both tissue culture-regenerated plants
and rooted cutting performed better than plants derived from seed in terms of uniformity,
yield, and consistently high artemisinin content. Use of this technology to produce
plants with homogeneously-high artemisinin can help farmers markedly increase the
artemisinin yield per cultivated area. This would lead to increased profit to farmers and
decreased prices of ACT.
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INTRODUCTION

Artemisia annua L. (known a sweet Annie, annual wormwood,
qinghao) is native to China and a widely naturalized and
cultivated medicinal plant (Ferreira and Janick, 1997). The
plant is a source of artemisinin, a sesquiterpene lactone
compound that is produced in the glandular trichomes of
leaves and floral parts (Duke et al., 1994; Ferreira and Janick,
1995). Artemisinin is a vital antimalarial medicine effective
against drug resistant Plasmodium falciparum. Artemisinin
combination therapies (ACTs) are recommended as a first-line
treatment for drug-resistant malaria that no longer responds
to quinine-derived drugs such as chloroquine or mefloquine.
Globally, the World Health Organization (World Malaria Report,
2016) attributed an estimated 212 million new cases and
429,000 deaths to malaria in 2015. At the start of 2016, nearly
half of the world’s population was at risk of malaria. An
important additional feature is that A. annua compounds also
exhibit antiinflammatory, antibacterial, antitumor, antiviral, and
anthelmintic activities (Bhakuni et al., 2001).

Although work has progressed on the semi-synthetic
production of artemisinin, field production of A. annua remains
the principal commercial source of the compound. Satistying the
demand for artemisinin will require improved plant material
containing consistently high artemisinin levels. The agricultural
production of artemisia in developing countries afflicted by
malaria is not only necessary, but also important to the economic
well-being of farmers and their communities in these countries,
where artemisia recently became a new pharmaceutical crop.
Due to low and variable yield content of artemisinin the
demand for artemisinin cannot be met with current plant
yields (Alejos-Gonzalez et al., 2011). Artemisia growers rely on
plants generated from seeds from open-pollinated plants. Thus,
homogeneously high-artemisinin plants will decrease the need
to expand A. annua cultivated land and will increase artemisinin
yield per area, and possibly decrease costs of ACTs.

Although selection has considerably increased plant
artemisinin concentration in the past 15 years, seed-generated
plants have highly variable artemisinin content that lowers
artemisinin yield per hectare. Open-pollinated cultivars
produced by mass selection show variable plant-to-plant
artemisinin content and biomass production due to genetic
recombination. Breeding efforts to produce improved F; hybrids
have been hampered by self-incompatibility, which prevents
conventional back-crossing to produce inbred lines. So-called
hybrid cultivars based on intercrosses of two heterozygous
lines still exhibit high plant-to-plant variation. For example
the leading hybrid, Artemis, exhibited extensive variation for
metabolic and agronomic traits; artemisinin content on a jLg/mg
dry basis for individual plants ranged 22 fold, plant fresh weight
varied 28 fold, and leaf area ranged 9 fold (Graham et al,
2010).

Cultivar improvement to increase artemisinin production in
A. annua has been limited. In a global field trial of 280 distinct
lines, including commercial lines and test hybrids selected for
high artemisinin production, artemisinin content ranged from
0.5 to 1.4% (Larson et al., 2013). Typically, average plant

artemisinin concentrations were reported to range from 0.6
to 0.7% in China', and from 0.6 to 0.8% in Africa in 2013,
with currently-used plants producing around 1% (Malcolm
Cutler, personal communication). The bottleneck for the feasible
production of artemisinin in developing countries is the lack
of affordable high-quality plant material to produce consistently
high artemisinin yield (Ferreira et al., 2005).

An approach combining conventional hybridization/selection
with clonal propagation of superior genotypes is proposed as
a means to enhance crop yield and artemisinin production.
Agricultural production using improved clonal material is
commonly used with many agricultural crops. Our objectives
in this study were 2 fold: (1) to select Artemisia genotypes
with high artemisinin content, and (2) to develop protocols
effective for mass clonal propagation by either cuttings and/or
micropropagation. Furthermore, proof-of-concept studies
were conducted to assess the field performance of tissue
culture-propagated plants to determine if they have consistent
levels of artemisinin and acceptable agronomic characteristics in
comparisons with cutting and seed-derived plants.

MATERIALS AND METHODS

Germplasm

Seed of A. annua were obtained from Brazil, China, and Purdue
University, and their open-pollinated progeny were grown in
the greenhouse and field. Selections were made over successive
generations based on agronomic characteristics such as leaf area,
biomass, flowering time, and artemisinin content. Selections were
cloned by cuttings and maintained in a greenhouse under long
days.

Artemisinin Chromatographic Analysis

Plant samples were oven dried at 50°C, ground to 0.5 mm particle
size, extracted by refluxing in petroleum ether for 1 h, allowed
to evaporate in a fume hood, then reconstituted in 20 ml of
acetonitrile (two washes of 10 ml each), filtered through 0.2 pm
PTFE luer-lock syringe filters and quantified (g/100 g leaf dry
weight) for artemisinin, dihydroartemisinic acid, and artemisinic
acid by HPLC-UV (Ferreira and Gonzalez, 2009).

Stock Plants for Propagation Studies

Greenhouse stock plants produced from cuttings were used
as a source plants for propagation studies. A. annua is a
short-day, monocarpic plant with extremely small flowers and
seeds (Wetzstein et al., 2014). To prevent flowering under fall
and winter day lengths, plants were given supplemental light
to maintain a 16-h photoperiod. Plants were maintained in
pots (19 cm diameter, 3.8 L) containing Fafard 3B medium
(Conrad Fafard, Agawam, MA, United States) in a glass
greenhouse set at 25°C. Propagation studies were performed
before and concurrently with selections of elite germplasm, and
included studies using a Brazilian genotype (3M, CPQBA) and
field-selected clones (B4, B6, C1, C10, MP11, P63, P137) derived

'http://www.a2s2.org/market-data/a2s2- market-update-augl3.html
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from crosses. All clones were selected for high-artemisinin
concentration and biomass production.

Propagation by Cuttings

Various types of cuttings (terminal, lateral, one-node, and
two-node) were obtained from greenhouse-grown clones of B4
and C10 clones. Preliminary rooting studies indicated that a
1500 ppm indole-3-butyric acid, potassium salt (KIBA) dip was
effective for root development. Cuttings were dipped 5 s and
inserted in growing media under mist. Rooting was evaluated
after 14 days.

Initiation and Establishment of Aseptic

Cultures

A range of explants types (shoot tips, leaves, nodes, floral bud, and
seedling parts) were evaluated in preliminary experiments, and a
series of different sterilization combinations were assessed. High
numbers of clean, regenerable cultures were obtained with shoot
tip explants using the following surface sterilization and culture
initiation methods. Shoot tips (1 to 1.5 cm long) with young
unexpanded leaves were collected from stock plants grown in
the greenhouses. The basal, older leaves were removed, retaining
leaves < 0.5 cm long. Explants were washed for 30 min in
tap water containing a two drops of antibacterial hand soap
(SoftCIDE®, VWR, Suwanee, GA, United States), and then rinsed
in water for 15 min. This was followed by sequential immersion
in 70% ethanol for 20 s, 1.2% sodium hypochlorite containing
1-2 drops of Tween-20 surfactant for 10 min with agitation, and
three rinses in sterile distilled water for 5 min each. After surface
sterilization, shoot tips were placed on shoot induction medium
consisting of Murashige and Skoog (MS) macro and micro salts
(Murashige and Skoog, 1962), B5 vitamins (Gamborg et al,
1968), 0.1 mg L~! myo-inositol, 0.2 mg~! L 6-benzylaminopurine
(BA), 0.05 mg L~ ! kinetin (Kin), 30 g L~ ! sucrose, and 4 g L !
Gel-Gro (ICN Biochemicals, Aurora, OH, United States). The
medium was adjusted to pH 6.0, dispensed in 20 mL aliquots
into test tubes, and autoclaved at 121°C for 20 min. Cultures
were maintained under a 16/8-h (light/dark) photoperiod under
cool-white fluorescent lights (Osram Sylvania, Mississauga, ON,
Canada) with 70 pmol m? s~! irradiance at 25 & 10°C. Cultures
were transferred to fresh medium every 3 weeks and maintained
in glass baby food jars (66 mm x 59 mm). These primary shoot
cultures served as a source of explants for subsequent medium
optimization studies for shoot proliferation and rooting.

In Vitro Shoot Regeneration Studies

Plant growth regulator screenings for shoot regeneration were
conducted using material from stock cultures of the C10 clone.
Small shoot clumps (1 cm x 1 cm) were inoculated on media
containing different concentrations of BA (0, 0.89, 2.22, 4.44, and
8.88 wM) and naphthaleneacetic acid (NAA) (0, 0.27, 0.54 uM)
to assess shoot proliferation and regeneration efficacy. The
components of the media were the same as for culture initiation,
except that plant growth regulators were modified. The media
were dispensed into glass baby food jars with 30 ml of medium
per jar. Treatments were replicated using 24 jars per medium

type. Tissues were subcultured to fresh medium at 3 weeks. Shoot
and callus were separated and fresh weights were recorded for
plants from all jars after 6 weeks; tissues were oven dried to
determine dry weights. Nine cultures were randomly selected
to determine the average number of shoots per jar that were
taller than 0.6 cm. Based on results of screening studies, further
refinement studies were conducted to evaluate the effect of plant
growth regulators on shoot and callus production. Shoot clumps
(I cm x 1 cm) from stock cultures of the 3M genotype were
placed on media with different concentrations of BA (0, 0.89,
1.79, 2.67, or 3.56 uM) and NAA (0 or 0.27 wM). Except for the
plant growth regulators, the components of the media, culture
vessel, and growth conditions were the same as in preliminary
screening studies. Twenty four jars per medium type were used
for shoot and callus growth assessments; with nine jars were
used for counting total numbers of shoots. The response of four
different genotypes was evaluated using shoots initiated from 3M,
C10, B6, and MP11. Shoot clumps (1 cm x 1 cm) were placed
on media with BA (0.89, 1.79, or 3.56 M) and NAA (0.27 wM)
with 72 replicates for each plant growth regulator combination.
Fresh weight and dry weight for both callus and shoots were
determined after 6 weeks. A subset of 24 jars per treatment was
used to determine the number of shoots per culture.

In Vitro Rooting

To evaluate rooting, shoots from stock cultures of clones C10 and
MP11 genotypes were placed on MS medium with B5 vitamins
(Gamborg et al., 1968), 0.1 mg L~! myo-inositol, 30 g L~!
sucrose, and 4 g L™! Gel-Gro (ICN Biochemicals, Aurora,
OH, United States), supplemented with different concentrations
of indole-3-butyric acid (IBA) (0, 2.4, 4.9, and 9.8 puM).
Percent rooting, number of roots, and number of lateral roots
were assessed after 4 weeks. Studies indicated that better
quality shoots were obtained following a shoot elongation step
when shoots were subcultured into Magenta boxes containing
basal medium for 1 week prior to transfer onto rooting
medium. The rooting performance of elongated shoots from
several genotypes was assessed on rooting medium containing
9.8 WM IBA.

Field Performance of Tissue

Culture-Derived Plants

The performance of plantlets derived from tissue culture
was evaluated in field studies conducted in Athens, GA.
Corresponding plant material from two genotypes, 3M and
MP11, were propagated either via tissue culture or by cuttings
and planted in field plots to compare the effect of propagation
method on artemisinin concentration. In addition, seedling
plants derived from open-pollinated seed collected from UGA
research plots were transplanted into test plots to compare the
performance and variability of vegetatively-propagated versus
seed-produced plants. For the production of rooted cuttings, the
base of shoot tip cuttings 10 cm tall from greenhouse stock plants
were dipped into an aqueous solution of 1500 ppm KIBA for 5 s,
planted in 72-cell plug trays in commercial potting mix (Fafard
3B; Conrad Fafard, Agawam, MA, United States), and covered
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with clear plastic propagation domes (Humi-dome; Hummert,
Earth City, MO, United States). Leaf samples from four plants
of each propagation type were collected for artemisinin analysis
as described below. Propagules were planted in the field
on June 24 and harvested September 10. To compare plant
growth characteristics, the total biomass of the MP11 genotype
was determined using six plants per propagation method. At
harvest, five leaves and stems were manually separated into
component parts, and oven dried to determine plant dry
weight.

Effect of Growing Conditions on

Sesquiterpenes

Leaf concentrations of artemisinin, artemisinic acid, and
dihydroartemisinic acid were quantified by HPLC-UV (Ferreira
and Gonzalez, 2009) from clones grown under greenhouse,
field, or tissue culture conditions. If artemisinin concentration
can be accurately assessed from greenhouse-grown plants, this
would streamline selection in that field screenings would not be
necessary. Comparisons were made using three genotypes: 3M,
MP11, and C10. Greenhouse plants were grown and maintained
in pots as described under plant material. Tissue culture plants
were regenerated from shoots collected from stock shoot cultures.
Field material was from plants propagated by cuttings and grown
in research plots.

RESULTS

Selection for Improved Genotypes

Hybridization and selection studies identified a number of
excellent genotypes in terms of both artemisinin content and
agronomic characteristics. Data from field trials of six promising
genotypes are shown in Table 1. Artemisinin leaf concentration
for the six genotypes (C1, C10, B6, P137, P63, and B4) had
2-year field averages ranging from 1.6 to 2.16%. Significant
differences in plant height, plant width, and stem dry weight
were observed. Two genotypes (P63 and B4) exhibited a smaller
stature than the others, but size differences did not necessarily
relate to artemisinin plant production. The six genotypes had
marked differences in leaf size and morphology (Figure 1). In
addition to artemisinin concentration, plant size, and leaf area

are important factors as they directly influence total artemisinin
production. The genotype with the highest artemisinin content,
Cl1, had an average artemisinin content of 2.16% and, based
on dry leaf biomass and crop density of 1.0 plant/m?had an
estimated gross primary productivity of 69.6 kg of artemisinin/ha.
Considering a commercial extraction efficiency of 75%, C1 would
produce 52.2 kg of artemisinin/ha. P137 was the second highest
yielding genotype due to its high leaf dry weight production.
The six selections, particularly C1, C10, B6 and P137, represent
substantial improvements in artemisinin production compared
to current commercial plantings using seed of open-pollinated
plants that typically produce approximately 1% artemisinin or
less.

Propagation by Cuttings

Vegetative propagation methods were evaluated in order to assess
if methods for mass clonal propagation could be developed.
Stem cuttings were initiated using tip and nodal tissues given
KIBA treatments to assess rooting. There were clonal differences
observed with clone B4 rooting better than C1. Nonetheless, all
cutting types rooted well with 74% rooting or higher obtained
(Table 2). These results indicate that both tip and nodal cuttings
can be rooted with an IBA-hormone dip combined with misting
is a very effective way to mass propagate selected A. annua clones.

In Vitro Shoot Regeneration

Micropropagation was also explored for A. annua. In preliminary
experiments, several explant types were evaluated including
shoot tips, nodes, leaves, and parts from axenically-germinated
seedling-regeneration experiments. Shoot tips proved to be
extremely regenerable when initiated on media with BA, and
had relatively low contamination rates (0 to 9%) using the
protocols described. Depending on genotype, 68 to 89% of
explants responded on initiation medium producing shoot
cultures that were used as stock cultures for shoot regeneration
studies. Leaves and nodes did not perform as well (data not
shown). Highest shoot growth was achieved with 2.22 BA
+ 0.27 puM NAA (Figure 2). Higher concentrations of BA
and NAA resulted in undesirable increased callus production.
A subsequent refinement study evaluated BA concentrations
(Table 3). Although the greatest shoot fresh and dry weights
were achieved with 1.78 wM BA + 0.27 NAA, significantly

TABLE 1 | Artemisinin concentration per plant, and kg/ha from six selected clones of Artemisia annua.

Genotype Artemisinin (%) Plant height Plant width Stem dry Leaf dry weight? Artemisinin
(cm)? (cm)? weight (kg)* (kg/ha)*
2012 2013 Average (kg) (t/ha)
C1 213 2.19 2.16a 179aY 113a 0.69a 0.32ab 3.22 70.6
C10 1.93 2.13 2.03ab 188a 106ab 0.77a 0.28ab 2.81 59.9
B6 1.65 2.21 1.93ab 181a 112ab 0.67a 0.26ab 2.61 57.8
P137 1.93 1.68 1.81bc 192a 111ab 0.81a 0.39a 3.88 65.2
P63 1.81 1.53 1.67¢ 144b 100bc 0.44b 0.25b 2.46 37.7
B4 1.83 1.37 1.60c 140b 89c 0.34b 0.27ab 2.65 36.3

22012 data. YMean separation Tukey test, a = 0.05. Artemisinin productivity is based on leaf dry weight, 1 plant/m?, and without considering a commercial extraction loss
of 25%. Means within the same column followed by the same letter are not significantly different.
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FIGURE 1 | (A-F) Variation in leaf size of six selected clones of Artemisia
annua grown under field conditions (bar = 2 cm).

higher shoot numbers (1.5 times greater) were obtained using
a lower BA concentration (0.89 wM BA). In contrast, the two
highest BA levels evaluated were ineffective and produced short,
chlorotic and browning shoot clumps. To assess the widespread
applicability of the shoot regeneration methods, shoot and callus
growth were evaluated for five A. annua genotypes (Table 4).
The results over all genotypes confirmed that high numbers of
shoots can be produced using BA in combination with NAA;
excessive callus growth occurs with high BA concentrations.
Furthermore, different genotypes exhibited variable responses in
shoot and callus growth. For example, shoot numbers exhibited a
3.5 fold difference in genotype C10 versus 3M. This indicates that
optimization on an individual genotype basis may be warranted.

In Vitro Rooting
Shoots placed on rooting medium containing IBA readily
produced roots within 4 weeks (Table 5). Percent rooting

TABLE 2 | Effect of cutting type on rooting of two genotypes of Artemisia annua;
n = 6 replicates of 18 cuttings each.

B4 clone C1 clone
Cutting type Rooting Root dry Rooting Root dry
(%)* weight (mg) (mg) weight (mg)

Tip 97.2a 4.0ab 74.1a 11.3a
Lateral tip 89.8b 6.0a 88.3a 8.9ab
One node 100.0a 3.2b 87.4a 6.2ab
Two nodes 98.2a 4.7ab 90.5a 3.4b
Average 96.3 4.3 85.1 7.4

“Mean separation Tukey test, o = 0.05. Means within the same column followed by
the same letter are not significantly different.

was significantly higher at the two higher IBA concentrations
evaluated with 100% rooting obtained for C10 and 92% for MP11
genotype. While IBA at 9.8 pM produced significantly higher
numbers of primary and lateral roots than other concentrations,
there was continuing shoot proliferation and callusing on the
base of shoots. An intermediate treatment was used to overcome
this problem where shoots were placed on basal medium with
no plant growth regulators to promote shoot elongation and
arrest continued shoot proliferation. The rooting responses of
elongated shoots obtained from four different genotypes were
assessed using a rooting medium supplemented with 9.8 puM IBA
(Table 6). Percent rooting with 3M, C10, and B6 genotypes was
greater than 98%. Significantly lower rooting at 78% was obtained
with MP11. Root number was significantly affected by genotype,
ranging from 6 to 17 roots per shoot.

Micropropagation Protocol

A tissue culture protocol via shoot proliferation was successfully
developed for A. annua. A scheme depicting culture initiation,
shoot induction, shoot multiplication, shoot elongation, rooting,
and outplanting into the field is shown in Figure 3. Cultures
can be initiated from shoot tip or leaf explants of established
plants. Unlike systems requiring seedling explants, clonal lines
thus can be established from genotypes identified as having
high artemisinin leaf concentration and excellent agronomic
characteristics.

Field Performance of Tissue

Culture-Derived Plants
Field studies evaluated the performance of two clonally
propagated genotypes and of plants derived from seed. Plants
propagated both by tissue culture and cuttings produced similar
artemisinin (Table 7). The relative standard deviation (RSD)
values varied from 5.86 to 14.7%. In contrast, plants generated
from open-pollinated seedlings had an RSD of 33.65% (Table 7),
indicating that the variance in artemisinin content was higher
with the seedling population. Clonal propagation, whether by
tissue culture or cuttings, produced greater uniformity than that
obtained from seedlings regarding artemisinin concentration.
Plant growth characteristics of field-grown plants propagated
using cuttings or tissue culture are shown in Table 8. No
significant differences were observed in leaf dry weight, shoot
dry weight, root dry weight, total plant dry weight, leaf:shoot
ratio, or leaf area. This indicates that plant growth characteristics
of tissue-cultured plants are similar to that of conventionally
propagated cuttings.

Effect of Growing Conditions on
Sesquiterpenes

Artemisinin, dihydroartemisinic acid, and artemisinic acid were
evaluated from leaves obtained from plants grown under field,
greenhouse, or tissue culture conditions. Plants grown under
field and greenhouse conditions produced very similar levels
of artemisinin (Table 9). Clone 3M had average artemisinin
concentrations of 1.80 and 1.94% under greenhouse and
field conditions, respectively, while the MP11 genotype had
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FIGURE 2 | Shoot and callus dry weights of A. annua genotype C10 shoot cultures under different plant growth regulator combinations after 6 weeks. Means
separated within shoot dry weight (lower) or callus dry weight (upper) by LSD, p = 0.05. Treatment means (n = 24) with the same letter within a group are not
significantly different.

respective concentrations of 1.25 and 1.21% (Table 9). The
concentrations of dihydroartemisinic acid and artemisinic acid
in those plants were also very similar under both greenhouse and
field conditions. However, artemisinin concentration in tissue
culture plants were 40-97 times less than greenhouse or field
grown plants (Table 9).

These results confirm that greenhouse-grown plants can
be used for selection and biochemical analysis of artemisinin
and related compounds, and provide accurate estimations of
plant performance in the field. Current studies concur with the
effectiveness of using greenhouse grown material for screening
artemisinin content as was used by Graham et al. (2010).

DISCUSSION

The present study describes several selections we have identified
that produce high levels of artemisinin (up to 2.16%) and

TABLE 3 | Effects of plant growth regulators on shoot and callus production in
Artemisia annua cultures after 6 weeks; n = 24.

BA NAA Shoot Callus No.
(M) (M) shootsY
FW (9) DW (g) FW (9) DW (g)

0 0 0.69c? 0.13c Ob Ob 1.4c
0.89 0.27 8.88b 0.86b 1.83a 0.20a 42.3a
1.78 0.27 12.56a 1.08a 1.30ab 0.13ab 26.9b
2.67 0.27 9.42b 0.92ab 2.45a 0.25a 20.1b
3.56 0.27 9.88b 0.81b 2.45a 0.24a 12.2bc

“Mean separation by LSD, p = 0.05. Means within the same column followed by
the same letter are not significantly different. Yn = 9.

which exhibit superior agronomic characteristics including high
leaf area and biomass production. When grown as clonal
plots, artemisinin yields per hectare were remarkable. Our best
genotype, C1, when planted at the density of 1 plant/m?, had
a 2.16% artemisinin content and produced 3.22 t/ha leaf dry
weight, for an estimated gross primary productivity of 69.6 kg
of artemisinin/ha. In nature, artemisinin content in the leaves
and flowers of wild-type A. annua is low (0.03-0.8%) (Charles
et al., 1990; Ferreira et al., 1995; Alejos-Gonzalez et al., 2011;
Liu et al,, 2011). Improving artemisinin content through genetic
breeding has increased content. Nonetheless, yields are usually
0.5-1.2% artemisinin, yield of dry leaf per hectare varies from
1.5 to 2 t per hectare and reports indicate that a yield of 6-14 kg
of artemisinin per hectare from well-managed plantations can be
expected (CNAP, 2017).

Growers in Madagascar have used cuttings of selected
plants for their commercial crops for their desirable agronomic
characteristics. Although this practice is labor-intense it produces
more robust plants than the ones generated from seedlings
(Ellman and Bartlett, 2010). These authors also mentioned a plant
density of 1 plant/m? for robust plants and up to 3 plants/m? for
less robust plants. However, there is no mention of cuttings being
used to produce a crop with robust plants that are also higher in
artemisinin concentration or for a homogeneous crop regarding
artemisinin concentration per plant.

Artemisinin concentration is an extremely variable trait in
A. annua ranging from 0.5 to 1.07% (Delabays et al., 2001).
Although the high-heritability of artemisinin content has been
experimentally confirmed by broad and narrow-sense heritability
(Ferreira et al., 1995; Delabays et al., 2002), production of
F; hybrids produced from homozygous inbred plants has
been problematic because A. annua exhibits self-incompatibility
(Peter-Blanc, 1992; Wetzstein et al., 2014) which results in
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TABLE 4 | Effects of BA in combination with NAA on shoot and callus growth for different genotypes of Artemisia annua after 6 weeks.

Treatment (M) FW (g9) DW (g) WC (%) No. shootsY
BA NAA Callus Shoot Callus Shoot Callus Shoot

0.89 0.27 1.2¢? 14.4b 0.1¢c 1.3a 1.1c 13.2b 55.2a
1.78 0.27 2.5b 15.6ab 0.2b 1.3a 2.3b 14.2ab 64.4a
3.56 0.27 3.9a 17.3a 0.3a 1.4a 3.5a 15.9a 54.1a
Genotype

C10 0.8c 18.5b 0.09¢c 1.6a 0.7¢c 16.8b 91.4a
B6 5.0a 16.0c 0.38a 1.4b 4.6a 14.6¢c 59.2b
MP11 1.9bc 21.9a 0.16bc 1.7a 1.7bc 20.2a 53.8b
3M 2.4b 6.6d 0.23b 0.6¢ 2.1b 6.0d 26.0c

ZMean separation by LSD, p = 0.05. Means within the same column followed by the same letter are not significantly different. Yn = 24 cultures.

TABLE 5 | Effects of IBA concentration on the rooting of regenerated shoots in two genotypes of Artemisia annua after 4 weeks.

IBA (M) C10 clone MP11 clone
Rooting (%) No. roots No. lateral roots Rooting (%) No. roots No. lateral roots
0 8.3¢? 0.1c 0.3b 22.2¢ 1.2¢c 1.0b
2.4 66.7b 2.2c 0.9b 70.4b 4.9c 1.3b
4.9 83.3ab 5.8b 2.3b 92.6a 12.3b 3.7b
9.8 100.0a 13.6a 5.1a 92.6a 26.3a 8.6a

ZMean separation by LSD, p = 0.05. Means within the same column followed by the same letter are not significantly different.

the inability to produce homozygous lines by inbreeding.
The so-called hybrid seed presently available for A. annua is
produced by crossing two heterozygous and genetically-different
parental genotypes, which results in highly variable progeny. The
production of inbred lines can potentially be accomplished by
producing double haploids (Liu et al., 2016), but this technique
must be demonstrated for A. annua and would be an extensive
effort.

Vegetative propagation and the use of clones are standard
methods used in horticultural crop production of floriculture,
vegetable and major plantation crops. Cloning produces plants
that are genetically identical, maintain desired characteristics,
and is a means for the immediate capture of improvements in
species that are difficult to breed by conventional means such as
A. annua.

Methods for the vegetative propagation of clonal lines
selected for high artemisinin have been demonstrated in this
paper using two strategies: (1) in vitro tissue culture and (2)

TABLE 6 | Rooting response of different Artemisia annua genotypes after 4 weeks
on media containing 9.8 wm IBA; n = 50.

Genotype Rooting (%) No. roots
3M 98a* 17.0a
C10 100a 14.5ab
B6 100a 9.6bc
MP11 78b 6.2c

“Mean separation by LSD, p = 0.05. Means within the same column followed by
the same letter are not significantly different.

cutting propagation. Further, proof of concept studies verified
that clonally-propagated plants provide consistent sesquiterpene
production originally found in mother plants, and crop
uniformity. Plants were morphologically similar in vegetative
characters such as branching, shoot growth patterns, and leaf
morphology. Observations in our clonal plots indicated that
time-to-flowering was consistent within a genotype (data not
presented) which will aid in time-to-harvest decisions. Harvest
is often timed for the peak in artemisinin and biomass, which
were prior to flowering for both early and late flowering clones
(Delabays et al., 2001; Ferreira, 2008) making reproductive
uniformity within a field plot an advantage.

Micropropagation or tissue culture affords some distinct
advantages as a propagation strategy including the ability
to produce millions of contaminant-free elite plants. High
propagation rates were achieved in the current study using
adventitious shoot formation. The methods were effective for
many genotypes, and cultures lines can be initiated from mature
greenhouse or field-grown plants. Unlike culture systems that
require axenically-germinated seed or young seedling tissues for
culture initiation, plants with proven artemisinin content and
field performance can be used. Some genotypic differences in
culture were observed. Thus, media optimization studies are
anticipated to be necessary for different genotypes. Also, tissue
culture plants analyzed by HPLC-UV, which had no developed
roots, and had only traces or no artemisinin, dihydroartemisinic
acid, or artemisinic acid. These results agree with a previous
report that rootless A. annua plants had negligible amounts
of artemisinin when compared to control rooted tissue culture
plants (Ferreira and Janick, 1996).
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FIGURE 3 | Scheme showing the tissue culture protocol developed for the clonal propagation of A. annua. Cultures can be initiated from shoot tip or leaf explants of
established plants placed on a shoot induction medium. Shoot multiplication is facilitated on a medium with BA and KIN. Transfer of shoots to a basal medium
promotes the elongation of shoots, prevents continued shoot proliferation and enhances rooting of shoots when transferred to a medium with IBA. Following

acclimation, plantlets outplanted into the field exhibit uniform growth.

TABLE 7 | Artemisinin concentration (g/100 g DW) of leaves from field-grown
plants of two cloned genotypes (3M and MP11) propagated by tissue culture or
rooted cuttings.

Plant Propagation  Artemisinin RSD? (%) Significance

material method (%) (n =4) (p)

3M clone Tissue culture 0.78 14.4 0.83"
Cutting 0.76 14.7

MP11 clone Tissue culture 0.79 10.4 1.00m
Cutting 0.78 5.86

Open pollinated 0.70 33.65 N/A

seedlings

Variability (RSD) was compared to plants derived from open-pollinated seed. Plants
were placed in the field on 24 June and harvested on 14 September. ?RSD, relative
standard deviation; ns, no significant difference.

Although plant tissue culture has been used to produce
natural and pharmaceutical products in a number of systems,
the current study confirms that shoot cultures are a poor
source for sesquiterpenes. The production of artemisinin by
means of cell, tissue, or organ cultures is not viable (Nair
et al., 1986; Ferreira and Janick, 1996). The low artemisinin
concentrations of A. annua leaves developed in vitro is a common
observation (Covello et al., 2007), and may be a function of
the scarcity of glandular trichomes in tissue-cultured shoots
(H. Wetzstein, personal communication). Callus grown in tissue
culture contains little or no artemisinin (Nair et al., 1986; Ferreira
and Janick, 1996). Production of artemisinin in bioreactors has
not achieved high artemisinin levels (Kim et al., 2001; Liu
etal., 2003, 2006). Although nutrients, growth regulators, oxygen,

and culture systems play important roles in optimizing final
artemisinin concentration (Weathers et al., 1997; Kim et al., 2001;
Mohammad et al., 2014), bioreactors are not a commercially
feasible approach to produced artemisinin. An approach using
genetically engineered yeast cultures has produced artemisinic
acid (Ro et al,, 2006), but commercial production of artemisinin
using this technology has not materialized. More recently,
artemisinin has been produced in engineered moss (Khairul
Ikram et al., 2017), but with a very low concentration (0.021%).
Thus, we envision the use of in vitro culture in A. annua as a
method for micropropagation.

Propagation by cuttings was also found to be an effective
method for propagation of A. annua. High rates of rooting were
obtained using both tip and nodal cuttings. Plant material could
be provided to growers as rooted cuttings or as unrooted cuttings
that would be placed in misted field nurseries for rooting before
field transplanting. Use of cuttings is widespread for ornamentals
production and about 5 billion cuttings are produced per year
in tropical countries and air-freighted to temperate growers
(Faust et al., 2017). Cuttage operations are simpler and require
less infrastructure and expertise than needed for tissue culture.
However in this case, special greenhouse facilities would be
required for cuttage technology because artemisia is a short-day,
monocarpic species which flowers, sets seed, and then dies if
plants are not maintained under long days. Mother plants must
be maintained in greenhouses supplied with artificial light to
remain vegetative.

Generally, vegetative propagation is more costly (per unit
propagule) than seed propagation (Hartman et al, 2011).
Facilities needed for vegetative propagation include protected

Frontiers in Plant Science | www.frontiersin.org

March 2018 | Volume 9 | Article 358


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Wetzstein et al.

Clonal Propagation of High Artemisinin Genotypes

TABLE 8 | Plant growth characteristics of field-grown plants propagated by tissue culture or cuttings.

Propagation Dry weight (g) Leaf:shoot ratio Leaf area (cm?)
method?

Leaf Shoot Root Total plant
Cuttings 225aY 446a 124a 796a 0.52a 12.8a
Tissue culture 198a 415a 102a 714a 0.48a 13.1a

Zn = 6 plants per propagation method. Planting date 24 June; harvest date 14 September. Y Mean separation by LSD, p = 0.05. Means within the same column followed

by the same letter are not significantly different.

TABLE 9 | The effect of growing conditions on artemisinin (ART),
dihydroartemisinic acid (DHAA), and artemisinic acid (AA) content in three
genotypes of Artemisia annua.

Genotype*  Growth ART (%) DHAA (%) AA (%)
conditions

3M Field 1.94+023 080+0.13 0.10 £ 0.02
Greenhouse 1.80+021 0.68+0.12 0.07 + 0.01
Tissue culture 0.02 £0.02 0.02 +£0.01 0.00 + 0.00

MP11 Field 1.21+£0.07 053+0.16 0.07 £ 0.01
Greenhouse 1.256 £0.07 0.44 £0.04 0.06 + 0.006
Tissue culture 0.02+0.06 0.08+0.032 0.01+0.002

C10v Greenhouse 1.23+£0.06 1.24+0.12 0.32 £0.02
Tissue culture 0.03+0.01 0.10+£0.05 0.01 + 0.002

Zn = 4 for each genotype and growing condition. Y Field material unavailable at the
time of analysis.

culture, mist/high humidity for cuttings, and laboratories if
tissue culture is employed (autoclaves, aseptic hoods, and
growth rooms). However for many crop species, the superiority,
consistent quality, and uniformity of clonal plants justifies the
higher propagation costs. An economic analysis would have to
be made to determine if the increase in yield obtained from
high-artemisinin clones would compensate for the increased
cost of planting stock. Currently, cultivation of A. annua is
accomplished by seed. Because seed are so small (10-15,000
per gram), sowing and germination of seed in a nursery, with
transplantation to allow seedlings to make additional growth
prior to transplanting in the field are commonly practiced,
particularly when purchased high-value seed is used (Laughlin
et al., 2002). Thus, some of the costs of clonal propagation, i.e.,
shoot elongation and explant rooting, may compare similarly
to current steps in seed production, such as thinning and
transplanting. A high-efficiency clonal micropropagation system
could be an economically-feasible alternative to current seed
propagation practices if regeneration rates are high and enhanced
artemisinin production is sufficiently elevated.

Commercial micropropagation is often limited to crops
generating high unit prices, including ornamental plants and
food crops (Kane et al, 2015). The application of additional
in vitro systems such as somatic embryogenesis, bioreactors,
and temporary immersion systems for plant propagation could
provide extremely high regeneration rates, are amenable to
scale up, can provide higher quality plant material, and thus
can significantly decrease the cost of tissue-culture derived
plants (Etienne and Berthouly, 2002; Georgiev et al., 2014).

In horticultural crop production, tissue culture is often used
to maintain and multiply disease-free mother plants used for
cutting propagation. Clones of high-artemisinin lines could be
propagated in individual farms or as a separate operation which
is common in many clonally-propagated crops. Cultures can
be maintained and shipped to locations for rooting and to set
up plant blocks from which mother plants are propagated for
cuttings.

The goals of these studies were to select superior high-
artemisinin-producing genotypes of A. annua, and to develop
methodology to propagate these superior genotypes. The
approach of combining conventional hybridization/selection of
superior genotypes with clonal propagation is a means to enhance
crop yield and artemisinin production. The clonal propagation
of superior high artemisinin-yielding cultivars would provide
significant improvements in crop production, particularly since
to date even the best seed available produce plants highly
variable in artemisinin content and agronomic characteristics
(Graham et al., 2010). Proof of concept studies substantiated
that both tissue culture-regenerated plants and those produced
by cuttings performed better than plants derived from seed in
terms of uniformity, yield, and consistently high artemisinin
content. Using vegetative propagation to produce plants with
homogeneously-high artemisinin can provide a consistent source
of improved plant material that could rapidly become available
to local farmers, help growers to markedly increase artemisinin
yield per cultivated area, and feasibly be adopted in the world’s
major production areas of Southeast Asia and Africa. Cost-benefit
analysis is needed to reveal best management practices employing
sustainable and profitable production criteria.

CONCLUSION

The results of these studies indicate that selection can produce
plants of A. annua with artemisinin levels above 2%. The
current study identified four clones with artemisinin levels
ranging from 1.8 to 2.2% and possessing improved agronomic
characteristics such as high leaf area and shoot biomass
production. Artemisinin production from these genotypes
produced an estimated gross primary productivity from 58 to
70 kg/ha artemisinin, with a crop density of 1 plant m~2,
High artemisinin clones can be propagated vegetatively either
by cuttings or micropropagation. Further, tissue culture can be
used to propagate and provide clean stock plants to disseminate
for cuttings. Further studies are needed to determine if clonal
propagation is cost effective. The efficiency would be a function

Frontiers in Plant Science | www.frontiersin.org

March 2018 | Volume 9 | Article 358


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Wetzstein et al.

Clonal Propagation of High Artemisinin Genotypes

of artemisinin content, biomass production, and costs to produce
plants by cuttings or micropropagation compared to seedling
propagation. The adoption of the vegetative propagation of
superior genotypes, with the development of marketing channels,
will provide a means to meet the growing global demand of
artemisinin and its derivatives, improve human health, and
lead to rural economic growth in some of the world’s poorest
regions. Such value-added enterprises, filling a major void in
rural health and nutrition, will reduce poverty, diversify rural
incomes, and reduce gender inequity. Thus, we envision that the
use of clonal propagation through in vitro cultures or cuttings
of high-artemisinin clones of A. annua can become a more
accessible and practical method for producing homogeneously-
high artemisinin crops that can reduce the price of artemisinin-
combination therapy and continue to be provide a means of
generating income to Asian and African communities afflicted by
poverty and malaria.
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Artemisinin is an important drug for malaria treatment, which is exclusively produced
in Artemisia annua. It's important to dissect the regulatory mechanism of artemisinin
biosynthesis by diverse plant hormones and transcription factors. Our study shows
ethylene, a plant hormone which accelerates flower and leaf senescence and fruit
ripening, suppressed the expression of genes encoding three key enzymes ADS, DBR2,
CYP71AV1, and a positive regulator AaORA involved in artemisinin biosynthesis. Then
we isolated the gene encoding ETHYLENE-INSENSITIVE3 (EIN3), a key transcription
factor in ethylene signaling pathway, by screening the transcriptome and genome
database from Artemisia annua, named AaEIN3. Overexpressing AaEIN3 suppressed
artemisinin biosynthesis, while repressing its expression with RNAi enhanced artemisinin
biosynthesis in Artemisia annua, indicating AaEIN3 negatively regulates artemisinin
biosynthesis. Further study showed the downregulation of artemisinin biosynthesis by
ethylene required the mediation of AaEIN3. AaEIN3 could accelerate leaf senescence,
and leaf senescence attenuated the expression of ADS, DBR2, CYP71AV1, and AaORA
that are involved in artemisinin biosynthesis. Collectively, our study demonstrated a
negative correlation between ethylene signaling and artemisinin biosynthesis, which is
ascribed to AaEIN3-induced senescence process of leaves. Our work provided novel
knowledge on the regulatory network of plant hormones for artemisinin metabolic
pathway.

Keywords: ethylene, AaEIN3, leaf senescence, downregulation, artemisinin

INTRODUCTION

Malaria is a malignant infectious disease caused by plasmodium, severely threatening humans’
health. Nowadays this disease is still prevalent in many areas of Southeast Asia and Africa.
Artemisinin is a well-known remedy for curing malaria, which is isolated from Artemisia
annua and was found first by Chinese scientists in the 1970s. Artemisinin Combination
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Therapy (ACT) has become the first choice for curing
malaria recommended by World Health Organization (WHO)
(Mutabingwa, 2005; Graham et al., 2010; Weathers et al,
2011). Meanwhile, artemisinin and its derivatives have been
found to have anti-schistosomiasis, anti-tumor, and anti-
inflammatory activities (Bhattarai et al., 2007; Efferth, 2007;
Efferth et al., 2008). Therefore, artemisinin and its derivatives
have a good prospect for application as a multi-purpose
natural medication. Artemisinin is mainly extracted from
leaves of Artemisia annua, but its content in wild Artemisia
annua is low (0.1-0.8% dry weight) (Duke et al, 1994;
Kumar et al, 2004). So it's of great significance to elevate
artemisinin production in Artemisia annua by all kinds of
strategies like metabolic engineering, environmental regulation
and genetic breeding. Studying and understanding the regulatory
mechanisms of artemisinin biosynthesis by diverse plant
hormones and transcription factors will conduce to people’s
practice for improving artemisinin production by the above
strategies.

The precursor for artemisinin biosynthesis is farnesyl
diphosphate (FDP) containing three isoprenyl 5-carbon
(C5) units. FDP is formed by the condensation of three
isoprenyl diphosphates (IPPs) through the catalysis of farnesyl
diphosphate synthase (FPS). Then FDP is converted into
dihydroartemisinic acid (DHAA) by sequential catalysis
of amorpha-4,11-diene synthase (ADS), cytochrome P450
monooxygenase (CYP71AV1), artemisinic aldehyde A1l (13)
reductase (DBR2) and aldehyde dehydrogenase 1 (ALDHI1)
(Tang et al., 2014). Finally, the conversion of DHAA into
artemisinin is an automatic reaction under light, without the
need of enzymatic catalysis (Sy and Brown, 2002; Brown and Sy,
2004).

Many transcription factors are found to participate in
artemisinin metabolic regulation. The first discovered
transcription factor that positively regulates artemisinin
biosynthesis in Artemisia annua is AaWRKY1, which activates
the expression of key enzyme genes in artemisinin biosynthetic
pathway (Ma et al., 2009). Afterwards, other transcription
factors, such as AaERF1 and AaERF2 (Yu et al,, 2012), AaORA
(Lu et al., 2013), AaMYC2 (Shen et al., 2016), AabZIP1 (Zhang
et al., 2015), were successively discovered to act positive roles
in the regulation of artemisinin biosynthetic pathway. Now it
has been found that some plant hormones as jasmonate (JA)
(Wang et al., 2010; Caretto et al., 2011), abscisic acid (ABA)
(Jing et al., 2009) and salicylic acid (SA) (Pu et al., 2009; Aftab
et al, 2011) could increase artemisinin production. And the
regulatory mechanism of artemisinin biosynthesis by these
hormones signaling has been partially revealed. The regulation
of artemisinin biosynthesis by these hormones mainly involves
the functioning of MYC2, bZIP1, and NAC-like transcription
factors, respectively (Zhang et al., 2015; Lv et al., 2016; Shen
et al.,, 2016). Moreover, it was reported that adding ethephon
in the medium led to a decrease of artemisinin content in the
roots of Artemisia annua seedlings (Weathers et al., 2005),
but it’s still unclear about the mechanism being responsible
for the decrease of artemisinin content under ethephon
treatment.

Ethylene is a major plant hormone, modulating the process
of plant development, secondary metabolism and stress
response. For example, ethylene could cause morphological
changes in plant seedlings grown in darkness, including the
repression of root and hypocotyl’s extension, the thickening
of hypocotyl’s lateral growth, and the exaggerated apical
hook curvature (Bleecker et al., 1988; Ecker, 1995). And as
a well-known senescence inducer, ethylene could accelerate
fruit ripening and the senescence of flower and leaves (Abeles
et al., 1988). In the regulatory process by ethylene signaling,
ethylene signals are first perceived by and bind with ethylene-
receptor proteins: ETR1/2, ERS1/2, and EIN4, leading to
the inactivation of receptor-CTR1 complex (Kieber et al.,
1993; Hua and Meyerowitz, 1998). Inactive receptor-CTR1
complex cannot phosphorylate EIN2, a component downstream
in ethylene signaling pathway, so that EIN2 would not be
degraded and gets activated (Alonso et al., 1999; Qiao et al,
2012). Then active EIN2 protein suppresses the accumulation
of two F-box proteins EBF1 and EBF2, thus precluding the
degradation of EIN3/EIL1 protein via the EBF1/2-mediated
26S ubiquitin-proteasome pathway (Guo and Ecker, 2003;
An et al, 2010). So at the presence of ethylene, EIN3/EIL1
protein can be maintained and accumulate stably, which
would regulate the expression of ERF transcription factors
and thereby activate the expression of ethylene-responsive
genes downstream (Guo, 2011). Besides that ethylene’s
presence could enhance the stability of EIN3/EIL1 protein
to increase its accumulation, the transcription level of EIN3
gene in leaves would increase with leaves aging. EIN3
protein in Arabidopsis could directly repress microRNA164
transcription, thus promoting the expression of senescence-
associated genes SAGI2 and NAC2 (also named OREI) and
accelerating the process of leaf senescence. Therefore, EIN3
is a senescence-associated gene, involved in regulating the
process of leaf senescence induced by ethylene or aging (Li et al.,
2013).

Previous experimental results of our lab showed that ADS,
DBR2, CYP71AVI, three key enzyme genes in artemisinin
biosynthetic pathway and AaORA, a positive regulator in
artemisinin biosynthesis, have relatively high expression level
in young leaves of Artemisia annua. As leaves get matured
and senescent, their expression level drops rapidly (Lu et al,
2013). Meanwhile, the content of DHAA, the end-product
of enzymatic reactions in artemisinin biosynthetic pathway,
is relatively high in young leaves, and its content declines
sharply with leaf maturation and aging (Zhang et al., 2012).
This indicated that leaf aging and senescence will attenuate
artemisinin biosynthesis.

This study mainly focuses on the regulatory effect of
ethylene signaling pathway on artemisinin biosynthesis and
tries to unravel the possible mechanism behind it. Our results
demonstrates that ethylene negatively regulates the expression
of ADS, DBR2, CYP71AVI1, and AaORA that are involved
in artemisinin biosynthesis, and that such negative regulation
is associated with leaf senescence induced by EIN3, a key
component acting in ethylene signaling pathway. Our work
revealed a possible mechanism by which ethylene affects
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artemisinin biosynthesis and provided more knowledge and
clues for researching the regulatory effect of plant hormones on
artemisinin metabolic pathway.

MATERIALS AND METHODS

Cloning and Homology Analysis of
AaEIN3

By analyzing the sequence information in transcriptome
database and full genome database of Artemisia annua
established by our lab (most of sequences in the databases
have been annotated), and by sequence alignment with reported
EIN3/EIL1s from other plant species, the gene sequence
highly homologous to other EIN3/EIL1s was selected out from
the transcriptome database of Artemisia annua, named as
AaEIN3. Homologous alignments of nucleotide and protein
sequences were performed with Protein-Blast Tool at NCBI
website and Vector NTI 9.0 software. Phylogenetic analysis
of AaEIN3 was done through neighbor-joining (NJ) method
with MEGA 5.0 software. Full-length coding region of AaEIN3
was obtained and amplified with primers AaEIN3-ORF1
(5'-GGATCCATGGGGATGGGGATCTTTGAAG-3') and
AaEIN3-ORF2 (5-CTGCAGTCAAAGGTACCACATTG AC
ATATC-3).

Plant Hormone Treatment

Artemisia annua plants were grown in soil matrix in a chamber
(16 h light/8 h dark) at 25°C for the day/22°C for the night
with 65% relative humidity. For analysis of gene expression
mode under ethephon (Et) and aminoxyacetic acid (AOA)
treatments, 500 WM Et solution, 200 puM AOA solution and
sterile water (as the mock) were sprayed evenly over 14-day-
old seedlings of Artemisia annua separately. Young leaves at
the same position from 8 to 10 seedlings were excised and
gathered in the microfuge tube as one biological sample after
0, 1, 3, 6, 9, 12, and 24 h of the treatment, respectively.
These samples were stored at —80°C for subsequent RNA
extraction and qPCR analysis. For analysis of gene expression
mode in transgenic plants under Et treatment, 500 pM Et
solution was sprayed evenly over AaEIN3-ox, WT, and RNAi
plant lines. Then the 2nd leaves counted downward from top
meristems were sampled after 0 and 6 h of the treatment, and
stored at —80°C for subsequent RNA extraction and qPCR
analysis.

Gene Expression Analysis by qPCR

The expression levels of all genes of interest in the study
were detected by quantitative PCR (qPCR). Total RNA was
extracted from plant samples with the Plant RNA Extraction
Kit (Tiangen Biotech, Peking, China) according to the Kkit’s
instructions. Aliquots of 1 g total RNA was used for cDNA
synthesis in a reverse transcription system (Takara, Tokyo,
Japan). The amplification reaction of qPCR was performed in a
Roche LightCycler 96 Real-Time PCR Device, using SYBR Green
qPCR Master Mix reagents (Tiangen Biotech, Peking, China)

according to the manufacturer’s instructions. Relative expression
levels of genes were normalized to the expression of 3-Actin from
Artemisia annua. The specific primers for each gene used in
qPCR are listed in Supplementary Table S1. mRNA expression
levels of the target genes were measured with 274,

Vector Construction and Transformation

of Artemisia annua

For AaEIN3-overexpression vector construction, the coding
region of AaEIN3 with a BamHI and a Pstl restriction site
on either end, respectively, was ligated into the pHB+ vector
under the control of the CaMV35S promoter to generate
pHB-35S:sGFP-AaEIN3:Noster construct, with the sGFP
fused to the N-terminal of AaEIN3. For RNA interference
(RNAIi) vector construction, the primers AaFIN3-RiF (5-CA
CCTGAATCGTGGCGGAACGCTAAA-3') and AaEIN3-RiR
(5'-ACTGAAACCCTGCTGGCATAAA-3") were designed to
amplify a 350 bp-long RNAi fragment with cDNA of AaEIN3
as the template. By using the gateway cloning system, the
RNAI fragment was first ligated into TOPO vector and then
cloned into the pHellsGatel2 vector via LR reaction (Invitrogen,
United States) to generate the final pHellsGate-RNAi construct.
The resulting AaEIN3-overexpression and RNAi constructs
were transduced into Agrobacterium tumefaciens strain EHA105,
respectively, and then introduced into Artemisia annua to
generate transgenic Artemisia annua plants as previously
described (Shen et al, 2012). Independent transgenic lines
were grown and selected in hygromycin-containing MS
medium for pHB-A4EIN3 overexpression transformants,
and in kanamycin-containing MS medium for pHellsGate-
RNAi transformants. AaEIN3-overexpression plant lines were
confirmed by PCR detection with primers AaEIN3-ORF1
(5'-GGATCCATGGGGATGGGGATCTTTGAAG-3') and
rbc48-A (5'-GCATTGAACTTGACGAACGTTGTCGA-3'). And
AaEIN3-RNAi lines were confirmed by PCR detection with
primers p35S-FP (5-TTCGTCAACATGGTGGAGCA-3') and
AaEIN3-RiR (5'-ACTGAAACCCTGCTGGCATAAA-3'). These
transgenic lines were transferred to soil and kept for further
analyses.

HPLC Analysis of Dihydroartemisinic

Acid (DHAA) and Artemisinin Contents

HPLC analysis was used to detect the contents of DHAA
and artemisinin in leaves of Artemisia annua. Samples were
prepared as described previously (Lu et al,, 2013). Artemisia
annua leaves were dried in a drying oven at 45-50°C for
48-72h, and then ground to powder in a mortar. 0.1 g dried
leaf powder was added into 1.5 ml methanol and ultrasonically
oscillated for 30 min at 25°C/50W. After centrifugation at
10000g for 10 min, the clear supernatant was collected
and the extraction was repeated once more. The resulting
supernatant was filtered through a 0.22-um membrane. The
filtrates were analyzed by a Waters Alliance 2695 HPLC system
coupled with a Waters 2420 ELSD detector (Milford, MA,
United States). The mobile phase was methanol/H,O (v:v = 6:4)
for artemisinin measurement, and acetonitrile/0.1% acetate
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FIGURE 1 | Expression levels of genes involved in artemisinin biosynthesis at different time points after ethephon (Et) and aminoxyacetic acid (AOA) treatments,
measured by gPCR. Sterile water was used as the mock treatment. (A) Expression levels of ADS, DBR2, CYP71AV1 (CYP), and AaORA after 0, 1, 3, 6, 9, 12, and
24 h of 500 uM Et treatment. (B) Expression levels of ADS, DBR2, CYP71AV1 (CYP), and AaORA after O, 1, 3, 6, 9, 12, and 24 h of 200 uM AOA treatment.

(C) Expression levels of ADS, DBR2, CYP71AV1 (CYP), and AaORA after 0, 1, 3, 6, 9, 12, and 24 h of sterile water treatment as the mock. Error bars indicate + SD
of three experimental replicates.

(viv = 6:4) for DHAA measurement. The HPLC conditions China), and the standard of DHAA was purchased from Honsea
were set as described previously (Lu et al., 2013). The standard  Sunshine Bio Science & Technology Co., Ltd. (Guangzhou,
of artemisinin was purchased from Sigma-Aldrich (Shanghai, China).
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FIGURE 2 | Sequence characterization of AaEIN3. (A) Sequence alignment of EIN3/EIL1s. Amino acid sequences were aligned as follows: AaEIN3 (Artemisia
annua), AtEINS (Arabidopsis thaliana, Genbank Accession No. AAC49749), AtEIL1 (Arabidopsis thaliana, AECO7930), SIEIL1 (Solanum lycopersicum, AAKS8857),
PhEIL1 (Petunia x hybrid, AAR08677), NtEIL1 (Nicotiana tabacum, AAP03997), AcEIL1 (Actinidia chinensis, AID55343), DcEIL1 (Dianthus caryophyllus, AAF69017),
PsEIL1 (Paeonia suffruticosa, AFI61907), CsEIL1 (Citrus sinensis, NP_001275851), HVEIL1 (Hordeum vulgare, ADO21118), rEIL1 (Vigna radiata, AAL76272), and
MtEIL1 (Medicago truncatula, ACX54782). The completely identical amino acids were shown with capital letters against black background. Less conserved amino
acids were shown with capital letters against dark-gray or relatively light-gray background. Non-conserved amino acids were shown with capital letters against white
background. The darker background there is, the higher sequence homology there is. (B) Phylogenetic analysis of EIN3/EIL1s from different plant species. AaEIN3
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RESULTS AND DISCUSSION

Ethylene Negatively Regulates the
Expression of Genes Involved in

Artemisinin Biosynthesis

An earlier report showed that applying 15 mg/L ethephon
(Et) in the growing medium of Artemisia Annua seedlings
would lead to a decrease of artemisinin content in the
roots (Weathers et al, 2005). To detect whether ethylene
has an impact on the expression of artemisinin biosynthesis-
related genes, we sprayed 500 pM Et solution and 200 uM
AOA (an inhibitor of endogenous ethylene biosynthesis)
respectively, to 14-day old wild type seedlings of Artemisia
annua. The plants of mock group were treated with sterile
water. qPCR was done to detect the expression mode of
ADS, DBR2, CYP71AV1 (CYP), and AaORA, four important
artemisinin biosynthesis-associated genes at different time points
after the treatment. The result showed that Et treatment
significantly downregulated the expression level of ADS, DBR2,
CYP71AVI1, and AaORA in leaves, compared to the mock
group (Figures 1A,C). The expression level of the four genes

dropped to the lowest level after 6 h of Et treatment, and
gradually rose back to the normal level afterward (Figure 1A).
Meanwhile, treatment with AOA significantly upregulated the
expression level of ADS, DBR2, CYP71AVI1, and AaORA in
leaves, compared to the mock group (Figures 1B,C). The
expression level of the four genes rose to the peak after
3 h of AOA treatment, and gradually dropped back afterward
(Figure 1B). This indicated that suppressing endogenous
ethylene biosynthesis could enhance the expression of ADS,
DBR2, CYP71AV1, and AaORA. The above result demonstrated
that ethylene negatively regulates the expression of three
key enzyme genes ADS, DBR2, CYP7IAVI, and a positive
regulator gene AaORA that are involved in artemisinin
biosynthesis.

Isolation and Characterization of EIN3
Sequence in Artemisia Annua
ETHYLENE-INSENSITIVE3 (EIN3) is a key transcription factor
in ethylene signaling pathway. Ethylene regulates the expression
of ethylene-responsive genes downstream via EIN3/EIL1’s
functioning, thus further affecting diverse physiological
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FIGURE 3 | Analyses of (A) expression levels of AaEIN3, ADS, DBR2, CYP71AV1 (CYP), and AaORA and (B) DHAA and artemisinin contents in AaEIN3-ox, WT, and
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courses of plants as germination and development, secondary
metabolism and stress response. We speculated, the repression
of the expression of these artemisinin biosynthesis-associated
genes by ethylene may involve the mediation of EIN3/EIL1
protein. Therefore, dissecting the role of EIN3 in ethylene’s
regulating artemisinin biosynthesis became our major goal in the
research.

Through homologous alignments among the sequences from
transcriptome database of Artemisia Annua and EIN3/EIL1
gene sequences reported in other species, we isolated the
gene sequence of EIN3 from Artemisia Annua transcriptome
database, which is highly homologous to EIN3/EIL1 sequences
from other species, named AaEIN3. AaEIN3 encodes 604
amino acids, with a coding region of 1815 bp. Multiple
alignment showed an identity of 56-67% in protein sequence
between AaEIN3 and EIN3/EILIs from other plant species
(Figure 2A). Phylogenetic analysis showed AaEIN3 is closest in
evolutionary relationship to EIL1 from Citrus sinensis (CsEIL1)
(Figure 2B).

AaEIN3 Negatively Regulates Artemisinin

Biosynthesis

To detect whether AaFIN3 affects artemisinin biosynthesis,
we constructed AaEIN3-overexpressing (ox) vector and
RNAi vector, respectively, and transformed them into
Artemisia Annua plants. PCR was done to select out
AaEIN3-overexpressing (ox) and RNAi transgenic plant
lines. These transgenic plants were kept for further analysis.

qPCR result showed that the expression level of AaEIN3
in AaEIN3-ox plants was significantly elevated, compared
to wild type plants (WT), while the expression level of
ADS, DBR2, and CYP71AVI, three key enzyme genes in
artemisinin biosynthesis, was significantly lower than that of
WT (Figure 3A). Meanwhile, the expression level of AaORA,
a transcription factor positively regulating these key enzyme
genes expression, also significantly declined relative to that in
WT (Figure 3A). This indicated that AaEIN3 overexpression
reduced the expression of ADS, DBR2, CYP71AV1, and AaORA,
which are involved in artemisinin biosynthesis. On the other
hand, in RNAi plants, the expression of AaEIN3 got significantly
repressed, compared to that in WT, while the expression level
of ADS, DBR2, CYP71AV1, and AaORA was significantly higher
than that in WT (Figure 3A). This indicated that repression
of AaEIN3 expression led to an increase of ADS, DBR2,
CYP71AV1, and AaORA expression. These results demonstrated
AaEIN3 negatively regulates the expression of ADS, DBR2,
CYP71AVI1, and AaORA that are involved in artemisinin
biosynthesis.

Then we detected the contents of DHAA and artemisinin
in AaEIN3-ox, RNAi and WT plants by HPLC. The result
showed that in AaEIN3-ox plants, both of DHAA and artemisinin
contents were significantly lower than that in WT plants; while
in RNAI plants, both of DHAA and artemisinin contents were
significantly higher than that in WT plants (Figure 3B). These
above results demonstrated AaEIN3 is a negative regulator in
artemisinin biosynthesis.
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FIGURE 4 | Expression levels of (A) ADS, (B) CYP71AV1 (CYP), (C) DBR2, and (D) AaORA in AaEIN3-ox, WT, and RNAI plants after 0 and 6 h of 500 WM ethephon
(Et) treatment. Data is the mean value & SD of biological replicates (n = 5) from different independent plant lines. Asterisk indicated a significant difference compared
to the value at O h under Et treatment (Student’s t-test, P < 0.05).

The Downregulation of Artemisinin
Biosynthesis by Ethylene Requires the
Mediation of AaEIN3

To detect whether the downregulation of artemisinin
biosynthesis by ethylene involves the function of AaEIN3,
we evenly sprayed AaEIN3-ox, WT, and RNAi plants with
500 wM Et solution, and detected the expression mode of
ADS, DBR2, CYP71AV1, and AaORA in leaves of these plant
lines at 0 and 6 h after the treatment. The result is shown in
Figure 4. Et treatment led to a decline of expression of ADS,
DBR2, CYP71AVI1, and AaORA in all of AaEIN3-ox, WT,
and RNAi plant lines. But in WT, the downregulation effect
of Et on the four genes expression was the most significant
of all. When AaEIN3 expression got repressed by RNAi, the
downregulation effect of Et on the expression of ADS, DBR2,
CYP71AV1, and AaORA got significantly attenuated relative to
that in WT, or rather the responsiveness of the four genes to
ethylene signals got attenuated when AaEIN3 expression was
repressed by RNAI. These results indicated that ethylene signals
downregulate artemisinin biosynthesis via the mediation of
AaEIN3.

What is more, overexpression of AaEIN3 significantly reduced
the expression level of ADS, DBR2, CYP71AV1, and AaORA,
and Et treatment further attenuated the four genes’ expression

in AaEIN3-ox plants. But in AaEIN3-ox plants, the extent of
the reduction in the four genes expression level was not so
significant as that in WT after Et treatment (Figure 4). We
speculate the expression amount of AaFIN3 in AaEIN3-ox
plants has surpassed the normal need for regulating the genes
downstream, and is sufficient to downregulate the expression
level of those genes to the full extent. Ethylene could repress
the degradation of EIN3 protein to make it accumulate
gradually. Under the context of AaEIN3 overexpression driven
by 35S promoter, the further accumulation of EIN3 impelled
by exogenous Et strengthened the negative regulation effect
of EIN3 on genes expression not so significantly as that in
WT. This may explain why the decline in the four genes
expression level in AaEIN3-ox plants after Et treatment is
much lesser than that in WT plants. This result also suggested
a crucial role of AaEIN3 in the regulation of artemisinin
biosynthesis by ethylene signaling pathway from the other
side.

The Downregulation of Artemisinin
Biosynthesis by Ethylene Is Associated
With AaEIN3-Induced Leaf Senescence

Previous study of our lab found that the expression level
of ADS, DBR2, CYP71AVI, and AaORA, and the content of

Frontiers in Plant Science | www.frontiersin.org

April 2018 | Volume 9 | Article 413


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Tang et al.

Ethylene, AaEIN3, Senescence, Downregulation, Artemisinin

[~
(=]
J

AaEIN3

M ox

= =
o w

mRNA expression level
w

o

o
)

* cyp Hox

w

= RNAI

~

mMRNA expression level
[ w A

o

L9 L16

o o o
S o )

mRNA expression level
o
(=]

 ox AaSAG12 .

o
=
~

o
8

mMRNA expression level
o o
o o
w (]

o

L1 L2 L3 LS L7 LS L16

FIGURE 5 | Gene expression levels in leaves at different developmental stages in AaEIN3-ox, WT, and RNAI plant lines. (A-G) show the expression level of AaEIN3,
ADS, CYP71AV1 (CYP), DBR2, AaORA, AaNAC2, and AaSAG12, respectively, in the 1st, 2nd, 3rd, 5th, 7th, 9th, 16th leaf (L1, L2, L3, L5, L7, L9, L16) counted
downward from the top meristem in AaEIN3-ox, WT, and RNAi plants. The lower located, the more aged and senescent the leaf is. Data is the mean value + SD of
biological replicates (n = 5) from different independent plant lines. Asterisk indicated a significant difference compared to the value of WT (Student’s t-test, P < 0.05).

B
_ 16 ADS B OX
: mwT
e 12 = RNAI
il
a
2os
(-9
3
< o4
-4
E
0 ———
L9 L6
° 4, DBR2
E b W oX
2 mWT
5 H RNAi
a
o
(-9
3
g
=
-4
£
T —_—= T T 1
L7 L9 L6
F
- 1
% g AaNAC2 x
2038
[
2
1]
§ 0.6
(-8
d 04
£
e 0.2
[
0

DHAA, the end-product of enzymatic reactions in artemisinin
biosynthesis, are relatively higher in younger leaves. As leaves
get matured and senescent, the four genes expression level
and DHAA content get lower rapidly, that demonstrated
that the process of leaf maturation and senescence repressed
the expression of these genes participating in artemisinin
biosynthesis (Zhang et al., 2012; Lu et al., 2013). Besides, an
earlier study reported that EIN3 transcription in leaves of
Arabidopsis would increase with leaves aging, and that EIN3
protein could directly repress miR164 transcription to increase

the expression of senescence-associated genes as NAC2 (also
named OREI) and SAGI2, thus accelerating leaf senescence (Li
et al., 2013). Therefore, EIN3 is a senescence-associated gene,
which can promote the process of ethylene- or age-dependent
leaf senescence. Based on the previous findings, we infer that
ethylene’s negative regulation of artemisinin biosynthesis may
correlate with EIN3-induced leaf senescence.

To confirm such inference, qPCR analysis was done to
detect the expression mode of genes in leaves at different ages
or developmental stages in the same phyllotaxy. On a stem
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FIGURE 6 | The phenotype difference of leaves at different developmental stages on the phyllotaxy among AaEIN3-ox, WT, and RNAi plants. L1, L2, L3, L5, L7, L9,
L16 is the 1st, 2nd, 3rd, 5th, 7th, 9th, 16th leaf counted downward from the top meristem, respectively. The lower the leaf is located, the more aged and senescent
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of the plant, the closer to top meristems, the younger the
leaf is; the lower located, the more aged and senescent the
leaf is. qPCR result showed that AaEIN3 expression level is
lowest in the youngest leaf closest to top meristems (marked
as L1 in Figure 5), and gets higher as leaf becomes aged
and senescent in all of AaEIN3-ox, WT, and RNAi plant lines
(Figure 5A). But the expression mode of ADS, CYP71AVI,
DBR2, and AaORA, is on the contrary to that of AaEIN3:
the more aged and senescent the leaf is, the lower their
expression level gets (Figures 5B-E). This result is consistent
with the previous report, indicating the aging and senescence of
leaves attenuated the expression of the four genes involved in
artemisinin biosynthesis.

Then, to detect whether AaEIN3 expression could accelerate
leaves’ senescence process, we screened Artemisia Annua
transcriptome database and its full genome database (the
sequence information of both databases has not been published
yet), and selected out the cDNA sequences of a senescence-
associated gene NAC2 and a senescence marker gene SAGI2 in
Artemisia Annua, named AaNAC2 and AaSAGI2, respectively.
gqPCR result showed that the expression level of AaNAC2
and AaSAGI2 increased with the increase of leaves age
(Figures 5FE,G), as does the expression level of NAC2 (OREI)
and SAGI2 in Arabidopsis thaliana reported previously (Li
et al., 2013). Through comparing the expression level of
AaNAC2 and AaSAGI2 in the leaves at the same developmental
stage (ranking at the same position in the phyllotaxy)
among AaEIN3-ox, WT, and RNAIi plants, we found AaEIN3
overexpression increased AaNAC2 and AaSAGI2 expression,
while repressing AaEIN3 expression by RNAi reduced AaNAC2
and AaSAG12 expression (Figures 5F,G). This indicated AaEIN3
could promote the expression of leaf senescence-associated
genes.

Moreover, we observed the phenotype of leaves in the same
phyllotaxy in AaEIN3-ox, WT, and RNAIi plants. In AaEIN3-ox
plants, the point at the edge of the 5th leaf counted downward
from the top meristems (L5) began to show slight etiolation, and
the etiolation phenomenon became more and more visible in
the 7th, 9th, and 16th leaves counted downward from the top
meristems (L7, L9, L16). Compared to AaEIN3-ox plants, L5 in
WT plants has not shown etiolation, and the point at the edge
of L7 and L9 in WT only exhibited slight trace of etiolation.
The etiolation signs got more visible in L16 of WT plants, but
the etiolation extent of L16 in WT plants was still lesser than
that in AaEIN3-ox plants. On the other hand, none of the leaves
L1-L16 in RNAi plants exhibited etiolation signs (Figure 6).
These phenomena indicated AaEIN3 overexpression accelerated
leaf senescence, and repression of AaEIN3 expression by RNAi
delayed leaf senescence, which further demonstrated AaEIN3 is
a senescence-associated gene that can induce leaf senescence in
Artemisia annua.

Taken together, our study proposed a mechanism by which
ethylene negatively regulates artemisinin biosynthesis, shown in
Figure 7. Ethylene signal promotes the senescence process of
leaves in Artemisia annua via the mediation of AaEIN3, a key
component in ethylene signaling pathway. And leaf senescence
attenuates the expression of ADS, DBR2, CYP71AVI, and
AaORA, thus reducing DHAA biosynthesis and finally leading
to the decrease of artemisinin accumulation in Artemisia annua.

Ethylene > AaEIN3 > Leaf :Dgé}l:BRZ/CV.P/ A.rtemisLiniVT
aORA Exp! y

FIGURE 7 | lllustration of the mechanism by which ethylene signaling
negatively regulates artemisinin biosynthesis.
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Our work discovered the first negative regulator (AaEIN3) for
artemisinin biosynthesis and provided more novel knowledge
and clues on how plant hormone signals regulate artemisinin
metabolic pathway. However, it’s still to be explored and studied
as for the issues how the process of maturation and senescence
of leaves modulates the expression of key genes involved in
artemisinin biosynthesis, and what transcription factors or other
signaling pathways get involved in this modulation. All of these
issues need further research.
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Chemical derivatives of artemisinin, a sesquiterpene lactone produced by Artemisia
annua, are the active ingredient in the most effective treatment for malaria.
Comprehensive phytochemical analysis of two contrasting chemotypes of A. annua
resulted in the characterization of over 80 natural products by NMR, more than 20 of
which are novel and described here for the first time. Analysis of high- and low-artemisinin
producing (HAP and LAP) chemotypes of A. annua confirmed the latter to have a low
level of DBR2 (artemisinic aldehyde A''("3) reductase) gene expression. Here we show
that the LAP chemotype accumulates high levels of artemisinic acid, arteannuin B,
epi-deoxyarteannuin B and other amorpha-4,11-diene derived sesquiterpenes which
are unsaturated at the 11,13-position. By contrast, the HAP chemotype is rich in
sesquiterpenes saturated at the 11,13-position (dihydroartemisinic acid, artemisinin
and dihydro-epi-deoxyarteannunin B), which is consistent with higher expression levels
of DBR2, and also with the presence of a HAP-chemotype version of CYP71AV1
(amorpha-4,11-diene C-12 oxidase). Our results indicate that the conversion steps from
artemisinic acid to arteannuin B, epi-deoxyarteannuin B and artemisitene in the LAP
chemotype are non-enzymatic and parallel the non-enzymatic conversion of DHAA
to artemisinin and dihyro-epi-deoxyarteannuin B in the HAP chemotype. Interestingly,
artemisinic acid in the LAP chemotype preferentially converts to arteannuin B rather than
the endoperoxide bridge containing artemisitene. In contrast, in the HAP chemotype,
DHAA preferentially converts to artemisinin. Broader metabolomic and transcriptomic
profiling revealed significantly different terpenoid profiles and related terpenoid gene
expression in these two morphologically distinct chemotypes.

Keywords: Artemisia annua, chemotype, artemisinin, NMR, sesquiterpenes, glandular trichomes

INTRODUCTION

Chemical derivatives of the sesquiterpene lactone, artemisinin, such as: artesunate, artemether
or dihydroartemisinin are one of several active ingredients in artemisinin-combination therapies
(ACTs)—the most effective treatment for malaria currently available. Biosynthesis of artemisinin
occurs in specialized 10-celled biseriate glandular trichomes present on the leaves, stems
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and inflorescences of Artemisia annua (Duke and Paul, 1993;
Duke et al,, 1994; Ferreira and Janick, 1995). Concentrations
of artemisinin can range from 0.01 to 1.4% of leaf dry
weight (Larson et al,, 2013). The biosynthetic pathway from
artemisinin precursors has been fully elucidated over the
past decade (Figure3C). It starts from the cyclization of
farnesyl pyrophosphate (FPP) to amorpha-4,11-diene (A-
4,11-D) by amorph-4,11-diene synthase (AMS) (Bouwmeester
et al., 1999; Mercke et al., 2000) followed by the three-step
oxidation of A-4,11-D by amorpha-4,11-diene C-12 oxidase
(CYP71AV1), to artemisinic alcohol (AAOH), artemisinic
aldehyde (AAA), and artemisinic acid (AA) (Ro et al,
2006; Teoh et al, 2006). ADH1—NAD-dependent alcohol
dehydrogenase with specificity toward artemisinic alcohol plays
a role in the formation of artemisinic aldehyde in the
artemisinin pathway of A. annua (Paddon et al., 2013). The
ADHI gene has been used to improve yields of artemisinic
acid production in yeast (Paddon et al, 2013). Artemisinic
aldehyde A11(13) reductase (DBR2) catalyzes the formation
of dihydroartemisinic aldehyde (DHAAA) from AAA (Zhang
et al., 2008). DHAAA is subsequently oxidized in the final
enzymatic reaction to dihydroartemisinic acid (DHAA) by
aldehyde dehydrogenase ALDHI1 (Teoh et al., 2009). Genes
encoding all of these biosynthetic enzymes have been shown to
be highly expressed in apical and sub-apical cells of A. annua
glandular trichomes (Olsson et al., 2009; Soetaert et al., 2013).
Recent studies have revealed that the conversion of DHAA
to artemisinin and dihydro-epi-deoxyarteannuin B (DHEDB)
proceeds via a series of non-enzymatic and spontaneous
photochemical reactions, involving the highly reactive tertiary
allylic hydroperoxide of dihydroartemisinic acid, DHAAOOH
(Wallaart et al., 1999; Sy and Brown, 2002; Brown and Sy,
2004). Similarly, it has previously been proposed that AA
is photochemically converted to arteannuin B (ArtB) via the
tertiary allylic hydroperoxide of artemisinic acid (Brown and Sy,
2007).

Based on the content of artemisinin and its precursors,
two contrasting chemotypes of A. annua have been described:
a low-artemisinin production (LAP) chemotype and a high-
artemisinin production (HAP) chemotype (Wallaart et al., 2000).
Both chemotypes contain artemisinin, but the HAP chemotype
has a relatively high content of DHAA and artemisinin, whereas
the LAP chemotype has a high content of AA and ArtB
(Lommen et al, 2006; Arsenault et al., 2010; Larson et al.,
2013). Recent studies have concluded that a major factor in
determining the biochemical phenotype of HAPs and LAPs is
the differential expression of DBR2—with low expression in LAP
chemotypes correlating with a number of insertions/deletions
in the DBR2 promoter sequence (Yang et al, 2015). We
have recently shown that the overall pathway to artemisinin
biosynthesis is under strict developmental control with early
steps in the pathway occurring in young leaves and later steps
in mature leaves (Czechowski et al, 2016). In the present
study, we have used both metabolomics and transcriptomics
to investigate the developmental regulation of sesquiterpene
biosynthesis in HAP and LAP chemotypes. Using a combination
of NMR and UPLC-/GC-MS techniques we have characterized a

number of amorphane and cadinane sesquiterpenes in addition
to other terpenes isolated from leaf glandular trichomes.
We have also extended the transcript analysis in HAPs
and LAPs beyond the genes encoding artemisinin-pathway
enzymes. Our findings suggest profound differences in general
terpenoid metabolism between HAP and LAP chemotypes that
extend well beyond altered DBR2 expression and artemisinin
content.

MATERIALS AND METHODS

Plant Material

Artemis is an F1 hybrid variety of A. annua developed by
Mediplant (Conthey, Switzerland), produced by crossing C4
and Cl parental material of East Asian origin (Delabays
et al, 2001). Artemisinin content has been reported to
reach 1.4% of the leaf dry weight when grown in the
field, and its metabolite profile is typical for the HAP
chemotype (Larson et al, 2013). NCV (“non-commercial
variety”), an “open-pollinated” variety of European origin was
also provided by Mediplant, and has the lowest reported
artemisinin content from any A. annua germplasm in addition
to a metabolite profile characteristic of the LAP chemotype
(Larson et al, 2013). Plants were grown from seeds in
glasshouse conditions as previously described (Graham et al,
2010).

Leaf Area Measurements

The leaf area of glasshouse-grown plants was measured by
scanning for leaves 14-16 (counting from the apical meristem),
followed by calculation of the leaf area using LAMINA software
(Bylesjo et al., 2008).

Trichome Density Measurements

Trichome density was quantified on the abaxial surface of
the terminal leaflets of leaves 14-16 (counting from the
apical meristem). Trichomes were visualized using a Zeiss
fluorescent dissecting microscope (fitted with a 470/40 nm
excitation filter/ 525/50 nm emission filter). Images were
recorded using AxioVision 4.7 software (Carl Zeiss Ltd.
Herts., UK). Trichome number was counted manually
across a 3 x 0.5 mm? leaflet sample area and the average

(mean) trichome density was then calculated for the whole
leaf.

NMR Structural Data for Natural
Compounds From Artemis and NCV

Leaf and stem material from Artemis (5Kg) was extracted
in CHCIl;3 (20L). The organic solvent was removed by rotary
evaporation and a portion of the residual dark green aromatic
plant extract (ca 2.5% w/w) was “dry-loaded” on to a silica
column for gradient column chromatography (see Table section
Gradient Column Chromatography of the Artemis Variety of A.
annua).
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Gradient Column Chromatography of the Artemis

Variety of A. annua

Solvent

Fraction

10% EtOAc/hexane
20% EtOAc/hexane
30% EtOAc/hexane
50% EtOAc/hexane
EtOAC

Methanol

A, Bx, C and Dx
E,FG H landJ
K, L, M, N and Ox
PandQ

R, S, Tx,Uand V
W, Xand Y

Each of the fractions A-Y from gradient column
chromatography of Artemis were then further purified by
isocratic preparative normal-phase HPLC (*fractions B, D, I,
O, and T were also subjected to a second round of isocratic
column chromatography prior to prep. HPLC); and individual
metabolites were then characterized by NMR, as listed in
Figure 1A and the Supplemental Table 1 (1D- and 2D-NMR
data for all metabolites is also given in the Supplementary
List 1). Selected fractions were analyzed by UPLC-APCI-
high resolution MS to verify molecular weights and chemical
formulae. Confirmed annotations were used to update m/z
and retention time reference data, to enable reporting of these
compounds from plant extracts by UPLC-MS.

Leaf and stem material from the NCV variety of A. annua
(780 g) was extracted in CHCIl3 (4L). The organic solvent was
then removed by rotary evaporation and the residual dark green
aromatic plant extract (16.6 g; ca 2% w/w) was dry-loaded onto
a silica column for gradient column chromatography (see Table
section Gradient Column Chromatography of the NCV Variety
of A. annua).

Gradient Column Chromatography of the NCV Variety
of A. annua

Solvent Fraction
2% EtOAc/hexane A, BandC
10% EtOAc/hexane D,E,Fand G
20% EtOAc/hexane G,Hand |
40% EtOAc/hexane J,Kand L
EtOAc Mand N
Methanol N

Each of the fractions A-N from gradient column

chromatography of NCV were then further purified by isocratic
preparative normal-phase HPLC; individual metabolites
were then characterized by NMR, as listed in Figure 1B and
the Supplemental Table 1 (1D- and 2D-NMR data for all
metabolites are also given in the Supplementary List 2). Selected
fractions were analyzed by UPLC-APCI-high resolution MS to
verify molecular weights and chemical formulae. Confirmed
annotations were used to update m/z and retention time

reference data, to enable reporting of these compounds from
plant extracts by UPLC-MS.

Metabolite Analysis by UPLC-MS and
GC-MS

Metabolite analysis by UPLC- and GC-MS were performed as
described previously (Czechowski et al.,, 2016). Fifteen plants
from each of five genotype classes were grown from seeds in
4-inch pots under 16h days for 12 weeks. Metabolite profiles
were generated from 50 mg fresh weight (FW) pooled samples
of leaves collected at two different developmental stages: 1-5
(counted from the apical meristem), representing the juvenile
stage; and leaves 11-13, representing the mature, expanded stage
(Figure 3A). Fresh leaf samples were stored at —80°C, pending
analysis. In addition, dry leaf material was also obtained from 14-
week old plants, cut just above the zone of senescing leaves, and
dried for 14 days at 40°C. Leaves were stripped from the plants,
and leaf material sieved through 5mm mesh to remove small
stems. Trichome-specific metabolites were extracted as described
previously (Czechowski et al., 2016) with minor modifications.
Briefly, 50 mg of fresh material was extracted by gentle shaking
in 500 pl chloroform for 1h. Supernatant was taken out
and remaining plant material was fully dried in a centrifugal
evaporator (GeneVac® Ez-2 plus, Genevac Ltd, Ipswich, UK).
Weight of the extracted and dried material was taken and used
to quantify abundance of the specific compounds per unit of
extracted dry weight. Dry leaf material (0.5g) was ground to a
fine powder using a TissueLyser II ball mill fitted with stainless
steel grinding jars (Qiagen, Crawley, UK) operated at 25 Hz for
1 min. Ten mg sub-samples of dry leaf material were extracted in
9:1 (v/v) chloroform:ethanol with gentle shaking for 1 h and then
analyzed as per fresh material.

For UPLC-MS analysis of sesquiterpenes, a diluted (1:5
(v/v) extract:ethanol) 2 nL aliquot was injected on an Acquity
UPLC system (Waters, Elstree, UK) fitted with a Luna 50 x
2mm 2.5pum HST column (Phenomenex, Macclesfield, UK).
Metabolites were eluted at 0.6 mL/min and 60°C using a linear
gradient from 60 to 100% A:B over 2.5 min, where A = 5% (v/v)
aqueous MeOH and B = MeOH, with both A and B containing
0.1% (v/v) formic acid. Pseudomolecular [M+H]" ions were
detected using a Thermo Fisher LTQ-Orbitrap (ThermoFisher,
Hemel Hempstead, UK) mass spectrometer fitted with an
atmospheric pressure chemical ionization source operating in
positive ionization mode under the control of Xcalibur 2.1
software. Data was acquired over the m/z range 100-1,000 in
FTMS centroid mode with resolution set to 7500 FWHM at
m/z 400. Data extraction and analysis was performed using
packages and custom scripts in R 3.2.2 (https://www.R-project.
org/). XCMS (Smith et al., 2006) incorporating the centWave
algorithm (Tautenhahn et al, 2008) was used for untargeted
peak extraction. Deisotoping, fragment and adduct removal was
performed using CAMERA (Kuhl et al, 2012). Artemisinin
was quantified using the standard curve of the response ratio
of artemisinin (Sigma, Poole, UK) to internal standard (8-
artemether; Hallochem Pharmaceutical, Hong Kong) that was
previously added to extracts and standards. Metabolites were

Frontiers in Plant Science | www.frontiersin.org

57

May 2018 | Volume 9 | Article 641


https://www.R-project.org/
https://www.R-project.org/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Czechowski et al.

Comparative Analysis of Artemisia Chemotypes

A 14 14 14
5B-hydroperoxy-eudesma-
4(15),11-diene (4)
11-Hydroxy- 6a-Hydroxy-arteannuin J (19)
arteannuin | (18) Arteannuin P (20)
12
abeo-Amorphane
sesquiterpene (27) 25 (keto form) 26 (ketal form)
Arteannuin Q (25) /(26)
B 14 !

SIS

HO,C
12

7a-Hydroxy-isoartemisinic

Arteannuin R (54)
acid (52)

1

4

epi-11-Hydroxy-
arteannuin | (64)

Artemisinic acid 6a-
peroxy ester (65)

12

Arteannuin Y (74)

(E)-7-Hydroxy-2,7-dimethylocta-
2,5-dien-4-one (43)

(E)-7-Hydroperoxy-2,7-
dimethylocta-2,5-dien-4-one (44)

Arteannuin S (55)

Arteannuin T (69)

14

Isoarteannuin A (77)

RIS

(o

4a, Sa-Epoxy-6a-
hydroxyartemisinic acid
methyl ester (57)

Dehydroarteannuin L
(59)

12

Arteannuin Z (78) 6-Hydroxy-y-humulene (48)

Q
13
S e
14
3 12
f
7 9\ 23
15 107

3-(2-(2,5-Dihydrofuran-3-

yl)ethyl)-2,2-dimethyl-4-

methylenecyclohexan-1-
one (79)

4

6,7-Epoxy-6,7-dihydro-B-farnesene
(a5)

consistent with Supplementary Lists 1 and 2. Numbering of carbon atoms showed.

FIGURE 1 | Novel natural compounds characterized from the Artemis (A) and NCV (B) varieties of A. annua by the NMR approach. Numbering of compounds is

identified with reference to authentic standards or NMR-resolved
structures and empirical mass formulae calculated using the R
package rcdk (Guha, 2007) within 10 ppm error and elemental
constraints of: C = 1-100, H = 1-200, O = 0-20, N = 0-1. Peak

concentrations were calculated using bracketed response curves,
where standard curves were run every ~30 samples. Metabolite
concentrations were expressed as a proportion of the residual dry

leaf material following extraction.
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FIGURE 2 | Ten pairs of 11,13-dihdyro/ 11,13-dehydro amorphanolides between Artemis (left-hand side) and NCV (right-hand side) varieties of A. annua

characterized by the NMR approach. Numbering of compounds is consistent with Supplementary Lists 1, 2. Numbering of carbon atoms showed. Novel compound
indicated by asterisk.

For analysis of monoterpenes and volatile sesquiterpenes from  analysis using an Agilent 6890 GC interfaced to a Leco Pegasus IV
fresh leaf samples, an aliquot of chloroform extract (prior to ~ TOF MS (Leco, Stockport, UK). A 1 uL aliquot was injected into
dilution with ethanol for UPLC analysis) was taken for GC-MS  a CIS4 injector (Gerstel, Miilheim an der Ruhr, Germany) fitted
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FIGURE 3 | Metabolic and transcriptomic comparison of the artemisinin pathway in the low- vs. high-artemisinin chemotypes of A. annua. (A) Level of selected
sesquiterpenes were quantified by GC-MS (i) and UPLC-MS (ii-vii) in fresh juvenile leaf 1-5 (Top), fresh mature leaf 11-13 (Mid.) and oven-dried whole plant-stripped
leaves (Dry) from 12-weeks old glasshouse-grown Artemis (green bars) and NCV (gray bars) varieties as described in Materials and methods. error bars—SEM (n = 15
for Top and Mid. leaf; n = 6 for Dry leaf). Letters represent Tukey’s range test results after one way ANOVA or REML (see Materials and Methods for details). Groups
not sharing letters indicate statistically significant differences. (B) Transcript profiling of enzymes involved in the artemisinin biosynthetic pathway, in two types of leaf
material as on (A) was done as described in Materials and Methods, error bars—SE (n = 9). Asterisk indicates t-test statically significant difference between Artemis
(green bars) and NCV (gray bars) at p < 0.05. (C) Summary of the metabolite and transcriptional differences between Artemis and NCV for the artemisinin biosynthetic
pathway: full arrows—known enzymatic steps, dashed arrows—non-enzymatic conversions, red arrows—transcript changes in juvenile leaves of NCV vs. Artemis,
green arrows —metabolite changes of NCV vs. Artemis (all types of leaves). DBR2 position in the pathway highlighted in a square. Metabolite abbreviations: G-3-P,
glyceraldehyde-3-phosphate; MEP, 2-C-methylerythritol 4-phosphate; MECPP, 2-C-methyl-D-erythritol-2,4-cyclopyrophosphate. Cytosolic precursors: HMG-CoA,
3-hydroxy-3-methylglutaryl-CoA; MVA, mevalonate; IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophosphate; FPP, farnesyl pyrophosphate; A-4,11-D,
amorpha-4,11-diene; AAOH, artemsinic alcohol; AAA, artemsinic aldehyde; AA, artemsinic acid; ArtB, arteannuin B; DHAAA - dihydroartemsinic aldehyde; DHAA,
dihydroartemsinic acid; DHAAOOH, dihydroartemsinic acid tertiary hydroperoxide; DHEDB, dihydro-epi-deoxyarteanniun B; AAOOH, artemsinic acid tertiary
hydroperoxide; EDB, epi-deoxyarteannuin B. Enzyme abbreviations: HMGR-, 3-hydroxy-3-methylglutaryl coenzyme A reductase; HDR-,
4-hydroxy-3-methylbut-2-enyl diphosphate reductase; DXR, 1-deoxy-D-xylulose-5-phosphate reductoisomerase; DXS-, 1-deoxy-D-xylulose-5-phosphate synthase;
FPS, farnesyl diphosphate synthase. AMS, amorpha-4,11-diene synthase; CYP71AV1, amorpha-4,11-diene C-12 oxidase; CPR, cytochrome P450 reductase; DBR2,
artemisinic aldehyde A 11 (13) reductase; ALDH1, aldehyde dehydrogenase.
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FIGURE 5 | Heatmayps of influential metabolites from UPLC- and GC-MS PCA analyses. Top-n [UPLC-MS = 18 (A); GC-MS = 20 (B)] metabolites were chosen for
visualization based on loadings plots (Supplementary Figure 1) from the PC1 dimensions in the PCA analyses (Supplementary Figure 1). Mean data were log-scaled
and then row-scaled for color intensity plotting (lighter = more abundant). Hierarchical clustering was performed with average linkage, with Euclidean distances for
genotypes and 1-absolute values of correlations as distances for metabolites. Metabolite names are abbreviated where necessary for clarity and are given in full in
Supplementary Tables 2, 3.

with a 2mm ID glass liner containing deactivated glass wool at ~ ID x 0.25um film thickness (Thames Restek, Saunderton, UK).
10°C. The injector was ramped from 10 to 300°C at 12°C/s then ~ The following temperature gradient was used: isothermal 40°C
held at 300°C for 5min. The carrier gas was He at a constant 2 min; ramp at 20°C/min to 320°C then hold for 1 min; total run
flow of 1 mL/min and the injection split ratio was 1:10. Peaks  time ~20 min. The transfer line was maintained at 250°C and the
were eluted using a Restek Rxi-5Sil MS column, 30m x 0.25mm  MS used to collect—70eV EI scans over the m/z range 20-450
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FIGURE 6 | Morphological characterization of low- and high-artemisinin natural chemotypes of A. annua. (A) Photographs show four representative 12-week old
plants from each two chemotypes of A. annua, ruler scaled in cm showed on both sides; Plant height (B), internode length (C), leaf area (D), and glandular secretory
trichome density (E) recorded for 12-week old plants. Green bars represent Artemis (HAP-chemotype) and brown bars represent NCV (LAP-chemotype). Error
bars—SEM (n = 15), letters represent one-way ANOVA Tukey’s range test results; Groups not sharing letters indicate statistically significant differences.

at a scan rate of 20 spectra/s. Acquisition was controlled by
ChromaTof 4.5 software (Leco). ChromaTof was used to identify
peaks and deconvolute spectra from each run, assuming a peak
width of 3 s and a minimum s/n of 10. Peak areas were reported as
deconvoluted total ion traces (DTIC). Further analyses including
annotation against authentic standards, between-sample peak
alignment, grouping, consensus DTIC reporting, and missing
value imputation were performed using custom scripts in R.

R was used for all statistical data analysis using the stats base
package, nlme (http://CRAN.R-project.org/package=nlme) and
pcaMethods (Stacklies et al., 2007).

RNA Isolation, cDNA Synthesis, and
Quantitative RT-PCR

Leaf tissue from juvenile and mature-stage leaves sampled
as described above was ground to a fine powder using
Qiagen Retsch MM300 TissueLyser (Qiagen, Hilden, Germany)
and total RNA extracted using the RNAeasy kit (Qiagen,
Hilden, Germany). RNA was quantified using NanoDrop-1000
(NanoDrop products, Wilmington, USA) and integrity was
checked on 2200 Tape Station Instrument (Agilent, Santa Clara,

CA, USA). Only samples scoring RIN number >7.0 were taken
for further analysis. Removal of genomic DNA was performed

by treating with TURBO DNA-free (Life Technologies Ltd,
Paisley, UK) following manufacturer’s instructions. 5 ug of
total RNA, pooled from 4 individual plants, representing 3
biological replicates, was reversely transcribed using SuperScript
IT kit (Life Technologies Ltd, Paisley, UK) and Oligo(dT)12-
18 Primer (Life Technologies Ltd, Paisley, UK) according to
manufacturer’s instructions. PCR using primers (AMS_Ex4 for
5'-GGCTGTCTCTGCACCTCCTC-3/, AMS_Ex5 for 5'- CAG
CCATCAATAACGGCCTTG-3') designed spanning intron 4 of
the AMS gene (GenBank: AF327527). Only samples that resulted
in amplification of the 251 bp fragment from ¢cDNA and not
the 363 bp fragment from genomic DNA were taken for further
qPCR analysis.

Expression levels of amorpha-4,11-diene synthase (AMS),
amorpha-4,11-diene C-12 oxidase (CYP71AV1), cytochrome
P450 reductase (CPR), artemisinic aldehyde A 11 (13) reductase
(DBR2) and aldehyde dehydrogenase (ALDHI), relative to
ubiquitin (UBI) were determined by qPCR. Reactions were run in
3 technical replicates. Gene-specific primers used were: AMS for
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5- GGGAGATCAGTTTCTCATCTATGAA- 3'; AMS_Rev 5'-
CTTTTAGTAGTTGCCGCACTTCTT-3'; 5 ALDH1 for 5'- GAT
GTGTGTGGCAGGGTCTC-3; ALDHI_Rev 5- ACGAGTGGC
GAGATCAAAAG-3; CYP71AV1 for 5- TCAACTGGAAAC
TCCCCAvcATG-3'; CYP71AV1_Rev 5- CGGTCATGTCGA
TCTGGTCA-3'; CPR_For 5'- GCTCGGAACAGCCATCTTATT
CTT-3/, CPR_Rev 5'- GAAGCCTTCTGAGTCATCTTGTGT-3/,
DBR2 for 5- GAACGGACGAATATGGTGGG-3'; DBR2_Rev
5'- GCAGTATGAATTTGCAGCGGT-3', UBI for 5-TGATTG
GCGTCGTCTTCGA-3" and UBI_Rev 5-CCCATCCTCCAT
TTCTAGCTCAT-3'. Reactions conditions and qPCR analysis
were performed as above, 1 ul of 1/20 first strand cDNA dilution
was used instead of genomic DNA. Background subtraction,
average PCR efficiency for each amplicon and NO values were
calculated using LinRegPCR ver. 2012 software (Ruijter et al.,
2009). Expression levels for each sample and gene of interest
(GOI) were represented as NO GOI/NO UBI.

RESULTS

NMR Spectroscopic Analysis Uncovers
Novel Metabolites in Both HAP and LAP
Chemotypes

The natural products found in A. annua have previously been
grouped into eight broad categories, including: (i) monoterpenes;
(ii) sesquiterpenes; (iii) diterpenes, (iv) sterols and triterpenes;
(v) aliphatic hydrocarbons, alcohols, aldehydes and acids; (vi)
aromatic alcohols, ketones and acids; (vii) phenylpropanoids;
and (viii) flavonoids (Brown, 2010). In the present work we
have used the Artemis variety of A. annua as a representative
of the HAP chemotype and NCV as a representative of the
LAP chemotype (Larson et al., 2013). Our initial investigations
using NMR analysis of leaf extracts of Artemis resulted in the
isolation of 41 metabolites (6 of which were novel) representing
all eight classes of natural products (Figure 1A, Supplementary
List 1). The structures of all compounds were determined
by 1D- and 2D- NMR spectroscopy (detailed NMR data in
Supplementary Section). Novel compounds which have not
been isolated before as natural products include four new 11,13-
dihydroamorphanes: 5p-hydroperoxy-eudesma-4(15),11-diene
(4), 11-hydroxy-arteannuin I (18), 6a-hydroxy-arteannuin J
(19), arteannuin P (20), the ketal form of arteannuin Q (26)
and abeo-amorphane sesquiterpene (27). Artemisinin (22)
was the most abundant metabolite in this analysis (Figure 2,
Supplementary List 1, and Supplemental Table 1); but the
Artemis extract also contained two other sesquiterpenes:
dihydroartemisinic acid (DHAA, 8), and dihydro-epi-
deoxyarteannuin B (DHEDB, 12) in substantial amounts
(Figure 2, Supplementary List 1 and Supplemental Table 1). In
addition, a further nine known 11,13-dihydroamorphanoic acid
derivatives (a-epoxy-dihydroartemisinic acid (10); 4a,5a-epoxy-
6a-hydroxyamorphan-12-oic acid (11); dihydroarteannuin B
(14); arteannuin M (15); arteannuins H, I and J (21, 16, and 17);
deoxyartemisinin (23); and a 4,5-seco-4,5-diketo-amorphan-
12-oic acid (24) (see Figure 1A, Supplementary List 1 and
Supplemental Table 1) were also isolated as minor components

from the Artemis leaf extracts (Figure 2, Supplementary List 1
and Supplemental Table 1).

Phytochemical investigation of the NCV variety by NMR
yielded 57 metabolites, 20 of which were novel (Figure 1B
and Supplementary List 2), representing 7 of the 8 categories
above. Novel metabolites from the NCV variety are depicted
in Figure 1B and include: (E)-7-hydroxy-2,7-dimethylocta-
2,5-dien-4-one (43), (E)-7-hydroperoxy-2,7-dimethylocta-2,5-
dien-4-one (44), 6,7-epoxy-6,7-dihydro-B-farnesene (45), 6-
hydroxy-y-humulene (48), 7a-hydroxy-artemisinic acid (52),
arteannuin R (54), arteannuin S (55), 4a, 5a-epoxy-6a-
hydroxyartemisinic acid methyl ester (57), dehydroarteannuin
L (59), epi-11-hydroxy-arteannuin I (64), artemisinic acid,
6a-peroxy ester (65), deoxyartemistene (67), arteannuin T
(69), arteannuin U (70), arteannuin V (72), arteannuin W
(73), arteannuin Y (74), isoarteannuin A (77), arteannuin
Z (78), and 3-(2-(2,5-dihydrofuran-3-yl)ethyl)-2,2-dimethyl-4-
methylenecyclohexan-1-one (79).

As might have been expected, the most striking difference
between the NCV and Artemis varieties was the almost complete
absence of artemisinin, dihydroartemisinic acid (DHAA, (8)) and
dihydro-epi-deoxyarteannuin B (DHEDB, (12)) in the former
(Supplemental Table 1). The NCV variety did, however, have
relatively high levels of three 11-13-unsaturated amorphanes,
which were found only as minor components in the Artemis
variety, namely: artemisinic acid (AA, 9), arteannuin B (ArtB,
60) and epi-deoxyarteannuin B (EDB, 13) (Figure2 and
Supplemental Table 1). All the other amorphane sesquiterpenes
isolated and characterized from the NCV variety by NMR
shared this same trait: i.e., possession of an 11,13-unsaturated
methylene group (Figures 1B, 2 and Supplemental Table 1),
and there is an almost complete absence of 11,13-dihydro-
amorphanes from NCV, that contrasts with the abundance of
these compounds in the Artemis variety (Supplementary List
2 and Supplemental Table 1). It is interesting to note that
there are ten examples where 11,13-dihdyro/ 11,13-dehydro
amorphanolides seem to occur as “pairs” between Artemis
and NCV as depicted in Figure2. These include: DHAA
(8)/AA (9); artemisinin (22)/artemisitene (66); dihydro-epi-
deoxyarteannuin B (12)/epi-deoxyarteannuin B (13); a-epoxy-
dihydroartemisinic acid (10)/a-epoxy-artemisinic acid (56);
dihydroarteannuin B (14)/arteannuin B (60); arteannuin M
(15)/dehydroarteannuin M (61); arteannuin I (16)/annulide
(62); arteannuin ] (17)/isoannulide (63); deoxyartemsinin
(23)/deoxyartemsitene (67); and 4,5-seco-4,5-diketo-amorphan-
12-oic acid (24) and its 11,13-dehydro-analog (68). It is also
noteworthy that 9 of the 20 novel amorphane and seco-
amorphane sesquiterpenes isolated and characterized from the
NCV variety by NMR, possess an 11, 13-unsaturated methylene
group (Figures 1B, 2 and Supplementary List 2).

All the above results are consistent with a higher DBR2 activity
in the HAP chemotype compared to the LAP chemotype (Yang
et al.,, 2015). The relative abundances for 8 of these 10 “pairs”
are also well matched between the Artemis and NCV varieties,
suggesting a “shared” further metabolism for DHAA in Artemis
and AA in NCV. The first exception is arteannuin B (ArtB 60),
which is abundant in NCV, whilst its analog, dihydroarteannuin
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B (14), is relatively low in Artemis (Supplemental Table 1). The
second is artemisitene, the 11,13-dehydro analoge of artemisinin
(Acton and Klayman, 1985; Woerdenbag et al., 1994; Figure 1;
Supplemental Table 1) which is a minor compound in NCV,
while its “partner” artemisinin is the most abundant metabolite
in Artemis (Supplemental Table 1). These observations suggest
that while there are many parallels in the pathways that further
transform DHAA (8) and AA (9) in the HAP and LAP
chemotypes there are also some significant differences.

Metabolomic and Gene Expression Studies
Reveal Multiple Differences Between HAP
and LAP Chemotypes

Using a leaf maturation time-series, we recently demonstrated
that artemisinin levels increase gradually from juvenile to
mature leaves and remain stable during the post-harvest drying
process in Artemis HAP chemotype plants (Czechowski et al.,
2016). Using a similar time-series (which included fresh leaf
1-5 (juvenile), and 11-13 (mature) (counting from the apical
meristem); plus oven-dried whole plant-stripped leaves (dry)
from 12-week-old glasshouse-grown plants), we have now
performed UPLC- and GC-MS based metabolite profiling of
extracts from both HAP (Artemis) and LAP (NCV) chemotypes.
We found that the pathway entry-point metabolite, amorpha-
4,11-diene (A-4,11-D), is only detectable in juvenile leaves,
and at approximately 2-fold higher concentration in Artemis
as compared to NCV (Figure 3Ai; Supplemental Table 3). A
much greater difference was seen for the enzymatically-produced
artemisinin precursor, dihydroartemisinic acid (DHAA), which
was present at a 24-fold higher concentration in juvenile Artemis
leaves compared to NCV (Figure 3Aii), Supplemental Table
2). Artemisinic acid (AA) on the other hand accumulated in
NCV leaves at a 10-fold higher concentration than in Artemis
(Figure 3Aiii), Supplemental Table 1). Interestingly the levels of
AA in the young leaves of NCV variety are approximately twice
Supplemental Table 2). The levels of both DHAA and AA
dropped sharply beyond the juvenile leaf stage in Artemis
These changes in metabolite levels occur during leaf maturation
are mirrored by changes in steady state mRNA levels of
genes encoding the enzymes involved in their biosynthesis
including: amorpha-4,11-diene synthase (AMS), amorpha-4,11-
diene C-12 oxidase (CYP71AV1), artemisinic aldehyde ALA3)
reductase (DBR2) and aldehyde dehydrogenase (ALDH1) which
are expressed at levels two to three orders of magnitude higher in
juvenile than in mature leaves (Figures 3Bi-iv).

Previous work has suggested that in vivo conversions
beyond DHAA (8) (Czechowski et al., 2016) and in vitro
conversions beyond AA (9) (Brown and Sy, 2007) are non-
enzymatic. Consistent with this, we have found that mature
leaves of NCV contain high levels of epi-deoxyarteannuin
B (EDB, 13) and arteannuin B (ArtB, 60) (Figures 3Av,vii),
Supplemental Table 2), while Artemis accumulates dihydro-
epi-deoxyarteannuin B (DHEDB, 12) and artemisinin (22)
(Figures 3Aiv,vi) Supplemental Table 2) at 20-30-fold higher

levels than NCV. Both artemisinin (22) and arteannuin B
(60) continue to accumulate in the post-harvest drying process
in Artemis and NCV respectively (Figures 3Avi,vii). Post-
harvest accumulation of artemisinin has been reported before
(Ferreira and Luthria, 2010) and it might be related to light-
dependent conversion of DHAA. However slightly different
batch specific environmental effects during drying might explain
the difference between the artemisinin accumulation pattern
shown in Figure 3Avi) and that which was previously reported
for the Artemis variety (Czechowski et al., 2016). Interestingly,
the developmental pattern of DHEDB (12) accumulation in
Artemis leaves is different to its 11,13-dehydro analog, EDB (13)
in NCV leaves. DHEDB (12) follows the same accumulation
pattern as for artemisinin (22) in Artemis (Figures 3Aiv,vi);
whereas EDB (13) is found predominantly in juvenile leaves of
the NCV variety (Figure 3Av). We have found that production
of the artemisinin 11,13-dehydro analog, artemisitene (66) in
NCV parallels the accumulation of artemisinin (22) in Artemis
(Supplemental Table 2), albeit at very much reduced levels.
The levels of deoxyartemisinin (23), another product of non-
enzymatic conversion of DHAA through the DHAA allylic
hydroperoxide, increase during dry leaf storage, accumulating to
0.1% leaf dry weight (Supplemental Table 2), which is consistent
with previous findings (Czechowski et al., 2016). This process
is paralleled by accumulation of deoxyartemisitene (67) (the
11,13-dehydro analog of deoxyartemisinin) in the NCV variety
(Supplemental Table 2).

RT-qPCR analysis confirmed the expression level for DBR2 to
be significantly repressed (8-fold lower) in the juvenile leaves of
NCV compared to Artemis, which is consistent with previous
findings (Yang et al, 2015). Interestingly, DBR2 transcript
abundance had decreased to the same levels in mature leaves
of both chemotypes (Figure 3Biii), highlighting the importance
of developmental timing in regulating flux and partitioning of
sesquiterpene metabolites. More surprisingly, ALDH1 expression
is increased in juvenile leaves (2.4-fold) and further increased
in mature leaves (40-fold) of NCV (Figure 3Biv) compared to
Artemis. Thus it would appear that in addition to DBR2 being
down-regulated in the NCV (LAP) chemotype, ALDHI is up-
regulated at the transcriptional level. This could also account
for the increase in flux into artemisinic acid and the arteannuin
B branch of sesquiterpene metabolism. The major differences
in metabolite levels and gene expression between Artemis and
NCV varieties for the artemisinin biosynthetic pathway are
summarized in Figure 3C.

NMR analysis revealed that metabolite differences between
Artemis and NCV are not restricted to artemisinin-related
sesquiterpenes. Monoterpenes also vary between the two
chemotypes, with for example camphor being most abundant
in Artemis while artemisia ketone level is much more abundant
in NCV (Supplemental Table 1). Unfortunately, NMR-analysis
could only provide approximate information about the relative
abundance of the metabolites, therefore metabolite content of
both chemotypes was also studied by GC- and UPLC-MS
(Supplemental Tables 2, 3). We were able to detect 75 unique
compounds in three leaf types by UPLC-MS of which annotations
were assigned to 30 compounds based on NMR-verified

Frontiers in Plant Science | www.frontiersin.org

64

May 2018 | Volume 9 | Article 641


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Czechowski et al.

Comparative Analysis of Artemisia Chemotypes

standards as described in the Materials and Methods. The
majority of the known compounds were sesquiterpenes and
flavonoids. GC-MS detected 202 unique compounds in juvenile
and mature leaves, of which 33 had assigned annotations. The
majority of known GC-MS-detected compounds were mono-
and sesquiterpenes. Using principal component analysis, it can
be seen that the overall metabolite profile of NCV appears
strikingly different to that of Artemis; as much as the difference
between the profiles between juvenile leaves and mature- and/or
dry leaves. In fact, UPLC- and GC-MS PCA plots show four
distinct clusters (Figures 4A and B). Developmental differences
are most apparent in juvenile leaf tissue, which show the highest
abundance of most of the terpenes described below (Figure 4,
Supplemental Tables 2 and 3). Our findings that the metabolite
profiles in Artemis and NCV young leaf tissues are considerably
different to mature and dry leaves in both varieties are consistent
with our previous findings (Czechowski et al., 2016).

There are a number of compounds specifically produced
by NCV, mostly in low quantities (Supplemental Tables 2 and
3) which have known medicinal use including, for example,
isofraxidin (39), which is five-fold more abundant in the juvenile
leaves of NCV as compared to Artemis (Supplemental Table 2).
Isofraxidin is a coumarin with anti-inflammatory (Niu et al.,
2012) and anti-tumor activities (Yamazaki and Tokiwa, 2010).
Artemisia ketone (42), an irregular monoterpene found in
the essential oil from various A. annua varieties displaying
antifungal activities (Santomauro et al, 2016) is the most
abundant volatile in the juvenile and mature leaves of NCV,
but virtually absent in Artemis (Supplemental Table 3). The
juvenile and mature leaves of Artemis accumulate velleral,
a sesquiterpene dialdehyde which has proposed antibacterial
activities (Anke and Sterner, 1991), which is virtually absent
in the NCV variety (Supplemental Table 3). GC-MS analysis
further revealed that several major montoerpenes are also more
abundant in juvenile and mature leaves of Artemis, including
camphor (3.7-fold higher), camphene (3.4-fold higher), borneol,
(16-fold higher), a-pinene (4.6-fold higher) and 1,8-cineole (8-
fold higher) (Supplemental Table 3). Some minor monoterpenes
detected in the Artemis variety, such as: o-myrcene, a -
terpinene, chrysanthenone and a-copaene, are virtually absent
in young and mature NCV leaves (Supplemental Table 3). A
few striking differences were noted for the level of artemisinin-
unrelated abundant sesquiterpenes, such as sabinene and cis-
sabinene hydrate, which are 7.5- and 38-fold (respectively) more
abundant in Artemis young leaves than in NCV (Supplemental
Table 3). Germacrene A is a sesquiterpene common across the
Asteraceae family for which it has been demonstrated that its
downstream metabolism parallels artemisinic acid biosynthetic
pathway (Nguyen et al., 2010). Germacrene A levels are 32- and
17-fold higher in NCV young and mature leaves (respectively)
making it the most abundant volatile in mature and the second
most abundant in young leaves of the NCV variety.

Visualization of the loadings from the multivariate analyses
were used to identify the most influential compounds
discriminating chemotypes. PCl loading plots identified
18 compounds from UPLC- and 20 from GC-MS analysis
(Supplementary Figure 1), which were used to create the

heatmaps presented in Figure 5. The vast majority of the most
influential compounds distinguishing between two chemotypes
from UPLC-MS analysis were the amorphane sesquiterpenes
(Figure 5A). The mono- and sesquiterpenes mentioned above
(together with some unknown compounds) were the most
influential GC-MS-detectable metabolites  distinguishing
between two chemotypes (Figure 5B).

Morphological Difference Between Two
Chemotypes of A. annua

In addition to having very distinct phytochemical compositions
the F1 Artemis HAP chemotype and the open pollinated NCV
LAP chemotype varieties also have very distinct morphological
features (Figure 6). Most strikingly, NCV is much taller with
longer internodes but produces smaller leaves than Artemis. The
density of glandular secretory trichomes, the site of artemisinin
synthesis, is similar for both varieties (Figure 6E), which is
consistent with the main difference in artemisinin production
being due to an alteration in metabolism rather than trichome
density. A. annua varieties typically require short day length for
flowering (Wetzstein et al., 2014), but we observed that NCV,
unlike Artemis, can also flower under long days. However, the
two chemotypes do cross-pollinate and produce viable progeny.

DISCUSSION

This manuscript presents the first detailed phytochemical
comparison of high- (HAP) and low-artemisinin producing
(LAP) chemotypes chemotypes of A. annua.

Twenty six of the 85 metabolites that have been characterized
by NMR from the HAP and LAP varieties of A. annua in
this study are novel as natural products (all are mono- and
sesquiterpenes). And of these, 19 are amorphane sesquiterpenes,
which is the most diverse and the most abundant sub-
class (Supplemental Table 1, Supplementary Lists 1 and 2).
The majority of these amorphane sesquiterpenes are highly
oxygenated with structures that would be consistent with further
oxidative metabolism of DHAA (11,13-saturated, 8) in the
HAP variety and AA (11,13-unsaturated, 9) in the LAP variety
(Figures 1 and 2, Supplemental Table 1, Supplementary Lists 1
and 2).

UPLC- and GC-MS analysis of leaf developmental series
also revealed amorphanes either saturated or unsaturated at the
11,13-position in the HAP and LAP chemotypes, respectively
(Figure 3, Supplemental Table 2). This observation is consistent
with the expression of the DBR2 gene, which encodes the enzyme
responsible for reducing the 11,13-double bond of artemisinic
aldehyde (the precursor for 11,13-dihydroamorphane/cadinane
sesquiterpenes), being strongly down-regulated in juvenile leaves
of NCV (Figure 3Biii). These findings are in complete agreement
with the recent report on reduced levels of DBR2 in LAP
compared with HAP chemotypes (Yang et al., 2015). In addition
to altered expression of DBR2, we also found that expression
of aldehyde dehydrogenase (ALDH1), which converts artemsinic
and dihydroartemsinic aldehydes to their respective acids (Teoh
etal., 2009), is significantly elevated in juvenile and mature leaves
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of NCV compared to Artemis. This may lead to an increased
flux from A-4,11-D to AA (8) in NCV when compared with
flux from A-4,11-D to DHAA (9) in Artemis which is reflected
by a significantly higher concentration of AA found in juvenile
leaves of NCV when compared to the concentration of DHAA
from A-4,11-D to AA (8) might also explain lower levels of
A-4,11-D found in juvenile leaves of NCV when compared
with Artemis (Figure 3Ai) as the expression of amorpha-4,11-
diene synthase (AMS) is at very similar level in both varieties
(Figure 3Bi). We have also observed that the NCV (LAP) variety
expresses a sequence variant of amorpha-4,11-diene C-12 oxidase
(CYP71AV1) with a 7 amino acid N-extension (Supplementary
Figure 2). This LAP-chemotype associated sequence variant upon
transient expression in Nicotiana benthamiana, in combination
with the other artemisinin pathway genes resulted in a
qualitatively different product profile (“chemotype”); that is a
shift in the ratio between the unsaturated and saturated (dihydro)
branch of the pathway (Ting et al., 2013). That result strongly
suggests the two distinct isoforms of CYP71AV1 are associated
with HAP- and LAP-branches of the artemisinin pathway in
Artemisia annua (Figure 3C). A number of previous reports
have described the existence of LAP- and HAP-chemotypes of
A. annua arising from distinct geographical locations (Lommen
etal., 2006; Arsenault et al., 2010; Larson et al., 2013). It would be
interesting to establish if sequence variant forms of CYP71AV1
and differential expression of DBR2 are generally found between
these other LAP- and HAP-chemotypes.

Recent attempts to constitutively overexpress DBR2 in
transgenic A. annua resulted in doubling of the artemisinin
concentration, which was also accompanied by a significant
increase in DHAA and AA production (Yuan et al, 2015).
Improvements in artemisinin concentration obtained in these
experiments by Yuan et al. were significantly better than those
achieved by constitutive co-expression of CYP71AV1 and CPR
(Shen etal., 2012), where the LAP-sequence variant of CYP71AV1
was overexpressed in transgenic A. annua. Our results suggest the
glandular trichome-targeted overexpression of DBR2 specifically
in the HAP-type of CYP71AVI might be the more efficient route
to improving artemisinin production in transgenic A. annua.

Although arteannuin B (ArtB) was almost entirely absent
from young leaf tissue of the NCV variety, as leaves matured
it accumulated to become the most abundant natural product
(Figure 3Avii). This observation seemed to parallel both the
accumulation of artemisinin in the mature tissues of Artemis
that has been noted above (Figure 3vi), as well as the recently
described accumulation of arteannuin X in the mature leaves
of the cyp7lavi-1 mutant of A. annua (Czechowski et al,
2016). The accumulation of both artemisinin and arteannuin
X are considered to be the result of non-enzymatic processes,
in which the 4,5-double bond of a precursor sesquiterpene
undergoes spontaneous autoxidation with molecular oxygen to
produce a tertiary allylic hydroperoxide. The metabolic fate of
this hydroperoxide is critically dependent on the identity of
the precursor—and in particular on the functionality contained
elsewhere in the molecule. Thus, in the case of Artemis, the
precursor is DHAA which presents a 12-carboxylic acid group (as
well as saturation at the 11,13-position); whilst for the cyp71avi-1

mutant it is amorpha-4,11-diene (A-4,11-D), which presents a
11,13-double bond (Czechowski et al., 2016). Both in vivo and in
vitro experiments indicate that this difference in functionality is
the basis of why DHAA-OOH (the tertiary allylic hydroperoxide
from DHAA) is converted to artemisinin, whereas A-4,11-D-
OOH is converted to arteannuin X (Czechowski et al., 2016).

We therefore hypothesized that the conversion of artemisinic
acid (AA) to artemisitene (ArtB) in NCV may also be a non-
enzymatic process, paralleling the conversion of DHAA into
artemisinin in Artemis (Supplementary Figures 3A and B) and of
amorpha-4,11-diene to arteannuin X in the cyp7Ilavi-1 mutant
(Czechowski et al., 2016). The tertiary allylic hydroperoxide
from artemisinic acid (AA-OOH) differs from the two foregoing
examples in that it incorporates both a 12-carboxylic acid
group and unsaturation at the 11,13-position. In support of
this hypothesis, when a sample of AA-OOH (produced by
photosensitized oxygenation of AA; and purified by HPLC) was
left unattended for several weeks, it was indeed found to have
been converted predominantly to ArtB (albeit at a rate that was
significantly slower than for the conversion of DHAA-OOH to
artemisinin). This unexpected transformation is mostly simply
explained by attack of the 12-carboxylic acid group at the allylic
position of the hydroperoxide, as is shown in Supplementary
Figure 3A. Further studies will be required to explain why it
should be that this (apparently) rather subtle modification to the
12-COzH group (i.e., the introduction of 11,13-unsaturation in
AA-OOH) has resulted in such a radically different pathway, as
compared with DHAA-OOH.

The second most abundant product of AA-OOH
conversion is epi-deoxyarteannuin B (EDB), which accumulates
predominantly in young leaves of NCV. The EDB accumulation
pattern is therefore different to DHEDB (the 11,13-saturated
anaolog), where the latter’s concentration rises from top to
mature and dry leaves in Artemis, broadly following the
accumulation pattern of artemisinin. We have proposed that
the spontaneous conversions of AA into EDB and DHAA
into DHEDB progress via very similar molecular mechanisms
(Supplementary Figures 3C and D). Interestingly we have
observed very little EDB arising from the spontaneous
conversions of AA-OOH described above, which was
predominantly converted to ArtB. It is known that a hydrophobic
(lipophilic) environment promotes conversions of DHAA-OOH
into artemisinin whereas an aqueous, acidic medium promotes
DHAA-OOH conversions to DHEDB (Brown and Sy, 2004).
This may also explain the very minor conversion of AA-
OOH into EDB which was carried out in a hydrophobic
environment (deuterated chloroform), and which promoted
AA-OOH conversions to ArtB. This highlights the parallels
between artemisinin and arteannuin B biogenesis shown in
Supplementary Figures 3A and B. It also suggests that in vivo
conversions of AA-OOH to EDB requires an aqueous intra-
cellular environment, which might be expected to be present
in young leaf trichomes, but less so in mature leaf trichomes
where the sub-apical hydrophobic cavities are predominant
(Ferreira and Janick, 1995), or upon cell dehydration (in dried
leaf material).

Differences between the LAP and HAP chemotypes extended
well beyond artemisinin-related sequiterpenes to other classes
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of terpenes (Figures4 and 5, Supplemental Tables 1-3). This
divergence at the level of metabolism is not that surprising given
that these chemotypes also exhibit significant differences in their
morphology (Figure 6). Artemis is an F1 hybrid derived from
HAP parents of East Asian origin (Delabays et al., 2001) while
NCV is an open-pollinated variety of European origin (personal
communication with Dr. Michael Schwerdtfeger, curator of
Botanical Garden at the University of Gottingen, Germany). This
is consistent with the general trend for the A. annua varieties of
European and North American origin which mostly represent the
LAP chemotype and the majority of East-Asian origin varieties
which represent the HAP chemotype (Wallaart et al., 2000),
Details of the genetic divergence of these varieties remains a topic
for further investigation that could reveal further insight into the
sesquiterpene flux into different end products.

CONCLUSION

This first comparative phytochemical analysis of high- (HAP)
and LAP chemotypes of A. annua has resulted in the
characterization of over 85 natural products by NMR, 26 of
which have not previously been described in A. annua. We have
also shown that the vast majority of amorphane sesquiterpenes
are unsaturated at the 11,13-position in the LAP-chemotype as
opposed to the majority of them being saturated at the 11,13-
position in the HAP-chemotype. This is explained by existence
of two sequence variants of CYP7IAV1I in the two investigated
chemotypes and differential expression of the key branching
enzyme in the artemisinin pathway, namely artemisinic aldehyde
A 11 (13) reductase (DBR2). By highlighting the main points of
difference between HAP and LAP chemotypes our findings will
help inform strategies for the future improvement of artemisinin
production in either A. annua or heterologous hosts.
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Silencing amorpha-4,11-diene
synthase Genes in Artemisia annua
Leads to FPP Accumulation

Theresa M. Catania, Caroline A. Branigan, Natalia Stawniak, Jennifer Hodson,
David Harvey, Tony R. Larson, Tomasz Czechowski and lan A. Graham*

Centre for Novel Agricultural Products, Department of Biology, University of York, York, United Kingdom

Artemisia annua is established as an efficient crop for the production of the
anti-malarial  compound artemisinin, a sesquiterpene lactone synthesized and
stored in Glandular Secretory Trichomes (GSTs) located on the leaves and
inflorescences. Amorpha-4,11-diene synthase (AMS) catalyzes the conversion of
farnesyl pyrophosphate (FPP) to amorpha-4,11-diene and diphosphate, which is
the first committed step in the synthesis of artemisinin. FPP is the precursor for
sesquiterpene and sterol biosynthesis in the plant. This work aimed to investigate the
effect of blocking the synthesis of artemisinin in the GSTs of a high artemisinin yielding
line, Artemis, by down regulating AMS. We determined that there are up to 12 AMS
gene copies in Artemis, all expressed in GSTs. We used sequence homology to design
an RNAI construct under the control of a GST specific promoter that was predicted
to be effective against all 12 of these genes. Stable transformation of Artemis with
this construct resulted in over 95% reduction in the content of artemisinin and related
products, and a significant increase in the FPP pool. The Artemis AMS silenced lines
showed no morphological alterations, and metabolomic and gene expression analysis
did not detect any changes in the levels of other major sesquiterpene compounds or
sesquiterpene synthase genes in leaf material. FPP also acts as a precursor for squalene
and sterol biosynthesis but levels of these compounds were also not altered in the
AMS silenced lines. Four unknown oxygenated sesquiterpenes were produced in these
lines, but at extremely low levels compared to Artemis non-transformed controls (NTC).
This study finds that engineering A. annua GSTs in an Artemis background results in
endogenous terpenes related to artemisinin being depleted with the precursor FPP
actually accumulating rather than being utilized by other endogenous enzymes. The
challenge now is to establish if this precursor pool can act as substrate for production
of alternative sesquiterpenes in A. annua.

Keywords: Artemisia annua, artemisinin, sesquiterpene, glandular trichome, amorpha-4,11-diene synthase,
farnesyl pyrophosphate
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INTRODUCTION

Artemisia annua (A. annua) is a herbaceous plant from the
Asteraceae family native to Asia, known to synthesize the leading
antimalarial compound artemisinin a sesquiterpene lactone,
within its glandular secretory trichomes (GSTs) (Duke et al,
1994; Olsson et al., 2009). The GSTs of A. annua are biseriate
glandular trichomes made up of 10 cells topped with a secretory
sac. The secretory sac is bounded by a cuticle proximal to the
three apical pairs of cells. This arrangement allows phytotoxic
compounds such as artemisinin to be sequestered away from
the plant, preventing autotoxicity (Duke and Paul, 1993; Duke
et al., 1994; Ferreira and Janick, 1995). The distribution of A.
annua GSTs across leaves, stems, and inflorescences, combined
with the relative ease of artemisinin extraction using organic
solvents, has made feasible the commercial scale growth and
processing of whole plants for production of the compound as
an active pharmaceutical ingredient in Artemisinin Combination
Therapies (ACTs). The efficiency of the A. annua production
system, which can yield artemisinin at greater than 1% lead dry
weight and 41.3 Kg per Ha (Ferreira et al., 2005) has meant that it
persists as the most efficient and economically feasible platform
for production of artemisinin today. With A. annua as the sole
source of artemisinin, demands for the drug have influenced
farmers on whether to grow the crop or not, leading to large
market price fluctuations (highs of $1,100 in 2005 to less than
$250 per kilogram in 2007 and again in 2015 (Van Noorden,
2010; Peplow, 2016). A desire to both stabilize and reduce costs
in the supply chain has driven research into yield improvement
through modern marker assisted plant breeding and genetic
engineering methods and through engineering artemisinin (or
precursor) synthesis in heterologous hosts (Ferreira et al., 2005;
Han et al., 2006; Graham et al., 2010; Zhang et al., 2011; Paddon
and Keasling, 2014; Tang et al., 2014; Pulice et al., 2016).

The commercial importance of artemisinin synthesis has
stimulated ongoing research into the biosynthetic pathways
and metabolic capabilities of A. annua GSTs. Transcriptomic
analysis of GSTs from A. annua has identified multiple genes
including cytochrome P450s and terpene synthases, which have
been subsequently characterized in detail and their trichome-
specific expression patterns confirmed (Olsson et al., 2009; Wang
et al., 2009; Graham et al., 2010; Olofsson et al., 2011, 2012;
Soetaert et al,, 2013). Metabolomic analysis in A. annua has
identified almost 600 secondary and/or specialized metabolites,
whose production can be linked to the expression of the identified
synthases (Brown, 2010). This suggests that the GSTs of A.
annua are highly evolved terpenoid-producing factories, with
the potential for producing and storing a diverse range of
compounds.

The biosynthesis of terpenoids including artemisinin in
A. annua starts with the biosynthetic precursors, isopentenyl
diphosphate (IPP) and its isomer dimethylallyl diphosphate
(DMAPP), which are in turn products of the methyl erythritol
phosphate (MEP) and mevalonate (MVA) pathways (Croteau
et al.,, 2000; Weathers et al., 2006; Wu et al.,, 2006). IPP and
DMAPP precursors for the synthesis of farnesyl pyrophosphate
(FPP), which is in turn the immediate precursor of both sterols

and sesquiterpenes including artemisinin (Figure 1). Currently
5 sesquiterpene synthases have been cloned from A. annua,
amorpha-4,11-diene synthase (AMS), the first step in artemisinin
synthesis (Bouwmeester and Wallaart, 1999); caryophyllene
synthase (CPS) (Cai et al., 2002); germacrene A synthase (GAS)
(Bertea et al., 2006); 8-epicederol synthase (ECS) (Mercke et al.,
1999) and beta farnesene synthase (FS) (Picaud et al., 2005). The
expression of these synthases is shown to be predominantly in
GSTs and young leaf tissue (Graham et al., 2010; Olofsson et al.,
2011) Other sesquiterpenes such as guaianes, longipinanes, and
eudesmanes have also been isolated suggesting the expression
of other sesquiterpene synthases (Brown, 2010; Olofsson et al.,
2011). These synthases all compete for the precursor FPP, and
engineering of the pathway from this point by overexpression
of AMS (Ma et al., 2009, 2015; Han et al., 2016) or silencing of
CPS, BFS, GAS, and ECS (Chen et al,, 2011; Lv et al., 2016) has
been a strategy for increasing artemisinin production. FPP is also
utilized by squalene synthase (SQS) in the first committed step
to sterol synthesis. Silencing of this synthase is shown to remove
the sink on FPP from squalene and sterol production resulting in
increased artemisinin yield (Yang et al., 2008; Zhang et al., 2009).
In these studies flux is altered in the artemisinin pathway leading
to increased artemisinin yields when compared to wild type, Ma
et al. (2015) and Lv et al. (2016) also show that by manipulating
the pathway other endogenous terpenes were also affected.

Czechowski et al. (2016) showed a mutation disrupting
the amorpha-4,11-diene C-12 oxidase (CYP71AV1) in the
high artemisinin yielding cultivar Artemis, produced a novel
sesquiterpene epoxide derivative at levels similar to artemisinin
(arteannuin X; 0.3-0.5% of leaf dry weight). This discovery
demonstrates the possibility of engineering A. annua GSTs
to produce alternative, potentially useful, sesquiterpenes at
commercially viable levels. GSTs are targeted for engineering
based on their ability to synthesize and store specialized
metabolites (Huchelmann et al, 2017). Efforts to engineer
GSTs reported in the literature include examples in tobacco,
and tomato. Tissier et al. (2012) engineered tobacco GSTs
to successfully produce casbene and taxadiene, although
production was at levels lower than that for endogenous
diterpenoids. The engineering of tomato trichomes has also
been carried out by expressing sesquiterpene synthases from
wild relatives to confer pest resistance (Bleeker et al., 2012;
Yu and Pichersky, 2014). Kortbeek et al. (2016) have also
used the GSTs of tomato as a platform for engineering
sesquiterpenoid production by the overexpression of an avian
FPS (farnesyl diphosphate synthase), to increase FPP availability
for sesquiterpene production. Engineering of A. annua trichomes
has been mainly centered on enhancing artemisinin production
by constitutively expressing upstream enzymes, artemisinin
biosynthetic genes and transcription factors (Tang et al., 2014; Xie
et al,, 2016; Ikram and Simonsen, 2017). More complex pathway
regulation has also been attempted—a patent by Tang et al. (2011)
describes a method for using the trichome specific cyp7lavi
promoter to drive both the expression of an ADS (amorpha-
4,11- diene synthase /AMS) silencing construct and the patchouli
alcohol biosynthesis enzyme, to allow the production of patchouli
alcohol in A. annua.
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FIGURE 1 | Summary of sesquiterpene production in Artemisia annua via the mevalonate (MVA) pathway in the cytosol FPP is highlighted as the key precursor not
only for artemisinin synthesis but also for Squalene and other sequiterpenes. The plastidial methyl erythritol phosphate (MEP) pathway that leads to monoterpene
production is also included. enzymes in red have been cloned from A. annua and the sesquiterpene synthases and squalene synthases also cloned from A. annua are
in blue (DMAPP, dimethylallyl diphosphate; GGPP, geranyl geranyl diphosphate; GPP, geranyl pyrophosphate; GGPS, geranylgeranyl pyrophosphate synthase; IPP,
isopentenyl diphosphate; IDI, isopentyl diphosphate isomerase; ABA, abscisic acid; FPS, farnesy! diphosphate synthase; FPP, farnesyl pyrophosphate; AMS,
amorpha-4,11-diene synthase; SQS, squalene synthase; GAS, germacrene A synthase, ECS, §-epicederol synthase; CPS, caryophyllene synthase; FS, beta

The objective of the current work was to silence
AMS in the GSTs of Artemis a high artemisinin yielding
cultivar. Silencing of AMS in this background allowed us
to investigate how carbon flux through FPP is affected,
in contrast to previous studies performed in low-ART
yielding systems where alternative products accumulate
(Ma et al, 2015; Lv et al, 2016). We demonstrate that
removing artemisinin and related compounds elevates the
FPP pool with only minor increases in alternative endogenous
metabolites. We conclude that such manipulations, done in
a carefully selected genetic background, have the potential
to provide a clean chemical background for pathway
engineering, without detrimental effects on plant growth
and development.

METHODS

Plant Material

The A. annua cultivar Artemis, an F1 hybrid from Mediplant
(Conthey, Switzerland) (described in Graham et al., 2010) was
used to generate stably transformed material.

AMS Gene Copy Determination by qPCR
DNA extraction was carried out on 30-50mg of fresh leaf
material harvested from plants growing in the glasshouse and
prepared following the methods as described in Graham et al.
(2010) and Czechowski et al. (2016).

Three technical replications of a 10 pl reaction containing
1 ng of leaf genomic DNA from single plants, 200nM gene-
specific primers in 1x Power SYBER Green PCR Master Mix
(Life Technologies Ltd.), were run on a ViiA7 Real-Time PCR
system (Life Technologies Ltd.) The gene specific primers were
as follows:

AMS_3'endF: TCTACTCGTTTATCCTATGAGTATATGACT

ACC

AMS_3'endR: GGCTATGCACGAAGGATTGGT

AMS_5'endF: TTACCGAAATACAACGGGCAC

AMS_5'endR: TTGGCAACCTTTTCCAAAGG
Amplification conditions and data normalization were as
described in Czechowski et al. (2016).

RNA Isolation and cDNA Synthesis

Fresh young leaf material (leaves 1-5) (30-50 mg) from 12-week-
old glasshouse grown cuttings was harvested and flash frozen in
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liquid nitrogen for RNA extraction. The extraction was carried
out using the Qiagen RNAeasy kit following the manufacturer’s
plant protocol including the on column Qiagen DNase treatment.
Extracted RNA was quantified spectrophotometrically using the
NanoDrop-8000 (NanoDrop products). cDNA was synthesized
from 3 g of the extracted RNA using Invitrogen superscript
II reverse transcriptase kit (Thermo Fischer Scientific) using the
oligo (dT) primer following the manufacturers protocol.

Construction of hpRNA Vector Targeting

the AMS Gene

Two sections of the AMS gene (AF138959) from bases 96-
192 and 1485-1615 were selected and joined to create a 227
bp sequence which was checked for its specificity to the AMS
target relative to other sesquiterpene synthases from A. annua
(Mercke et al., 1999; Cai et al., 2002; Picaud et al., 2005; Bertea
et al., 2006; Supplemental Figure 1). This sequence was then
placed in a forward and reverse direction either side of the
Chalcone synthase A intron (petunia hybrida) to create a hairpin
construct (Watson et al., 2005), this was driven by the trichome
specific promoter cypavl71 (Wang et al., 2011). The full construct
was synthesized by GENEART Thermo life technologies. The
3.8kb construct was cloned into the pRSC2 binary vector and
transformed into stratagene solopack gold competent cells. The
resulting colonies were tested by PCR using Promega Gotaq and
primers designed for the pRSC2 vector.

AP1435 pRSC2_activ. TAACATCCAACGTCGCTTTCAG
AP1436 pRSC2_RB_in GCCAATATATCCTGTCAAACAC

Positive colonies were confirmed by sequencing and the binary
vector was then transferred into Agrobacterium tumefaciens
(LBA4404) by electroporation and 100 pl glycerol stocks set
up for subsequent transformations. Forty eight hours prior to
transformation the agrobacterium pre-cultures were set up from
glycerol stocks in Luria-Bertani broth (LB) including antibiotic
selection (50 mg/L rifampicin, spectomycin and streptomycin).
After 24h, a 50ml main culture was set up and allowed
to grow overnight to an optical density (OD) of between
0.3 and 0.8. At this stage the cultures were spun down and
resuspended in co-cultivation media (Murashige and Skoog
medium (MS) with 3% sucrose and 100 uM acetosyringone)
to an OD of 0.2. The culture was then left to shake at 28 °C
for 2h.

Artemisia annua Transformation

Artemis seed were surface sterilized for 1 h using chlorine vapor
[3% HCL in water + one presept tablet (Advanced sterilization
products)] in a sealed box. Seeds were sown into sterile glass jars
on MS basal media containing 3% sucrose, 1x MS vitamins and
0.8% plant agar. After sowing the jars were closed and sealed with
parafilm and transferred to a growth room 16 h daylength at 29°C
to germinate and grow for 2.5 weeks.

The first true leaves of 2.5-week-old seedlings were excised
and immersed in petri dishes into either an agrobacterium
suspension, or for non-transformed controls (NTC), co-
cultivation media without agrobacterium, and placed on a rotary
platform. After 15 min, the explants were blotted on sterile filter

paper and transferred to labeled co-cultivation plates (MS with
3% sucrose and 100 uM acetosyringone +0.8% plant agar) the
plates were wrapped in foil and stored in the growth room at
25°C. After 48 h the explants were transferred to selection plates
(MS medium with 3% sucrose, 0.5 mg/L 6-benzylaminopurine
(BAP) and 0.05 mg/L a-naphthalene acetic acid (NAA), 0.8%
agar, 500 mg/L carbenicillin and 15 mg/L kanamycin. NTC
explants were plated out without kanamycin selection. Explants
were transferred to fresh plates after a week and thereafter
every 2 weeks. Shoots were excised from the plates as they
emerged and placed onto shooting medium in jars (MS medium
with 3% sucrose, 0.5 mg/L BAP, and 0.05 mg/L NAA, 0.8%
plant agar, 500 mg/L carbenicillin, 15 mg/L kanamycin), and
transferred on every 3 weeks. NTC shoots were placed into
shooting medium containing no antibiotic. Once the shoots
were well-established they were transferred to rooting medium
(1/2 MS medium, 1% sucrose, 0.6% plant agar, 500 mg/L carb,
15 mg/L kanamycin, (NTCs with no antibiotics). Once roots had
begun to appear, the shoots were transferred to F2+S compost in
P40s and kept in green propagator trays with lids on to maintain
humidity. Once well rooted the plants were hardened off and
transferred to 4-inch pots in F2 compost and grown in glasshouse
facilities at the University of York under long day conditions
maintained with supplemental lighting and temperature between
22 and 25°C. Putatively transformed lines were confirmed by
PCR for the presence of the NPTII gene using the Phire plant
direct PCR kit (Thermo Fisher Scientific). Transformed plants
alongside NTCs were propagated via cuttings and grown in
triplicate for 12 weeks to provide material for DNA and RNA
extractions and for metabolite profiling by UPLC-MS and GC-
MS.

Quantitative RT-PCR

Expression levels of amorpha-4,11-diene synthase (AMS),
squalene synthase (SQS), germacrene A synthase (GAS);
3-epicederol synthase (ECS); beta farnesene synthase (BES);
and caryophyllene synthase (CPS) relative to ubiquitin (UBI;
Genbank accession: GQ901904) were determined by quantitative
RT-PCR. Expression levels of each gene were determined for
c¢DNA from NTC and transformed young leaf material prepared
as described above (section AMS Gene Copy Determination by
qPCR). Gene-specific primers used were:

AMS_For  5'- GGGAGATCAGTTTCTCATCTATGAA- 3’
AMS Rev  5'- CTTTTAGTAGTTGCCGCACTTCTT-3
CPS_For 5-CAACGATGTAGAAGGCTTGCTTGA-3/
CPS_Rev 5-GTAGATAGTGTTGGGTTGGTGTGA-3'
ECS_For 5'-GCAACAAGCCTACGAATCACTCAA-3
ECS_Rev 5'-CGTGAAAAATTAAGGACCCTCATAG-3'
GAS_For 5'-CTCGTTACTCCTTGGCAAGAATCAT-3/
GAS_Rev 5'-GCTCCATAGCACTAATATCCCACTT-3'
SQS_For 5'-GACCAGTTCCACCATGTTTCTACT-3'
SQS_Rev 5'-GCTTTGACAACCCTATTCCAACAAG-3'
FS_For 5-GCAAAAGAGTTGGTTCGCAATTAC-3'
FS_Rev 5'-GTACCCCTCTTTTAGCCATCTGG-3
UBI_For 5-TGATTGGCGTCGTCTTCGA-3'

UBI_Rev 5'-CCCATCCTCCATTTCTAGCTCAT-3
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Amplification conditions and data analysis were as described in
Graham et al. (2010) and Czechowski et al. (2016).

Metabolite Analysis by UPLC-MS and
GC-MS

Three replicate cuttings from the NTC and each transformed
line were grown in 4-inch pots under 16-h days for 12 wk.
Metabolite profiles were generated from 50 mg fresh weight
pooled samples of leaves at young (first emerging leaf to leaf
6) or mature (the tips of leaves 11-13) developmental stages
the fresh leaf samples collected were stored at —80°C. Dry leaf
material was obtained from 18-week-old plants, cut just above
the zone of senescing leaves, and dried for 14 d at 40°C. Leaves
were stripped from the plants, and leaf material was sieved
through 5-mm mesh to remove small stems. Trichome-specific
metabolites (Supplemental Figure 2) were extracted and analyzed
as previously described (Graham et al., 2010; Czechowski et al.,
2016).

Architecture and Leaf Traits and Trichome
Density

Height, leaf area and trichome density were also measured on the
NTC and transformed lines as described in Graham et al. (2010).

FPP Quantification

FPP quantification was carried out on isolated GSTs and young
leaf material using pooled leaf tips (meristem to leaf 6) collected
from the apical meristem and each axillary branch counting
down to the axillary branch at leaf position 20. Glandular
trichomes were isolated as described in Graham et al. (2010).
The young leaf material was ground under liquid nitrogen and
1 gram weighed out for extraction. Both the isolated trichomes
and the ground leaf were extracted in methanol:water (7:3, v/v),
including a total of 0.3 pg farnesyl S-thiolodiphosphate (FSPP;
Echelon Biosciences) added as an internal standard. Extracts were
processed according to Nagel et al. (2014). Briefly, each extract
was passed through a Chromabond HX RA column (150 mg
packing), which had first been conditioned with 5 ml methanol
and 5ml of water, and compounds eluted under gravity with
3ml of 1M ammonium formate in methanol. The eluate was
evaporated under a stream of nitrogen to dryness, dissolved
in 250 wL of water:methanol (1:1.v/v), and a 2 pL aliquot
injected on a Waters Acquity I-Class UPLC system interfaced
to a Thermo Orbitrap Fusion Tribrid mass spectrometer under
Xcalibur 4.0 control. Compounds were eluted on a Waters
Acquity C18 BEH column (2.1 mm x 100 mm, 1.7 pm) at 50°C
using the following binary gradient program: solvent A =20 mM
ammonium bicarbonate + 0.1% triethylamine; solvent B = 4:1
acetonitrile:water 4 0.1% triethylamine; flowrate 0.4 ml/min; 0-
100% B linear gradient over 4 min. Post-column, compounds
were jonized using a heated electrospray source (vaporizer =
358°C; N, flows for sheath/aux/sweep = 45/13/1 arbitrary units;
source = 2.5 kV; ion transfer tube = —30V and 342°C; tube lens
= —40V). Data was acquired in full scan mode with the following
settings: orbitrap resolution = 15k, 100-500 m/z range, max ion
time 100 ms, 1 microscan, AGC target = 200,000, S-Lens RF Level
= 60. FPP eluted at ~2.4 min and the internal standard (FSPP) at

~2.5 min. The deprotonated pseudomolecular ions ([M-H] ™) of
381.1227 and 397.0998 for FPP and FSPP, respectively, were used
for quantification (=5 ppm window) against a 0.1-100 M linear
FPP/ESPP response ratio calibration curve (R? = 0.99), using
Xcalibur 4.0 software (Thermo). For less complex trichome-only
samples, a Thermo LTQ Orbitrap Classic instrument was used in
ion trap mode.

Sterol Quantification

A 200mg sample of pooled leaf material from the NTC and
AMS silenced lines was ground and extracted by sonication in
dichloromethane as described by Zhang et al. (2009). Extracts
were centrifuged, the upper phase collected and a 1 uL aliquot
analyzed by GC-MS as described in Czechowski et al. (2016),
except that the final GC oven temperature and hold time
were increased to 350°C and 8min, respectively, to ensure
elution of sterols and squalene. ChomaTof 4.0 software (Leco)
was used for spectral processing, to produce deconvoluted
spectra for identification against the NIST 2014 database and
authentic standards. ChromaTof-selected unique masses were
used to generate and integrate peak areas under selected ion
traces for quantification against authentic sterol and squalene
standards.

Data Analysis

Peak lists for UPLC-MS and GC-MS data were obtained and
processed using bespoke R scripts as described in Czechowski
et al. (2016). Data from GC-MS and UPLC-MS for the
young mature and dried leaf were analyzed by ANOVAs using
GENSTAT software (VSN international) with the Bonferroni
post-hoc test (p < 0.05) to compare between NTC and
transformed lines.

RESULTS

Silencing the First Committed Step in
Artemisinin Production Results in
Accumulation of the Sesquiterpene
Precursor FPP in Glandular Secretory

Trichomes of A. annua

The Amorpha-4,11-diene synthase (AMS) enzyme responsible for
catalyzing the first committed step in artemisinin production
is encoded by a small gene family averaging 12 copies in the
Artemis F1 hybrid variety (Figure 2). We built a hairpin-based
gene silencing construct that included regions showing the
least amount of sequence variation to maximize the sequence
homology and thus silencing effect across all the members of
the gene family (Supplemental Figure 1 of AMS ORF consensus
sequence). The trichome specific promoter of the cyp7avI gene
(Wang et al,, 2011) was used to drive expression of the AMS
gene silencing construct in-planta. Agrobacterium tumefaciens
based transformation was used to generate three independent
transgenic lines expressing the cyp7lavl:AMS_RNAIi construct
in Artemis. Phenotypically the AMS silenced lines showed no
significant differences when compared to NTCs in terms of
height, branch number and leaf total dry weight (Supplemental
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FIGURE 2 | AMS gene copy number in 15 individual lines of the A. annua
cultivar Artemis estimated by gPCR. Error bars represent standard error (n =
4). Sd prefixed numbers represent individual Artemis plants.

Figure 3). Presence of the transgene was determined by PCR
using primers designed to detect the NPTII selectable marker
gene (Figure3A). Q-RT-PCR revealed that there is a major
reduction in steady state levels of AMS mRNA in all of the AMS
silenced lines carrying the gene silencing construct (Figure 3B).
This was mirrored by a dramatic decrease in artemisinin
concentration in young, mature and dry leaves of the AMS
silenced lines compared to the NTCs (Figure 3C). Amorpha 4-
11-diene levels were found to be higher in young leaf tissue when
compared to the mature and dry leaf material in both the NTC
and AMS silenced lines with two of the lines showing a significant
increase compared to the NTC control (Figure 4A). There was
a significant reduction in all other intermediates downstream of
amorpha 4-11-diene in the AMS silenced lines compared to NTC
(Figure 4).

Quantification of farnesyl diphosphate (FPP) in methanolic
extracts from ground young leaf tips revealed a significant
increase in AMS silenced lines compared to the NTCs
(Figure 5A). This increase was also confirmed in isolated
trichomes (Figure 5B).

The Consequence of FPP Increases on
Known Sesquiterpene Synthase and

Squalene Synthase Gene Expression

The effect of silencing AMS on the expression of the other
known sesquiterpene synthases and squalene synthase (detailed
in Figure 1) was investigated by carrying out gRT-PCR on young
leaf material (Figure 6). In the NTC the expression levels of
SQS, GAS, ECS, CPS, and FS was found to be ~3- times lower
than AMS. In the AMS_silenced lines SQS and GAS become
the most highly expressed synthases although in comparison to
the NTC they were not significantly increased. Comparison of
expression of SQS, GAS, ECS, CPS, and FS between the NTC and
AMS_silenced lines showed they are all lower in the latter except
for GAS expression in the AMS silenced line, AMS_ RNAi_1 and

AMS_RNAi_1

AMS_RNAi_2

AMS_RNAi_3
Positive
Negative

Expression of amorpha,4-11,diene
synthase in young leaf tissue

Expression relative to ubiquitin

N s T qib e a3

Artemisinin concentration

REEAMY INB!
1 /RN AMS

B Mature_leaf

12 i3
/?\NP\\?\ MS/RNA\/
B Dried _leaf

C
AMS
OYoung_leaf

FIGURE 3 | (A) PCR results for NPTII primers M — 1 kb hyperladder™
(Bioline), (B) Q-RT-PCR of AMS gene expression and (C) Artemisinin
concentration (g/mg extracted dry weight) in young and mature leaves and
dried pooled leaf material for the NTC and AMS silenced lines. Error bars +SD
(NTC—n = 6, AMS_RNAI lines—n = 3). Letters represent Bonferroni test
results after ANOVA, groups not sharing letters indicate statistically significant
differences (p < 0.05).

ECS expression in the AMS silenced AMS_RNAi_3. However,
these slight differences in gene expression between NTC and the
AMS silenced lines were not found to be significant.
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FIGURE 4 | The concentration (1g/mg extracted dry weight) of known artemisinin pathway compounds in young leaves, mature leaves and dried pooled leaf material
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deoxyartemisinin. Error bars +SD (NTC—n = 6, AMS_RNAI lines—n = 3). Letters represent Bonferroni test results after ANOVA, groups not sharing letters indicate
statistically significant differences (p < 0.05).

The Downstream Effect of Increased FPP
Levels on Sterol and Sesquiterpene
Synthesis in Artemis as Quantified by
GC-MS and UPLC

In A. annua FPP is a precursor for not only artemisinin and
other sequiterpenes but also squalene and sterols and these
could all therefore be additional sinks for FPP that does

not flux into the artemisinin pathway via AMS (Figure 1).
To determine if the silencing of AMS led to a redirection
of FPP flux, squalene and sterol levels were quantified
from dried leaf material by GC-MS. Squalene, stigmasterol,
B-sitosterol and campesterol were identified in both the
NTC and transformed lines (Figure7). Stigmasterol and
B-sitosterol were present at higher levels in comparison
to squalene and campesterol but overall no significant
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FIGURE 5 | (A) FPP concentrations in umol/g for ground young leaf material
for the Artemis NTC and Artemis AMS silenced lines (concentrations were
measured on Thermo Orbitrap Fusion Tribrid mass spectrometer). Error bars
+8D (NTC—n = 6, AMS_RNAi lines—n = 3). (B) On column FPP
concentrations in wmol measured from isolated trichome extracts for Artemis
NTC and Artemis AMS silenced lines (concentrations were measured on a
Thermo LTQ Orbitrap Classic instrument, used in ion trap mode). Error bars
+SD (NTC—n = 6, AMS_RNAI lines—n = 3). Letters represent Bonferroni test
results after ANOVA, groups not sharing letters indicate statistically significant
differences (p < 0.05).

differences were found between the NTC and the AMS silenced
lines.

To determine if AMS silencing led to an increase in
sesquiterpenes other than artemisinin, GC- and UPLC-MS
analysis was carried out on fresh, young, and mature leaf material,
and pooled dried leaf material. From the GC-MS analysis of
NTC and transformed lines, 105 compounds were identified,
30 of which were sesquiterpenes. Comparisons between the
leaf material sampled (young/mature/dried) revealed the level
of sesquiterpenes to be higher in the young leaf samples in
comparison to the mature and dried leaf material (Supplemental
Table 1). Further statistical analysis to investigate differences

Expression of known sesquiterpene
synthases and squalene synthase in
A. annua young leaf

B

Expression relative to ubiquitin

C . .
N s TN o i A oS

HAMS mSQOS mGAS mECS mCPS =FS

FIGURE 6 | Expression of functionally characterized sesquiterpene synthase
(AMS, GAS, ECS, CPS, and FS) and SQUALENE SYNTHASE (SQS) genes in
young leaf tissue from NTC and AMS silenced lines. Error bars £SD (NTC—n
= 6, AMS_RNAi lines—n = 3).

Average sterol and squalene
concentrations as determined by
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s RN N\S RN S RN
M B-sitosterol ® Campesterol OSqualene Stigmasterol

FIGURE 7 | Average peak area from GC-MS for squalene and sterol
compounds identified from dried pooled leaf material for NTC and AMS
silenced lines. Error bars £SD (NTC—n = 6, AMS_RNAI lines—n = 3). Letters
represent Bonferroni test results after ANOVA, groups not sharing letters
indicate statistically significant differences (p < 0.05).

between the 3 AMS silenced lines and the NTC found that
for 17 of the sesquiterpene compounds levels were significantly
higher in the NTC. Significant increases in the AMS silenced lines
were found for only 6 sesquiterpene compounds (Supplemental
Table 1). In young leaf material these were: beta-farnescene and
germacrene; in mature leaf there were increases in 2 unknown
compounds with putative C;5Hj4 formulae, and in dried leaf
material germacrene D and ledene oxide were significantly
higher (Figure 8). For the other 7 sesquiterpene compounds no
differences were observed.
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As well as artemisinin and its associated compounds
derived from the artemisinin pathway, the UPLC-MS analysis
also identified four putative novel oxygenated sesquiterpene
(C15H240) compounds in the AMS silenced lines. These
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FIGURE 9 | The concentration (ng/mg extracted dry weight) of putative novel
sesquiterpene compounds in young and mature leaves and dried pooled leaf
material for the AMS silenced lines and NTCs. (A) sesquiterpene
M255.1946T53, (B) sesquiterpene M345.1205T724, (C) —M239.2007T65,
and (D) —sesquiterpene M239.2005T78 Error bars £SD (NTC—n = 6,
AMS_RNAI lines—n = 3). Letters represent Bonferroni test results after
ANOVA, groups not sharing letters indicate statistically significant differences
(o < 0.05).
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compounds were identified as being significantly increased
although the levels at which they were present was very
low, ranging from 0.03- to 0.4 pwg/mg DW which is 100-10
times (respectively) lower than artemisinin levels (Figure9).
Putative sesquiterpenes: M255.1946T53 M239.2007T65 and
M239.2005T78 were all found to be significantly increased in
young leaf tissue in the transformed lines in comparison to the
NTC. M345.1205T24 was found to be significantly increased in
only the dried leaf tissue of the AMS silenced lines in comparison
to the NTC.

DISCUSSION

Silencing AMS Leads to Accumulation of
the Sesquiterpene Precursor FPP in A.

annua GSTs

In A. anuua the first committed step in the artemisinin
pathway converting FPP to amorpha-4,11-diene is AMS. It
was hypothesized that by blocking this step FPP would either
accumulate or be channeled into the production of known or
novel sesquiterpenes. Previous work had shown that AMS was
not only highly expressed in the Artemis cultivar, but that
recovered AMS gene sequences were polymorphic (Graham etal.,
2010). This indicated that multiple copies of the gene could exist
which we confirmed by qPCR (Figure 2). The high copy numbers
for AMS present in the A. annua cv. Artemis could be linked
to its high artemisinin yield, and its success as an elite hybrid
for commercial production of artemisinin (Delabays et al., 2001).
To effectively silence all the AMS copies two separate sections of
the sequence were selected and joined to create an AMS specific
sequence, this was driven by the cyp7Ilavl trichome specific
promoter (Wang et al., 2011). Stably transformed lines expressing
the construct were achieved, with AMS expression reduced to
less than 4% of the NTC. Artemisinin content was reduced by
95% alongside a reduction in all artemisinin-related compounds
downstream of the AMS-catalyzed step.

One exception was amorpha-4,11-diene where levels were
found to be significantly higher in young leaf tissue of the
AMS silenced lines compared to the NTC (Figure 4A). No
such increase was present in mature or dry leaves. The levels
of amorpha-4,11-diene in A. annua are reported to be low as
a consequence of artemisinin biosynthesis (Bouwmeester and
Wallaart, 1999). Detection of this early step precursor in young
leaves of NTC is consistent with previous findings (Czechowski
et al., 2016) which suggest the pathway to artemisinin only
becomes active as leaves mature. The increase in the AMS
silenced lines is unexpected and the reason not obvious—
but could relate to the metabolic sink being somehow further
compromised as a result of the decreased AMS.

To establish the impact of silencing AMS on FPP levels we
adapted a protocol from Nagel et al. (2014) that allowed us to
quantify this important precursor for the first time in A. annua.
We found that silencing of AMS led to a significant accumulation
of FPP in young leaf tissue and this increase was also confirmed
as being trichome specific by carrying out the same extraction on
young leaf isolated GSTs (Figures 5A,B).

The Downstream Effect of Increased FPP
Levels on Sterol and Sesquiterpene
Synthesis in Artemis as Quantified by

UPLC-MS and GC-MS

Increasing FPP by knocking down AMS had no effect on the
expression of any of the other known sesquiterpene synthases
genes or squalene synthase known to be expressed in either the
GSTs or young leaf tissue (Figure 6). UPLC-MS and GC-MS
analysis of leaf material was carried out to determine if the FPP
accumulating in the AMS silenced lines was being redirected
into sterol or sesquiterpene production. GC-MS analysis found
no significant differences in squalene and sterol levels between
the NTC and the AMS silenced lines (Figure 7) despite this
pathway being considered the main competitor for FPP after
artemisinin (Zhang et al., 2009). The GC-MS analysis also
revealed very few changes in volatiles in the AMS silenced
lines (Supplemental Table 1). Where significant differences were
observed the magnitude, changes were very low (Figure 8). These
results differ to the findings of Ma et al. (2015) who silenced AMS
in a low artemisinin background (artemisinin yields of 0.025
ng/mg). Alongside reporting a decrease in artemisinin, they also
found a significant increase in the levels of caryophyllene and
copaene in their AMS silenced plants. The increase in these
sesquiterpene compounds could be linked to the low artemisinin
cultivar used for transformation having other active endogenous
sesquiterpene synthases. In Artemis a high yielding cultivar the
endogenous synthases would appear not to be as active in their
ability to utilize the FPP made available away from artemisinin
being silenced.

Although no differences were seen in known sesquiterpene
levels in the AMS silenced lines, putative novel sesquiterpene
compounds were detected and characterized by UPLC-MS.
Significant differences were seen between Artemis NTCs and
the AMS silenced lines for 4 putative sesquiterpene compounds
although the concentrations were around 30 times lower than
artemisinin. The compounds were also mainly identified in
young leaf tissue suggesting that these compounds are not end
products but rather are further converted as the leaf matures.
Compound M345.1205T24 was an exception to the other 3 as it
was found in dried leaf only. The very low concentrations of these
novel compounds in available plant material ruled out structural
determination attempts by NMR.

The lack of diversion of the accumulated FPP to other
sesquiterpenes or sterols in the AMS silenced lines is somewhat
surprising. One possible explanation for this is that the Artemis
hybrid has been selected for high yield artemisinin and the flux
of FPP may already be optimized to flow toward artemisinin
production.

Trichomes With Elevated FPP as a
Potential Production Platform for High
Value Sesquiterpenes

A. annua is already established as a very efficient crop plant
for artemisinin production, with the potential to produce this
high value chemical at a relatively low cost of less than $250 per
kilogram. Disruption of cyp7lavl, leading to novel arteannuin
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X accumulation demonstrated the plasticity of GST metabolism
in A. annua, suggesting their potential as factories for new
compound production (Czechowski et al., 2016). The GSTs
provide an optimal environment for the synthesis of many
natural products based on the availability of precursors, co-
enzymes, mRNA and protein processing. In A. annua the
problem of toxicity of some of these compounds is overcome as
the GSTs can sequester them in the extracellular cavities of the
trichome secretory cells. This coupled with the location of the
GSTs on the surface of leaves is advantageous as the compounds
are both contained and readily extractable.

By silencing AMS in a high artemisinin yielding A.
annua cultivar we have significantly decreased the amount of
artemisinin and related compounds produced in the GSTs. As
a further result of the silencing we also show that the precursor
FPP is accumulated in the GSTs and not catalyzed by endogenous
synthases. The lack of production of novel compounds at
significant amounts suggests that the elevated pool of GST
localized FPP is either not available to or not utilized by other
sesquiterpene, squalene synthase enzymes. Consequently, the
AMS silenced lines may represent a platform for production of
other high value compounds that require FPP as a precursor and
for which genes encoding biosynthetic enzymes are known.
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Artemisia annua is the only medicinal crop that produces artemisinin for malarial
treatment. Herein, we describe the cloning of a cinnamyl alcohol dehydrogenase
(AaCAD) from an inbred self-pollinating (SP) A. annua cultivar and its effects
on lignin and artemisinin production. A recombinant AaCAD was purified via
heterogeneous expression. Enzyme assays showed that the recombinant AaCAD
converted p-coumaryl, coniferyl, and sinapyl aldehydes to their corresponding alcohols,
which are key intermediates involved in the biosynthesis of lignin. Km, Vmax, and
Vmax/Km values were calculated for all three substrates. To characterize its function
in planta, AaCAD was overexpressed in SP plants. Quantification using acetyl bromide
(AcBr) showed significantly higher lignin contents in transgenics compared with wild-
type (WT) plants. Moreover, GC-MS-based profiling revealed a significant increase
in coumarin contents in transgenic plants. By contrast, HPLC-MS analysis showed
significantly reduced artemisinin contents in transgenics compared with WT plants.
Furthermore, GC-MS analysis revealed a decrease in the contents of arteannuin B and
six other sesquiterpenes in transgenic plants. Confocal microscopy analysis showed
the cytosolic localization of AaCAD. These data demonstrate that AaCAD plays a dual
pathway function in the cytosol, in which it positively enhances lignin formation but
negatively controls artemisinin formation. Based on these data, crosstalk between these
two pathways mediated by AaCAD catalysis is discussed to understand the metabolic
control of artemisinin biosynthesis in plants for high production.

Keywords: Artemisia annua, artemisinin, arteannuin B, cinnamyl alcohol dehydrogenases, coumarin, lignin,
sesquiterpenes

INTRODUCTION

Artemisinin-based combination therapy (ACT) is the first-line treatment for malaria (WHO,
2006, 2013; Maude et al., 2009). Artemisia annua L. (sweet wormwood), an effective antimalarial
plant, is the only natural resource to produce artemisinin, an endoperoxide sesquiterpene lactone.
Due to the global demand for ACT, understanding artemisinin biosynthesis in this medicinal
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Artemisinin and Lignin Biosynthesis Crosstalk

plant is critical for metabolic engineering purposes for high
production of this sesquiterpene. To date, numerous studies
have molecularly and biochemically characterized the main
steps of the artemisinin biosynthetic pathway, starting with
amorpha-4,11-diene (amorphadiene) localized in the cytosol
of glandular trichomes (Figure 1) (Bouwmeester et al., 1999;
Teoh et al., 2006; Covello et al., 2007; Zhang et al, 2008;
Czechowski et al., 2016). A recent review summarized enzyme
assay, synthetic biology, and multiple transgenic studies that
solidly demonstrate the first step catalyzed by amorpha-4, 11-
diene synthase (ADS) s (Xie et al., 2016). The second step is
catalyzed by a cytochrome P450 mono-oxygenase (CYP71AV1)
coupled with a cytochrome P450 reductase 1 (CPR1). These two
enzymes were originally demonstrated to convert amorpha-4, 11-
diene to artemisinic alcohol and then to artemisinic aldehyde (Ro
et al., 2006;Teoh et al., 2006). Recently, a new gene encoding
an A. annua alcohol dehydrogenase 1 (AaADHI1) was cloned
from glandular trichomes of A. annua and demonstrated to
catalyze the conversion of artemisinic alcohol to artemisinic
aldehyde (Paddon et al, 2013). This discovery has greatly
enhanced our understanding of the second step. A double-
bond reductase (DBR) and an aldehyde dehydrogenase (ALDH)
subsequently convert artemisinic aldehyde to dihydroartemisinic
aldehyde and then dihydroartemisinic acid (DHAA) (Xie
et al, 2016). The spontaneous oxidation of DHAA finally
produces artemisinin. In addition, arteannuin B is derived
from artemisinic aldehyde (Figure 1). Recently, a cyp7lavl
mutant of A. annua was generated to provide fundamental
genetic evidence demonstrating the essential role of CYP71AV1
in controlling the artemisinin biosynthetic pathway in planta
(Czechowski et al., 2016). This mutant further provided solid
evidence to demonstrate the formation of artemisinin through
spontaneous oxidation. In addition to research conducted in
plants, fundamental successes in synthetic biology have further
demonstrated the steps catalyzed by ADS, CYP71AV1, CPRI, and
AaADH1 (Ro et al., 2006; Paddon et al., 2013; Turconi et al.,
2014). Although these previous achievements have demonstrated
fundamental promising methods to improve the artemisinin
supply, global production from current sweet wormwood crops
still lacks stability and is unable to meet the increase in medicinal
demands (Paddon et al., 2013; Ma et al., 2017a). Therefore,
continuous research efforts are urgently necessary to elucidate the
regulatory mechanisms of artemisinin biosynthesis to improve
the global yield.

Cinnamyl alcohol dehydrogenase (CAD) is categorized in
a group of short-chain oxidoreductases in the family of
nicotinamide adenine dinucleotide phosphate (reduced form)-
dependent enzymes. It has been appropriately characterized to
catalyze the conversion of phenylpropenyl aldehydes to alcohols
in the late steps of lignin biosynthesis (Figure 1) (Sarni et al,
1984; Somers et al., 1995; Baucher et al., 1999; Chabannes et al.,
2001). A large number of studies have succeeded in manipulating
CAD expression in potent biotechnological efforts to reduce
lignin in trees and crops for different economic applications
(Baucher et al., 1999; MacKay et al., 1999; Chabannes et al,
2001; Fu et al, 2011; d’Yvoire et al, 2013; Trabucco et al,
2013; Anderson et al., 2015; Ozparpucu et al., 2017). The main
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FIGURE 1 | A simplified scheme showing the cellular compartmentation
associated with the biosynthesis of lignin, coumarin, artemisinin, and other
metabolites. Pathway abbreviations: MEP, 2-C-methyl-D-erythritol
4-phosphate and MVA, mevalonate pathway; enzyme abbreviations; ADS,
amorphadiene synthase; AaADH1, Artemisia annua alcohol dehydrogenase;
AaCAD, Artemisia annua cinnamyl alcohol dehydrogenase; CPR1,
cytochrome P450 reductase 1; CYP71AV1, cytochrome P450
mono-oxygenase; and PAL, phenylalanine ammonia-lyase. Dashed arrows
and lines denote multiple steps. Solid arrows denote one step. The short
arrow for AaCAD in the artemisinin pathway denotes a partial reverse. The
long arrow for CYP71AV1 and CPR1 denotes the main direction toward
artemisinin.

successes associated with using CAD downregulation include
improved digestibility of forage crops, reduction of lignin in
trees for pulping and biofuel, and different renewable plants
for biofuel feedstock (Lapierre et al., 2000; Fu et al, 2011;
Wang Y.H. et al.,, 2015; Ozparpucu et al., 2017; Ponniah et al,,
2017). For example, downregulation of CAD in alfalfa has
been shown to lead to a decrease in lignin and improved
digestibility of this forage crop (Baucher et al., 1999). Suppression
of CAD in rice has demonstrated the potential to facilitate
cellulose production for biofuel feedstock (Ponniah et al., 2017).
A downregulation of CAD has also been reported to improve
saccharification in switchgrass for biofuel conversion (Fu et al.,
2011).

In our previous study, we reported the cloning of a CAD
homolog from glandular trichomes of an heterozygous (cross-
pollination) A. annua cultivar and in vitro enzyme assays
to show that it used cinnamyl aldehyde, coniferyl aldehyde,
sinapyl aldehyde, and artemisinic aldehyde as substrates (Li
et al, 2012). To date, whether this CAD can affect lignin
and other metabolic pathways in A. annua remains to be
investigated. Herein, we report the cloning of a new CAD
homolog from a novel self-pollinating (SP) A. annua and
characterize its enzyme kinetics and overexpression in plants.
Phytochemical analysis, GC-MS-based metabolic profiling, and
LC-MS analysis were conducted to characterize phenylpropanoid
and terpenoid metabolism in transgenic plants. The resulting
data showed that not only was this new AaCAD involved in lignin
biosynthesis, but it was also associated with coumarin formation.

Frontiers in Plant Science | www.frontiersin.org

June 2018 | Volume 9 | Article 828


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Ma et al.

Artemisinin and Lignin Biosynthesis Crosstalk

By contrast, artemisinin and other sesquiterpenes contents were
significantly decreased in transgenic plants. These data show
that AaCAD can play a dual function by establishing a crosstalk
between two distinct cytosolic pathways, the phenylpropanoid
and sesquiterpene pathways. Although overexpression of AaCAD
leads to a reduction of artemisinin contents, this research is very
instructional for future metabolic engineering designs to improve
artemisinin production in A. annua.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

The progeny of a self-pollinating (SP) A. annua variety were
grown in the phytotron for seeds as described previously (Alejos-
Gonzalez et al., 2011). The photoperiod and temperature in the
phytotron was 16/8 h (light/dark) and 25/22°C (day and night).
Seedlings of the F3 progeny were used for gene cloning, genetic
transformation, and metabolite analysis.

Cloning of AaCAD cDNA

DNA-free total RNA was isolated from 2-month-old seedlings
of SP A. annua using the RNeasy Plant Mini Kit (Qiagen,
United States) as described previously (Ma et al., 2015). The
first-strand ¢cDNA was synthesized with 1.0 pg of total RNA
and Powerscript reverse transcriptase (Clontech). The resulting
cDNA was used as template to clone AaCAD. A pair of primers
consisting of CAD-F (5- ATG GGA AGC ATG AAA GAA
GAA AG-3') and CAD-R (5-ATT TGT TGT TTC CTC TTC
CAA A-3') was designed for RT-PCR, which was carried out to
obtain the open reading frame (ORF) fragment of AaCAD. The
PCR product was further sequenced to analyze its nucleotides.
The resulting ORF was deduced to determine the amino acid
sequence, which was aligned with a reported CAD sequence
obtained from GenBank. The sequence alignment was completed
using an online Cluster Omega program’.

Heterogeneous Expression of

Recombinant AaCAD

The ORF of AaCAD containing its stop codon TAA was
cloned into the pENTR/D-TOPO vector (Gateway, Invitrogen)
to obtain a recombinant pENTR-AaCAD plasmid. The LR
Clonase II enzyme mix (Invitrogen) was used to digest the
PENTR-AaCAD plasmid and the destination vector pDEST17
(6xHis tag). As a result, the AaCAD ORF was cloned into
pDEST17 to obtain a new pDEST17-AaCAD plasmid for
protein expression. All cloning steps followed the manufacturer’s
protocol. The pDEST17-AaCAD plasmid was further introduced
into competent E. coli strain BL21 cells to induce recombinant
protein.

For protein induction, a single colony was selected and then
cultured in 200 ml liquid LB medium supplied with 50 mg/L
ampicillin at 37°C in 500-ml E-flasks. When the OD value
of the suspension culture was approximately 0.6 at 600 nm,
0.1% L-arabinose and 0.1 mM IPTG were added the flask. The

Uhttp://www.ebi.ac.uk/Tools/msa/clustalo/

suspension culture was continuously incubated for an additional
20 h at 16°C. As described in our recent report (Ma et al., 2017a),
the recombinant AaCAD was purified using Ni-NTA Superflow
Columns (Qiagen, 1.5 ml) according to the manufacturer’s
protocol. The resulting purified recombinant AaCAD was
loaded onto PD-10 columns (Amersham Pharmacia Biotech,
now GE Healthcare Life Sciences, http://www.gelifesciences.
com) to remove salts. Sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) was performed to examine the
purification of the recombinant AaCAD. The resulting desalted
protein was used for the enzyme assay immediately or stored in a
—20°C freezer for late use as described below.

Enzyme Assay and Kinetics Analysis

Three lignin substrates, coniferyl aldehyde, p-coumaryl aldehyde,
and sinapyl aldehyde (Sigma-Aldrich), were used to examine the
catalytic activity of the recombinant AaCAD. Three substrates
were dissolved in methanol. Enzymatic reactions were carried
out in a 200-p1 volume composed of 0.1 mM substrate, 50 mM
Tris-HCl (pH 7.5), 0.5 mM NADPH, 2.0 mM dithiothreitol,
and 1.3 pg purified recombinant AaCAD. All reactions were
initiated by addition of AaCAD to the reaction mixture at 30°C.
After 30 min, all reactions were stopped by addition of 15 pl of
glacial acetic acid, followed by centrifugation at 10,000 x g for
10 min. The resulting supernatant was pipetted into a 200-pl
glass insert, which was further placed into a 2-ml glass vial for
high-performance liquid chromatograph (HPLC) analysis. All
experiments were repeated three times, each with three replicates.

HPLC analysis was performed on a Waters 2695 instrument.
Metabolites were separated on an Agilent ZORBAX Eclipe
XDB-C18 column (4.6 x 150 mm, 5 pm). Two HPLC grade
solvents, methanol (solvent A) and water (solvent B), were used
as the mobile phase. A gradient solvent program, which was
composed of A:B from 5:95 to 95:5 from 0 to 40 min, was
developed to elute the metabolites. The flow rate was 1.0 ml/min,
and the injection volume was 20 pl. The wavelengths for
detection of the metabolites were 260 nm and 340 nm.

To characterize the kinetics of the recombinant AaCAD,
eight concentrations (6, 8, 10, 12, 14, 20, and 30 wM) of each
substrate were tested. Except for the different concentrations of
the substrates used, other components in the reaction mixture
were the same as described above. All reactions were performed
in 200 pl in 96-well microplates. Measurements of enzymatic
products were performed using an Epoch Microplate reader
(BioTek instruments Inc., United States). All reactions were
initiated by the addition of enzyme and then maintained at
30°C for 10 min. All tubes were placed on a microplate for
40 min of declination recorded at 340 nm, which is classically
used to quantify aldehyde and NADPH because they have
maximum absorbance values at this wavelength (Goftner et al.,
1992; Ma, 2010; Saathoff et al, 2011; Rong et al, 2016).
This method uses extinction coefficients (14.7 x 1073 to
19.45 x 1072 M~! cm™!) for both aldehyde and NADPH to
calculate the relative contribution of each to the 340-nm signal
(Hawkins and Boudet, 1994; Saathoff et al., 2011), which allows
the elimination of potential spectrophotometric interference.
We used this method to record absorbance values at one-min
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intervals for each tube (reaction). Each reaction was continuously
recorded 40 times to obtain 40 values. The resulting data were
analyzed using GraphPad Prism 6 software to determine the Km,
Vmax, and Kcat values. All experiments were performed three
times, each with three replicates.

Development of Binary Vector, Genetic
Transformation of A. annua, and
Genotyping

The AaCAD ORE, including its stop codon, was cloned into the
PENTR/D-TOPO vector (Gateway, Invitrogen) to obtain a new
recombinant pENTR-AaCAD plasmid, which was introduced
into competent E. coli DH5a cells. The destination vector used for
the development of binary vectors was PMDC-84 (Xi et al., 2016).
The pENTR-AaCAD and PMDC-84 plasmids were digested
and interchanged using the LR Clonase II enzyme mixture
(Invitrogen) following the manufacturer’s protocol. This cloning
step resulted in a binary vector, namely, PMDC-84-AaCAD, in
its T-DNA cassette of which AaCAD was cloned at the immediate
downstream of a 2x 35S promoter, and a hygromycin gene was
used for selection (Figure 3A). This binary vector was introduced
into competent A. tumefaciens strain LBA4404 cells, from which
one positive colony was selected for genetic transformation of
A. annua, as described previously (Ma et al,, 2015). Multiple
transgenic shoots were generated on the hygromycin selection
medium and rooted to obtain plantlets. More than 10 plantlets
were planted in pot soil and placed in the phytotron for
continuous growth to flower and then seed production. In
addition, transgenic plants for other genes reported previously
(Ma et al., 2015) were used as vector controls in this study. We
further used a Leica MZ FLIII fluorescence stereomicroscope
to examine trichomes including glandular and other shaped
trichomes on the surfaces of leaves and stems of transgenic vs.
wild-type plants.

Genomic DNA was extracted from leaf tissues of transformed
plants using the DNeasy Plant Mini Kit (Qiagen, United States).
A total of 50 ng of genomic DNA was used as template for PCR
using a pair of primers consisting of a forward primer (5'-TCT
AGA ACT AGT TAA TTA AGA AT-3') designed based on the
35S promoter and a reverse primer (5-ATT TGT TGT TTC
CTC TTC CAA A-3') designed based on AaCAD. The thermal
program for PCR was composed of 94°C for 5 min, followed by
35 cycles at 94°C for 1 min, annealing for 1 min at 5°C, and
extension of 1 min at 72°C, and a final extension at 72°C for
5 min. All PCR experiments were performed with three biological
replicates, each repeated at least three times.

Subcellular Localization Analysis

Subcellular localization of AaCAD was carried out as described
in our recent reports (Ma et al., 2017a,b). In brief, a gateway
technique was used to insert the AaCAD ORF without its stop
codon into the pENTR/D-TOPO vector (Gateway, Invitrogen,
United States) following the manufacturer’s protocol. This
cloning generated a new recombinant plasmid, namely,
pENTR/D-TOPO-CAD. The destination vector used was
pSITEII-N1-enhanced green fluorescent protein (EGFP) (with

the EGFP epitopic tag in the C-terminus). Then, AaCAD in
the pENTR/D-TOPO-CAD vector was cloned into pSITEII-N1
by LR reactions following the manufacturer’s protocol. This
cloning step generated a new pSITEII-N1-CAD/EGFP plasmid,
in which AaCAD (without its stop codon) was directly ligated
at the 5'-end of EGFP. The new plasmid was then introduced
into Agrobacterium tumefaciens strain GV3101. A positive
colony was selected and then activated for leaf agroinfiltration of
N. benthamiana to transiently analyze protein expression. After
30 h of infection, leaf tissues were examined using a confocal
microscope (Carl Zeiss). GFP fluorescence was excited at 488 nm
and observed between 495 and 550 nm according to a method
reported previously (Wang G.F. et al,, 2015). All analyses were
performed with three groups of biological replicates, each with at
least three replicates.

Reverse Transcription-Polymerase Chain

Reaction and Western Blot Analysis

Total RNA was isolated from the young leaves of transgenic
candidates and WT plants using an RNeasy Plant Mini Kit
(Qiagen, CA, United States). Samples were then treated with
DNase to obtain DNA-free RNA. The first-strand ¢cDNA was
synthesized using 1.0 pg of DNA-free RNA and Powerscript
reverse transcriptase (RT, Clontech, United States). One
microliter of cDNA was used as template for PCR using
Taq polymerase (Promega, United States). The steps of
these three types of experiments followed the manufacturers
protocols, respectively. Reverse transcription-polymerase chain
reaction (RT-PCR) was carried out for AaCAD transgenic
and WT plants. The housekeeping gene B-actin was used as a
reference control. The gene-specific primer pair for PCR was
5-ATGGGAAGCATGAAAGAAGAAAG-3 (forward primer)
and 5-ATTTGTTGTTTCCTCTTCCAAA-3' (reverse primer).
The thermal program was as described above for genotyping.
RT-PCR experiments were performed with three groups of
biological replicates, each with three replicates.

A polypeptide consisting of MGSMKEERKITGWAC selected
from the AaCAD amino acid sequence was used for antibody
development. This peptide was synthesized and then used to
develop a polyclonal antibody in rabbit at Genscript Company
(NJ 08854, United States) for western blot analysis. Western blot
was performed as described in our recent reports (Ma et al,
2017a,b). In brief, total proteins were extracted from leaves of
transgenic vs. wild-type plants and separated by SDS-PAGE.
Separated proteins were transferred to a nitrocellulose membrane
and then probed with anti-AaCAD antibody. An anti-rabbit
IgG HPR conjugate was used as a second antibody (Promega).
An enhanced chemiluminescence system (Thermo Scientific, IL,
United States) was used to detect the hybridization signal for
immunoblot analysis. Western blot analysis was repeated three
times.

Lignin Measurement

The lignin content was measured using the acetyl bromide (AcBr)
method (Fukushima and Kerley, 2011; Moreira-Vilar et al., 2014).
Small revisions were developed to obtain the protein-free cell wall
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fraction. All dried stems and branches of each plant were ground
into powder and filtered using a sieve (120 pwm). One gram of
fine powder was suspended in 20 ml sodium phosphate buffer
(0.1 M, pH 7.2) in a 50-ml capped polyethylene tube at 37°C for
30 min, followed by centrifugation at 4000 rpm for 10 min. The
remaining pellet was suspended in 10 ml 70% ethanol, placed in
an 80°C water bath for 5 min, and then centrifuged for 10 min
to remove the supernatant. This step was repeated five times. The
remaining pellet in the tube was suspended in 10 ml acetone at
room temperature for 5 min and centrifuged for 5 min to remove
the supernatant. These treatments obtained protein-free cell wall
fraction. The pellet was completely dried in a 37°C oven until
there was no weight change. Five milligrams of the dry residue
sample was dissolved in 2.5 ml of acetyl bromide:acetic acid (1:3,
v/v) solution in a glass tube. This treatment was maintained 24 h
at room temperature. The mixture was completely transferred to
a 10-ml volumetric flask, followed by addition of 0.35 ml of 0.5 M
hydroxylamine hydrochloride. Glacial acetic acid was added to
the volumetric flask to 10 ml. The flask was gently shaken in
the upside-down direction to thoroughly mix the sample. The
absorbance of the resulting mixture was recorded at 280 nm
using an ultra-visible spectrometer. An extinction coeflicient of
23.077 g~ ' 1cm™! was used to calculate the AcBr concentration.
The resulting data were used to calculate the contents of lignin
extracted from the samples. Three biological replicates were
analyzed for each plant. Each biological replicate was repeated
three times.

Extraction of Non-polar Metabolites and
Gas Chromatograph-Mass Spectrometry
Analysis

A protocol was developed to extract and profile nonpolar
metabolites from tissues of A. annua (Ma et al, 2015).
In brief, hexane was used to extract nonpolar metabolites
from the leaves of 8-12 nodes of two-month-old plants
grown in the phytotron (Figure 3B), and gas chromatograph-
mass spectrometry (GC-MS) was performed using a gas
chromatograph 6890 coupled with 5975C MSD (Agilent
Technologies, United States). A RTX-5 capillary column (30
m X 0.25 mm x 0.25 pm) was used to separate the metabolites.
Splitless mode was used in the inlet. The injection temperature
was set at 250°C. The temperature was initially set at 60°C, then
ramped to 260°C at a constant rate of 10°C/min, and held at
260°C for 25 min. Pure helium was used as the carrier gas, with
a flow rate of 1 ml/min. A positive electron impact ion source
(70 eV) was used to ionize compounds, and mass fragments
were scanned in the range from 40 to 800 (m/z), with 4 min
of solvent delay. Three biological replicates were analyzed for
each genotypic plant. Each biological replicate was repeated three
times.

High-Performance Liquid
Chromatography-Mass Spectrometry

Analysis of Artemisinin
Leaf samples used for nonpolar metabolite analysis were
also used for artemisinin measurements. Extraction of

artemisinin and high-performance liquid chromatography-
mass spectrometry (HPLC-MS) analysis were performed using
a 2010 eV LC/UV/ESI/MS instrument (Shimadzu) following
our protocols reported previously (Alejos-Gonzalez et al,
2011, 2013). Three biological replicates were analyzed for each
genotypic plant, with each biological replicate repeated three
times.

Statistical Analyses

Experimental data were analyzed by one-way ANOVA.
Subsequent multiple comparisons were performed using
Duncan’s multiple range test. All statistical analyses were
performed using IBM SPSS Statistics Professional Edition, and
the statistical significance was set at P < 0.01.

RESULTS

Kinetics of Recombinant AaCAD for

Three Lignin Substrates

According to a CAD homolog sequence (ACB54931) that was
cloned from a cross-pollinating cultivar (Li et al., 2012) and
curated in the GenBank at NCBI database, we used RT-PCR to
clone an AaCAD open reading frame (ORF) (GenBank accession
ID#: MHO017050) from the leaf tissues of self-pollinating (SP)
A. annua. The full-length ORF is composed of 1086 base pairs
of nucleotides that are deduced to encode 362 amino acids. An
alignment between the deduced amino acid sequence and the
homologous ACB54931 sequence only revealed three different
amino acids, showing the high identity of the sequence and
predicted structure (Supplementary Figures S2, S3).

The ORF was cloned into pDEST17 (6xHis tag) to induce
the recombinant AaCAD. The purified recombinant enzyme
was further obtained using Ni-NTA Superflow Columns
(Supplementary Figure S1). Three substrates, coniferyl aldehyde,
sinapyl aldehyde, and p-coumaryl aldehyde, were used to evaluate
the enzymatic activity. After the recombinant AaCAD was
incubated with the three substrates, HPLC analysis showed
that the recombinant enzyme efficiently converted the three
substrates to their corresponding alcohol products, coniferyl
alcohol, sinapyl alcohol, and p-coumaryl alcohol, respectively
(Figures 2A-C). These results demonstrated the biochemical
involvement of AaCAD in the lignin biosynthetic pathway
(Figure 1).

Kinetic analysis was carried out to characterize Km, Vmax,
Kcat, and Kcat/Km values for the three substrates. Given
that coniferyl alcohol, sinapyl alcohol, and p-coumaryl alcohol
produced from AaCAD catalysis have maximum absorbance
values at 340 nm, the use of a microplate reader is a highly
efficient way to measure their concentrations in the same reaction
time frame. The resulting data showed that the Km value of
sinapyl aldehyde was lower than those of coniferyl aldehyde and
p-coumaryl aldehyde, which had similar values (Figure 2D). This
result supports a catalytic preference for sinapyl aldehyde. The
Vmax values for the three substrates were similar. The Kcat/Km
value for sinapyl aldehyde was higher than those of coniferyl
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FIGURE 2 | Characterization of enzymatic activity with HPLC analysis and kinetic features. (A) HPLC profiles show conversion of coniferyl aldehyde to coniferyl
alcohol, a-1: reaction product and substrate, a-2: coniferyl aldehyde standard, and a-3: coniferyl alcohol standard. (B) Profiles of HPLC show conversion of sinapyl
aldehyde to sinapyl alcohol, b-1: reaction product and substrate, b-2: sinapyl aldehyde standard, and b-3: sinapy! alcohol standard. (C) Profiles of HPLC show
conversion of p-coumaryl aldehyde to p-coumaryl alcohol, c-1: reaction product and substrate, c-2: p-coumaryl aldehyde standard, and c-3: p-coumary! alcohol
standard. (D) Km, Vmax, Kcat, and Vcat/Km values were calculated for three substrates. All experiments in A=C were repeated at least three times. All experiments
in D were carried out with three replicates to calculate the values.

aldehyde and p-coumaryl aldehyde, which had similar values
(Figure 2D).

Overexpression of AaCAD in SP A. annua

The ORF of AaCAD was cloned into the PMDC-84 vector,
and its expression was driven by a 2 x 35S promoter
(Figure 3A). This construct was introduced into SP A. annua
via A. tumefaciens-mediated transformation of leaf explants.
Numerous hygromycin-resistant shoots were regenerated from
infected explants and further rooted to obtain multiple transgenic

plantlets. More than 10 plantlets were planted in soil contained
in pots and grown in the phytotron as reported previously (Ma
et al., 2017a). As shown in the photograph of line OE3 and a
wild-type plant in Figure 3B, the transgenic candidates grew
similarly. In addition, vector control transgenic plants such as
ADS transgenic plants (Ma et al., 2015) were used as a vector
control, and no difference in plant growth was observed between
ADS and AaCAD transgenic plants.

Based on the 35S promoter and AaCAD sequences, primers
were designed for PCR-based genotyping. The resulting PCR
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FIGURE 3 | A simplified map of the T-DNA cassette and integration of the transgene in transgenic plants. (A) A T-DNA cassette constructed in a binary vector

showing the use of the 2 x 35S promoter for overexpression of AaCAD in A. ann

plant. (C) PCR gel images show the genomic DNA fragment amplified from two transgenic lines using a pair of primers consisting of a forward 35S promoter primer
and a reverse CAD primer. (D) Gel images show the increased expression of AaCAD in transgenic plants. (E) Gel images show the increased AaCAD protein in
transgenic lines. Abbreviations in T-DNA: AaCAD, Artemisia annua cinnamy! alcohol dehydrogenase; GFP, green florescent protein; Hyg, hygromycin; Tnos, Nos
terminator. Plant name abbreviation: OE2 and OE3, two transgenic lines; WT, wild-type control. PCR and RT-PCR experiments were performed with three biological
replicates, each with at least three replicates. Western blotting was repeated three times.
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data, as shown for transgenic examples OE2 and OE3 in
Figure 3C, demonstrated the integration of the 35S and AaCAD
transgenes into the genome of transgenic candidates. These two
candidate lines were further selected for RT-PCR and western
blot analysis. RT-PCR using gene-specific primers showed higher
expression levels of AaCAD in these two transgenic plants
compared with the wild-type control (Figure 3D). Western blot
analysis demonstrated an increased protein level of AaCAD in
the two transgenic plants (Figure 3E). These data demonstrate
that the two candidates are transgenic plants.

To characterize the subcellular localization of AaCAD,
confocal microscopy analysis was performed. The stop codon
TAA was removed from the AaCAD ORF. The resulting
TAA-eliminated sequence was fused to the N-end of an EGFP for
protein localization. As reported previously for testing transgene
functions in SP A. annua (Ma et al., 2017a,b), transient expression
of AaCAD-EGFP was carried out in Nicotiana benthamiana.
Both green and red channels were used to localize the proteins.
The resulting data from two-channel observations showed that
epidermal cells exhibited strong green fluorescence in the cytosol
(Figure 4), indicating that AaCAD catalyzes reactions in the
cytosol.

Lignin and Coumarin Contents Are

Increased in Transgenic Plants
Lignin and other phenylpropanoid metabolites were analyzed in
the transgenic and wild-type plants. Given that TO transgenic

Bright/

autofluorescence

Merged
A |~ 3 Ky

FIGURE 4 | Subcellular localization of AaCAD-EGFP. (A) The green
fluorescence signal of GFP in cells is shown in images photographed using
green and bright channels. (B) The green fluorescence signal of GFP in cells is
shown in images photographed using green and red channels. Green, green
fluorescence of GFP; red, autofluorescence of chloroplasts; merged, green
fluorescence of GFP and red autofluorescence of chloroplasts. This
experiment was repeated three times, each with at least three biological
replicates.

plants were regenerated at different time points, in this study,
we mainly focused on OE2 and OE3, which were regenerated
at the same time and grew in a synchronous manner. The main
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FIGURE 5 | Overexpression of AaCAD increases the lignin and coumarin
contents in transgenic plants. (A) AcBr analysis-based calculation showing
the lignin content in leaves of two transgenic lines and wild-type plants.

(B) Overlay of total ion chromatographs showing increases in coumarin
abundance in leaves of the two transgenic lines. (C) Peak area values show
significant increases in coumarin in leaves of the two transgenic lines. OE2
and OES3, two transgenic lines overexpressing the AaCAD transgene; WT,
wild-type. * in (A) and ** in (C) denotes significant differences between
transgenic lines and wild-type plants (N = 3, p < 0.01). All analyses were
conducted with three biological replicates, each repeated three times.

stem and all branches of OE2 and OE3 were harvested for lignin
analysis after the seeds were collected. Acetyl bromide (AcBr)
analysis was completed to measure the lignin contents. The
resulting data showed that lignin was significantly increased in
the stems and branches of these two transgenic lines (Figure 5A).

Coumarin (2H-chromen-2-one) was annotated by GC-MS
analysis. The resulting data showed a significant increase in
coumarin content in the leaves of these two lines compared with
the leaves of the wild-type plants (Figures 5B,C), demonstrating
that AaCAD is associated with coumarin formation in plants.

Artemisinin, Arteannuin B, and Other
Sesquiterpenes Are Decreased in

Transgenic Plants

Artemisinin, arteannuin B, and other sesquiterpenes were
profiled in the leaves of AaCAD transgenic vs. wild-type
plants. As reported previously (Ma et al., 2015), artemisinin
was measured using HPLC-MS. The resulting data showed
that the contents of artemisinin were reduced significantly
in two transgenic lines compared with wild-type plants
(Figure 6A). In addition, arteannuin B and other sesquiterpenes
were analyzed using GC-MS as reported previously (Ma
et al., 2015). The resulting total ion chromatographs showed
that the abundance of many non-polar metabolites was
reduced in the two transgenic lines compared with wild-type
plants (Figure 6B). Peak deconvolution allowed annotation
of arteannuin B and other sesquiterpenes (Figure 6B). Peak
values were recorded for arteannuin B and six other main
sesquiterpenes. The resulting data showed that the peak values
of arteannuin B and six sesquiterpenes were significantly reduced
in the transgenic plants compared with wild-type controls
(Figures 6C,D). These data indicate that the biosynthetic activity
of sesquiterpenes is reduced in AaCAD transgenic plants. To
determine whether the reduction of these metabolites was
associated with the density of glandular trichomes, leaves and
stems of transgenic vs. wild-type plants were examined using a
Leica MZ FLIII fluorescence stereomicroscope and photographed
(Supplementary Figures S4, S5). The resulting data showed that
although many transparent or semi-transparent trichomes were
observed in both abaxial and adaxial surfaces, most of them are
T-shaped trichomes (Supplementary Figure S5) or other sharp
stick trichomes. The density of glandular trichomes was low and
similar on those leaves between transgenic and wild-type plants
(Supplementary Figure $4).

DISCUSSION

The present study shows that understanding the function
of AaCAD, a short chain oxidoreductase in A. annua, is
fundamental for the metabolic engineering of this medicinal
crop to achieve high production levels of artemisinin. Numerous
studies have reported that CAD is a key enzyme in the
biosynthesis of lignin and plays an essential role in plant
development associated with plant biomass (Mitchell et al,
1994; Feuillet et al., 1995; Halpin et al,, 1998; Bagniewska-
Zadworna et al., 2014; Pan et al, 2014; Choi et al., 2016).
Downregulation of CAD expression or its knockout causes a
reduction of lignin, which leads to severe plant dwarfism and
a decreased biomass (Sirisha et al., 2012; Anderson et al., 2015;
Ozparpucu et al., 2017; Ponniah et al., 2017) as well as decreased
plant resistance to pathogens (Bagniewska-Zadworna et al., 2014;
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FIGURE 6 | Effects of AaCAD overexpression on levels of artemisinin, arteannuin B, and other sesquiterpenes in leaves of transgenic plants. (A) LC-MS analysis
measurements show decreases in artemisinin contents. (B) Overlay of total ion chromatographs shows the abundance reduction of numerous non-polar
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Preisner et al., 2014; Rong et al., 2016). However, whether an
increase in total lignin via CAD overexpression can affect the
biosynthesis of terpenoids, such as artemisinin biosynthesis
in A. annua, remains uninvestigated. We recently reported
the cloning of a CAD homolog from a cross-pollinating
heterozygous cultivar and its biochemical analysis. Our previous
in vitro enzyme assays showed that the recombinant CAD
used coumaryl, coniferyl, and sinapyl aldehydes as substrates
in the presence of NADPH (Li et al., 2012). Our previous
enzyme assays also showed that this CAD could use artemisinic
aldehyde, a sesquiterpenoid metabolite, as a substrate to
produce to artemisinic alcohol. Although the Km value
of CAD for artemisinic aldehyde is higher than those of
coumaryl, coniferyl, and sinapyl aldehydes, the activity using
this sesquiterpenoid substrate indicates its catalytic promiscuity.
Accordingly, we hypothesize that CAD not only essentially
involves lignin formation, but it can also control artemisinin
accumulation in A. annua. However, a functional analysis of

CAD in planta has not been performed, given that the cross-
pollinating cultivar used to clone CAD is a heterozygous species
that causes progeny segregation. The heterozygous cultivar
is not appropriate material to generate transgenic plants to
understand this gene function in planta. Herein, we re-cloned
a new homolog from our novel inbred SP A. annua (F3
progeny) and designated it AaCAD to further characterize its
functions in vitro and in vivo. Our enzyme assay showed that
this new recombinant AaCAD efficiently converted coumaryl,
coniferyl, and sinapyl aldehydes to their corresponding alcohols
(Supplementary Figure S2). As expected, the overexpression
of AaCAD significantly increased the lignin content in SP
A. annua plants (Figure 5A), demonstrating its involvement in
lignin biosynthesis. In addition, overexpression increased the
content of coumarin (Figures 5B-C), indicating its additional
function in the phenylpropanoid pathway. Given that amino acid
sequence analysis showed that this AaCAD and the previous
one from a cross pollinating cultivar had only three amino acid

Frontiers in Plant Science | www.frontiersin.org

June 2018 | Volume 9 | Article 828


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Ma et al.

Artemisinin and Lignin Biosynthesis Crosstalk

differences (Supplementary Figure S2) and structural modeling
showed the same structure conformation (Supplementary Figure
S3), two homologs were anticipated to have similar enzymatic
activity to convert artemisinic aldehyde to alcohol. As anticipated,
the overexpression of this new AaCAD led to significant
decreases in the contents of artemisinin, arteannuin B, and
other sesquiterpenes in leaves (Figures 6A,C). Although these
results were not a goal of our metabolic engineering strategy,
they supported the findings of our previous in vitro enzyme
assay showing that recombinant CAD from a cross-pollinating
A. annua cultivar converted artemisinic aldehyde to artemisinic
alcohol (Li et al., 2012), a late step in the reverse direction of
the artemisinin pathway (Figure 1). To understand whether this
reaction could occur in the cytosol of transgenic plant cells, we
used GFP fusion to characterize the subcellular localization. Our
confocal microscopy analysis revealed the cytosolic localization
of AaCAD (Figure 4). These data further revealed that the
cytosolic localization of AaCAD could reverse the step toward
the formation of artemisinin catalyzed by CYP71AV1, CPR1,
and AaADH]1 and thus catalytically reduce the efficacy of three
enzymes in the cytosol. These data indicate that overexpression
of AaCAD negatively controls the formation of artemisinin in
A. annua.

Glandular trichomes are the localization of the artemisinin
biosynthesis (Duke et al, 1994; Xiao et al, 2016). A field
study reported that application of salicylic acid or chitosan
oligosaccharidea (out of different stress treatments) could
significantly decrease 4-9 glandular trichomes per square of
millimeter only on upper leaves from mature plants grown in
the field (Kjaer et al., 2012). In the same study, three plants
selected from the field were propagated via cutting and the
resulting clones were grown in the greenhouse. Kjaer et al.
(2012) observed that application of nine stress treatments did
not affect the density of glandular trichomes on upper leaves
but two stress conditions could significantly reduce about two
trichomes per square of millimeter on lower leaves of clones.
These results indicate that the density of glandular trichomes
can be affected by external stress conditions. In our study,
although whether CAD can alter glandular and other trichome
development remains unknown, we examine glandular trichomes
on leaves from 8-12 nodes and those nodes. We did not observe
significant density difference of glandular trichomes between
wild-type and transgenic plants. It was interesting that certain
visual alterations in T-shaped trichomes were observed under
microscope (Supplementary Figure S4). Given that glandular
trichomes are the tissue of the artemisinin biosynthesis, our
herein observation indicates a valuable interest in future studies
to thoroughly examine glandular trichomes on all leaves and their
effects on artemisinin contents in CAD transgenic progeny.

The increase in lignin and the reduction of artemisinin and
other sesquiterpenes reveal an interesting crosstalk between two
completely distinct pathways via AaCAD catalysis in transgenic
plants. Lignin biosynthesis is mainly specialized in vascular
tissues in all land plants (Weng and Chapple, 2010; Espineira
et al, 2011). By contrast, artemisinin biosynthesis is mainly
observed in A. annua and potentially other Artemisia species.
Furthermore, this unique pathway is considered to be limited

to a type of specialized glandular trichomes on leaves and
flowers (Covello et al., 2007), although its cellular specialization
remains controversial (Xie et al., 2016). This type of crosstalk
in transgenic plants is most likely associated with two pathway
intermediates and co-localization in the cytosol, despite their
metabolic distinction (Figure 1). In the present transgenic
plants, the AaCAD transgene was driven by two 35S promoters
(Figure 3A), leading to constitutive overexpression of the
transgene in the tissues, including trichomes. Our previous
in vitro assay also showed that the recombinant AaCAD catalyzed
the conversion of artemisinic aldehyde to alcohol (Li et al., 2012)
(Figure 1). Accordingly, it is likely that overexpression of AaCAD
(Figure 3E) enhances the catalytic conversion of artemisinin
aldehyde to alcohol in the presence of NADPH in trichomes. In
addition to our observations, CAD or CAD-like enzymes have
been reported to be involved in the formation of monoterpenoid
indole alkaloids in Rauvolfia serpentine (Geissler et al., 2016).
Moreover, additional biochemical studies have shown that CAD
is characterized by a high promiscuity level of different substrates
(Chao et al., 2014; Geissler et al., 2016). Based on our and other
reports, one hypothesis is that CAD-mediated crosstalk can occur
in other metabolic pathways. As more studies are performed, it
is anticipated that this type of enzyme-based crosstalk will be
observed in different plants. In summary, the observed AaCAD-
mediated crosstalk leading to reduced artemisinin contents is
instructional for the engineering of A. annua for high production.

In conclusion, a new AaCAD was cloned from and
overexpressed in inbred SP A. annua. The enzyme is localized
in the cytosol. Overexpression of AaCAD in A. annua increased
lignin and coumarin contents, but it decreased artemisinin,
arteannuin B, and other sesquiterpene contents. These data
revealed an AaCAD-mediated metabolic crosstalk between the
phenylpropanoid (lignin and coumarin) and the sesquiterpene
(artemisinin) pathways in the cytosol.
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Artemisia annua produces artemisinin, an effective antimalarial drug. In recent
decades, the later steps of artemisinin biosynthesis have been thoroughly investigated;
however, little is known about the early steps of artemisinin biosynthesis. Comparative
transcriptomics of glandular and filamentous trichomes and 'CO, radioisotope study
have shown that the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway, rather than
the mevalonate pathway, plays an important role in artemisinin biosynthesis. In this
study, we have cloned three 7-deoxy-D-xylulose 5-phosphate synthase (DXS) genes
from A. annua (AaDXS1, AaDXS2, and AaDXS3); the DXS enzyme catalyzes the first
and rate-limiting enzyme of the MEP pathway. We analyzed the expression of these
three genes in different tissues in response to multiple treatments. Phylogenetic analysis
revealed that each of the three DXS genes belonged to a distinct clade. Subcellular
localization analysis indicated that all three AaDXS proteins are targeted to chloroplasts,
which is consistent with the presence of plastid transit peptides in their N-terminal
regions. Expression analyses revealed that the expression pattern of AaDXS2 in specific
tissues and in response to different treatments, including methyl jasmonate, light,
and low temperature, was similar to that of artemisinin biosynthesis genes. To further
investigate the tissue-specific expression pattern of AaDXS2, the promoter of AaDXS2
was cloned upstream of the B-glucuronidase gene and was introduced in arabidopsis.
Histochemical staining assays demonstrated that AaDXS2 was mainly expressed in the
trichomes of Arabidopsis leaves. Together, these results suggest that AaDXS2 might
be the only member of the DXS family in A. annua that is involved in artemisinin
biosynthesis.

Keywords: Artemisia annua, artemisinin, 1-deoxy-D-xylulose 5-phosphate synthase, gene expression, MEP
pathway
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INTRODUCTION

Terpenoids, also known as isoprenoids, play several important
roles in several plant processes. Despite their diverse structures
and functions, all terpenoids are derived from the common
five-carbon (Cs) building blocks, isopentenyl diphosphate
(IPP) and its isomer dimethylallyl diphosphate (DMAPP).
In plants, the Cs building blocks are biosynthesized via two-
independent pathways: cytosolic mevalonate (MVA) pathway
that is found in most eukaryotes and 2-C-methyl-D-erythritol-
4-phosphate (MEP) pathway that is found in the chloroplasts of
photosynthetic eukaryotes and in eubacteria (Querol et al., 2002).
Both these pathways are thought to be largely independent.
The MVA pathway is primarily responsible for the biosynthesis
of sesquiterpenes and triterpenes, whereas the MEP pathway
produces precursors for the biosynthesis of major photosynthetic
pigments, hormones, and monoterpenes and diterpenes
(Dudareva et al., 2005). However, crosstalk between the MVA
and MEP pathways occurs during the biosynthesis of some
sesquiterpenes, such as artemisinin (Schramek et al., 2009).

The first reaction of the MEP pathway is the condensation
of pyruvate with glyceraldehyde-3-phosphate to produce
1-deoxy-D-xylulose 5-phosphate (DXS), which is catalyzed by
DXS (Querol et al., 2002). Subsequently, MEP is converted into
a 5:1 mixture of IPP and DMAPP via six enzymatic reactions
(Rodriguez-Concepcion and Boronat, 2002). Various studies
suggest that DXS is a rate-limiting enzyme in the biosynthesis
of terpenoids. The expression of DXS increases in plant tissues
that require high levels of isoprenoids, as exemplified by maize
(Zea mays; Cordoba et al., 2011), tomato (Solanum lycopersicum;
Paetzold et al, 2010), glandular trichomes of peppermint
(Mentha piperita; Lange et al., 1998), and young seedlings
of arapdiopsis (Arabidopsis thaliana; Estévez et al., 2001).
Overexpression or suppression of DXS alters the levels of specific
isoprenoids in arapdiopsis (Estévez et al., 2001), tomato (Enfissi
et al., 2005), and potato (Solanum tuberosum; Morris et al.,
2006). Thus, DXS is an important target for the manipulation of
isoprenoid biosynthesis.

Although most of the enzymes in the MEP pathway are
encoded by single copy genes, the DXS enzymes are usually
encoded by a small gene family (Rodriguez-Concepcion
and Boronat, 2002; Cordoba et al., 2009), which is divided
into three distinct phylogenetic clades (Carretero-Paulet
et al., 2013). The expression of genes in the different clades
varies with development, tissue type, and environmental
conditions. The DXS proteins in clade 1, such as DXS1 in
arabidopsis (Cloroplastos alterados 1, CLAI), primarily perform
housekeeping functions (Estévez et al., 2000). In contrast, the
expression of DXS genes in clade 2 is associated with isoprenoid
accumulation. For instance, the expression of MtDXS2 in
barrelclover (Medicago truncatula) and ZmDXS2 in maize is
correlated with the production of certain apocarotenoids during
mycorrhization (Walter et al., 2002; Cordoba et al., 2011). The
suppression of these MtDXS2 results in reduced apocarotenoid
accumulation, whereas the accumulation of MtDXSI1 does not
affect apocarotenoid production (Walter et al., 2002). Similarly,
the expression of SIDXS2 in tomato exhibits a positive correlation

with colonization by mycorrhizal fungi and the accumulation
of apocarotenoids (Paetzold et al., 2010). Furthermore, the
suppression of SIDXS2 in tomato leads to a decrease in the
accumulation of the monoterpene, p-phellandrene, and an
increase in the levels of two sesquiterpenes in leaf trichomes
(Paetzold et al., 2010). Likewise, OsDXS3 in rice (Oryza sativa)
has been suggested to be involved in defense responses and
secondary metabolism (Okada et al, 2007). Together, these
findings suggest that the DXS proteins in clade 2 are dedicated to
secondary metabolism.

Artemisinin is a sesquiterpene endoperoxide that has
been isolated from sweet wormwood (Artemisia annua) and
extensively used in the treatment of malaria. Artemisinin
has received tremendous interest in recent years because
of its potential to treat cancer, diabetes, and tuberculosis
(Zheng et al., 2017). Remarkable advances have been made in
understanding the artemisinin biosynthetic pathway in recent
decades. The first committed step in artemisinin biosynthesis
is the cyclization of farnesyl diphosphate (FPP) to amorpha-
4, 11-diene by amorpha-4, 11-diene synthase (ADS). Through
three additional consecutive enzymatic reactions, amorpha-4,
11-diene is converted into dihydroartemisinic acid (DHAA),
which is subsequently converted into artemisinin in an
enzyme-independent reaction. Additionally, all four artemisinin
biosynthesis genes (ADS, CYP71AVI, DBR2, and ALDHI) are
specifically expressed in glandular secretory trichomes (GSTs),
which are 10-cell structures located primarily on the surface of
leaves and flower buds in A. annua (Chen et al., 2017).

While substantial progress has been made in understanding
the later steps of artemisinin biosynthesis, little is known
about the MVA and MEP pathways that supply the precursors
for artemisinin biosynthesis. It has long been assumed that
terpenoid/isoprenoid precursors provided by the MVA pathway
are predominantly responsible for artemisinin biosynthesis;
however, more recent studies suggest that the MEP pathway
also supplies precursors for artemisinin biosynthesis. Either
mevinolin (MVA pathway-specific inhibitor) or fosmidomycin
(MEP pathway-specific inhibitor) decreases the artemisinin
production in treated plants of A. annua (Towler and Weathers,
2007). Furthermore, the 13CO, study demonstrates that the MEP
pathway provides the central isoprenoid unit for the biosynthesis
of FPP, which is the substrate for ADS (Schramek et al., 2009).
Thus, both pathways are involved in artemisinin biosynthesis;
however, genes that encode the enzymes of the MEP and MVA
pathways, and the functions of these genes, remain elusive.

Given that the MEP pathway supplies precursors for
artemisinin biosynthesis, and the DXS is the rate-limiting
enzyme in the MEP pathway, a deeper understanding of
the individual DXS gene family members will further help
in understanding artemisinin biosynthesis and provide new
target(s) for manipulating this metabolic pathway. Previously,
Graham et al. (2010) have reported two DXS genes in A. annua
with differential expression patterns, based on transcriptome
sequencing. In the present work, we performed a detailed analysis
of AaDXS gene family. Three AaDXS genes were cloned, each
of which represented a distinct phylogenetic clade. Additionally,
comprehensive expression analyses showed that the expression
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FIGURE 1 | Amino acid sequence alignment of DXS proteins of Artemisia annua and Arabidopsis thaliana. Solid star indicates the functional residues involved in
GAP-binding and hollow star indicates the functional residues involved in TPP-binding.
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pattern of AaDXS2 was highly similar to that of artemisinin
biosynthesis genes, suggesting that AaDXS2 is the primary
member of the AaDXS gene family that is involved in artemisinin
biosynthesis.

MATERIALS AND METHODS

Plant Materials and Treatments

Seeds of A. annua were collected from the botanical garden
of Southwest University, Chongging, China and stored at 4°C
Seedlings were grown in the greenhouse at 25 & 1°C under 16 h
light/8 h dark photoperiod. For light induction analysis of DXS
genes, one-month-old seedlings were grown in the dark for 24 h
and then shifted to light (Cordoba et al., 2011). Gene expression
was examined in the leaves collected at different time points,

ranging from 5 min to 12 h; leaves collected at 0 min were used
as a control. In order to determine the expression pattern of
DXS genes during development, the apical bud and the top seven
leaves (leaf 1-8, except leaf 3) on the main stem of two-month-
old plants were subjected to quantitative real-time polymerase
chain reaction (qQPCR) analysis (Lu et al., 2013; Czechowski et al.,
2016). To analyze the expression of DXS genes in response to
methyl jasmonate (MeJA), leaves of 2-month-old plants were
treated with 300 wM MeJA and harvested at the indicated time
points; leaves harvested from plants treated with 0.8% alcohol
were used as a control. To study the effect of cold temperature
on DXS gene expression, A. annua seedlings were transferred to
the illumination incubator at 4°C (Liu et al., 2017). Subsequently,
leaves collected at the indicated time points were subjected to
qPCR analysis; leaves harvested at 0 h were used as a control.
For analyzing tissue-specific expression profiles of DXS genes,
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five-month-old plants were transferred to 8 h light/16 h dark
photoperiod to promote flowering. Flowers, leaves, stems, and
roots of A. annua plants were collected and used for analyzing
tissue expression profiles of DXS genes. All treatments performed
in this study were replicated three times.

Cloning of DXS Genes and Sequence
Analysis

Total RNA was isolated from plant materials using RNAsimple
Kit (No. DP419; Tiangen Biotech, Beijing, China) according to
the manufacturer’s protocol. Promega M-MLV Kit (Promega,
United States) and SMART rapid amplification of cDNA ends
(RACE) cDNA Amplification Kit (Clontech, United States) were
used for cloning the 3'- and 5’-end of DXS cDNAs, respectively.
The first-strand 3'- and 5-RACE-Ready cDNAs were prepared
and used as templates for 3/- and 5-RACE, respectively,
according to the manufacturer’s protocol. For sequence analysis,
DXS amino acid sequences of A. thaliana were used as queries
to search for AaDXS nucleotide sequences in the expressed
sequence tag (EST) database of A. annua (taxid: 35608) using
tBLASTn program. Touchdown PCR was carried out to clone
the 3’- and 5'-ends of AaDXS genes. Each PCR product was
cloned into the pMD-18T vector (Takara, Japan) and sequenced.
Subsequently, full-length cDNAs of AaDXS genes were amplified
by PCR using gene-specific primers (Supplementary Table S1).
Multiple sequence alignments of DXS proteins were performed
using Vector-NTI Advance 11.5 software package (Invitrogen,
Carlsbad, CA, United States). Phylogenetic tree of DXS proteins
was constructed with MEGA version 3.0 (Kumar et al., 2004)
using the neighbor-joining method with a bootstrap of 1,000
replicates (Saitou and Nei, 1987).

Subcellular Localization

The putative plastid transit peptides of DXS isoforms were
predicted using TargetP (Emanuelsson et al., 2000). Fragments of
AaDXS genes encoding transit peptides were amplified by PCR
using KOD plus (TOYOBO, Japan). Subsequently, all fragments
harboring Sacl and Sall restriction sites were inserted into
the multiple cloning site of pCAMBIA1300-green fluorescent
protein (GFP) in-frame with the coding sequence of the GFP
gene. Approximately, 20 png of each plasmid was introduced
into mesophyll protoplasts of tobacco (Nicotiana tabacum)
using polyethylene glycol-mediated transformation (Yoo et al,
2007). GFP fluorescence and chlorophyll autofluorescence were
observed using ZEISS LSM700 laser confocal microscope (ZEISS,
Germany) at excitation wavelengths of 488 and 555 nm,
respectively.

qPCR Analysis

To investigate the expression of AaDXS genes in different tissues
as well as under various conditions, qPCR was performed
using iQ5 Multicolor Real-Time PCR Detection System (Bio-
Rad, United States). The total RNA (2 pg) of A. annua was
used for first-strand cDNA synthesis using GoScript™ Reverse
Transcription System (Promega, United States). The qPCR
reaction mixtures were prepared with GoTaq qPCR Master
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FIGURE 2 | Phylogenetic tree of plant DXS proteins. The tree was
constructed with the neighbor-joining method using MEGA program 3.0 with
1,000 bootstrap values. The TAIR or Genebank accession numbers of DXS
amino acid sequences used for phylogenetic analysis are as follows:
Arabidopsis thaliana (DXS1 = At4g15560, DXS2 = At3g21500, and

DXS3 = At6G11380); Ginkgo biloba (DXS1 = AAS89341.1 and

DXS2 = AAR95699.1); Hevea brasiliensis (DXS1 = AAS94123.1 and

DXS2 = ABF18929.1); Medicago truncatula (DXS1 = CAD22530.1 and

i = CAN89181.1); Nicotiana tabacum (CBA12009.1); Oryza sativa

(DXS1 = NP_001055524, DXS2 = NP_001059086, and DXS3 = BAA83576);
Pinus densiflora (DXS1 = ACC54557.1 and DXS2 = ACC54554.1); Pinus
taeda (DXS1 = ACJ67021.1 and DXS2 = ACJ67020.1); Populus trichocarpa
(DXS1 = XP_002312717.1, DXS2-1 = XP_002303416.1,

DXS2-2 = XP_002331678.1, and DXS3 = XP_002308644.1); Ricinus
communis (DXS1 = XP_002516843.1, DXS2 = XP_002533688.1, and

DXS3 = XP_002514364.1); and Salvia miltiorrhiza (DXS1 = ACF21004.1,
DXS2 = ACQ66107.1).

Mix (Promega, United States), according to the manufacturer’s
protocol. PCR amplifications were performed using the following
conditions: denaturation at 95°C for 30 s, followed by 40
cycles at denaturation at 95°C for 5 s and annealing and
extension at 60°C for 30 s, and a final extension at 72°C
for 20 s. Melting curve was used to determine the specificity
of amplifications. The ACTIN gene was used as reference for
normalization of qPCR CT values. Gene-specific primers used for
qPCRs were designed using Primer Premier 6 (Supplementary
Table S1). The 2~ 22CT method was used to calculate the
relative fold-change in gene expression (Livak and Schmittgen,
2001).
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Promoter Cloning and g-Glucuronidas

(GUS) Histochemical Staining

Genomic DNA of A. annua was isolated using the CTAB method.
A genome walking method, that is, fusion primer and nested
integrated PCR (Wang et al., 2011) was carried out to amplify
the promoter of AaDXS2 (pAaDXS2). Primers used to amplify
pAaDXS2 are listed in Supplementary Table S1. The TSSP
software was used to determine the transcription start site of
AaDXS2 (Solovyev and Shahmuradov, 2003). The cis-elements in
pAaDXS2 were analyzed using PlantCARE website' and PLACE
website?.

To investigate the expression pattern of AaDXS2 in plants,
the pAaDXS2 was cloned into pCAMBIA1391.Z to drive the
expression of GUS gene. The pAaDXS2:GUS construct was
introduced into Agrobacterium tumefaciens strain GV3101 and
transformed into A. thaliana by the floral dip method (Zhang
et al., 2006). Mature leaves and flowers of 45-day-old arabidopsis
seedlings as well as siliques from 2-month-old transgenic
A. thaliana were used for GUS histochemical staining as
described previously (Jefferson et al., 1987). GUS stained tissues
were observed under Olympus SZX16 microscope, and pictures
were taken using Olympus DP73 digital camera.

RESULTS

The A. annua Genome Harbors Three

DXS Genes

To investigate the DXS genes in A. annua, tBLASTn program’
was used. Amino acid sequences of AtDXS proteins (At4G15560,
At3G21500, and At5G11380) were used as queries against the
EST database of A. annua (taxid: 35608). Three AaDXS partial
coding sequences (contigl6978, contigl9217, and contig6280)
were obtained. Subsequently, primers for RACE PCRs were
designed based on the longest EST sequence. The resulting full-
length cDNAs of three AaDXS genes were named as AaDXS1,
AaDXS2, and AaDXS3.

The full-length AaDXS1 cDNA was 2,529 bp in length and
contained 126 bp 5" untranslated region (5UTR), 2,142 bp
open reading frame (ORF), and 261 bp 3'UTR (Supplementary
Figure S1). The AaDXS2 cDNA consisted of 52-bp 5'UTR,
2,187 bp ORE, and 214 bp 3’UTR (Supplementary Figure S2).
The AaDXS3 ¢cDNA was the longest among the three AaDXS
cDNAs (2,761 bp) and comprised 248 bp 5UTR and 374 bp
3’UTR (Supplementary Figure S3). All three AaDXSs showed
features similar to those of known DXS from other plant species,
including the presence of an N-terminal targeting sequence,
a conserved thiamine diphosphate binding site, and pyridine
binding DRAG domain (Figure 1).

A phylogenetic tree was constructed using neighbor-joining
method to reveal the evolutionary relationship among the DXS
proteins of thirteen plant species, including A. annua (Figure 2).

'http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
*http://www.dna.affrc.go.jp/PLACE/
3https://blast.ncbi.nlm.nih.gov/Blast.cgi

Phylogenetic analysis showed three clusters of DXS proteins.
AaDXS]1 grouped in clade 1, which contained well-characterized
DXS1 proteins of arabidopsis and M. truncatula. AaDXS2
grouped in clade 2 with the well-characterized DXS2 proteins of
M. truncatula and Salvia miltiorrhiza. Partial members within
clade 2 play important roles in plant secondary metabolism,
especially isoprenoid biosynthesis (Floss et al., 2008; Kai et al.,
2012). Compared with clades 1 and 2, clade 3 contained five
DXS proteins from A. annua, A. thaliana, and O. sativa. The
biological functions of DXS proteins in clade 3 are unclear;
however, the DXS proteins in clade 3 are contained at lower
expression levels than those in clades 1 and 2 in maize (Cordoba
et al., 2011). Studies in arabidopsis and tomato have shown that
the DXS proteins in different clades are involved in different
biological processes (Paetzold et al., 2010; Carretero-Paulet et al.,
2013). Overall, phylogenetic analysis showed that the three
AaDXS proteins clustered into three distinct clades, suggesting
that these three proteins are involved in different biological
processes.

AaDXS Proteins Localize to the
Chloroplast

In silico analysis with TargetP 1.1 showed that all three
AaDXS proteins carried a plastid transit peptide. To further
validate the in silico results, nucleotide sequences encoding
the putative transit peptides were amplified by PCR and
cloned into pCAMBIA1300-GFP vector. These constructs
containing the putative transit peptides fused with GFP
were then transformed into tobacco mesophyll protoplasts.
The GFP signal resulting from the transformation of each
vector localized together with the autofluorescence signal
of chloroplasts (Figure 3). These results demonstrated
Chlorophyll

GFP
o . . .
o . . .
o . . .

FIGURE 3 | Images of tobacoo mesophyll protoplasts expressing the transit
peptides of the AaDXS genes fused to the green fluorescent protein (GFP).
GFP fluorescence and chlorophyll autofluorescence was detected using
confocal microscope.

Merged
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that all three AaDXS proteins localized to the chloroplast;
this is consistent with the plastid localization of the MEP
pathway.

AaDXS2 and Artemisinin Biosynthesis
Genes Show Similar Tissue-Specific

Expression

The expression profiles of AaDXS genes were analyzed in
different tissues, including flowers, leaves, stems, and roots.
Many studies have shown that the artemisinin biosynthesis genes
have the highest expression levels in flower buds, followed by
leaves, and finally, the roots (Zhang et al., 2015). As shown
in Figure 4, expression levels of AaDXSI and AaDXS3 were
significantly lower in flowers than in other tissues of A. annua.
However, the expression level of AaDXS2 in flowers was 3-
fold higher than that in leaves and 10-fold higher than that
in stems and roots (Figure 4). Additionally, the expression
of AaDXSs was also detected in leaves at different positions
on the stem, where the density of glandular trichomes and
expression of artemisinin biosynthetic genes show significant
difference (Lu et al., 2013). Furthermore, the level of artemisinin
precursor, DHAA, progressively declines during leaf maturation
(Czechowski et al., 2016). Results of gPCR analysis showed that
the expression of AaDXS2 was high in apical buds, whereas
they declined sharply during leaf development (Figure 5B).
The expression pattern of AaDXS2 was highly similar to that
of the ADS gene, which encodes the first enzyme involved
in artemisinin biosynthesis (Figure 5D). By contrast, the
expression of AaDXSI was relatively constant in leaves at
different positions (Figure 5A), and the expression of AaDXS3
was higher in leaf 8 than in other leaves (Figure 5C).
Opverall, the tissue-specific expression profiles of AaDXS genes
showed that AaDXS2 was the only gene whose expression
pattern was similar to that of the artemisinin biosynthesis
genes, which further indicated that AaDXS2 was probably
highly expressed in glandular trichomes, where artemisinin is
biosynthesized.

AaDXS2 and Artemisinin Biosynthesis
Genes Exhibit Similar Expression

Patterns Under Multiple Treatments

Many elicitors and environmental factors, such as MeJA, low
temperature, and light, regulate artemisinin biosynthesis (Hao
et al., 2017; Liu et al, 2017). The expression of artemisinin
biosynthesis genes increases in response to MeJA, cold, and
light. To determine which of the three AaDXS genes was
more important for artemisinin biosynthesis, we analyzed the
expression of all three AaDXS genes under MeJA, cold, and light
treatment. As shown in Figure 6, the expression of AaDXSI
and AaDXS$3 was mildly induced by MeJA treatment at 3 and
9 h (Figures 6A,C), whereas that of AaDXS2 was strongly
induced from 1 to 12 h (Figure 6B). Under cold treatment, the
expression of AaDXSI and AaDXS3 decreased through the time
course (Figures 7A,C). Although the expression of AaDXS2 was
downregulated at 1 and 3 h under cold stress, its expression was
significantly upregulated at 6 and 12 h compared with the control
(Figure 7B). Additionally, the expression of all three AaDXS
genes in cold-treated plants was lower than that in the control
from 1 to 3 h.

To investigate the effect of light on the expression of AaDXS
genes, A. annua seedlings were placed in a dark room for 24 h
and then transferred to the illumination incubator. Leaves were
harvested for qPCR analysis at different time points, ranging
from 5 min to 12 h. Results of qPCR analysis showed that the
expression of AaDXSI was slightly induced after 1 h of light
exposure (Figure 8A); however, no significant differences were
detected in the expression of AaDXS3 throughout the experiment
(Figure 8C). In contrast, the expression of AaDXS2 rapidly
reached a peak at 5 min and then gradually declined, returning to
the control level (Figure 8B). Furthermore, expression patterns
of ADS and CYP71AV1 under light treatment were similar to that
of AaDXS2 (Figures 8D,E).

Overall, the expression analysis of AaDSX genes under MeJA,
cold, and light treatment demonstrated that among the three
AaDXS genes, the expression pattern of only AaDXS2 was similar
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to that of the artemisinin biosynthesis genes. These data suggest
that AaDXS2 is more important than AaDXSI and AaDXS3 in
artemisinin biosynthesis.

Analysis of AaDXS2 Promoter Activity in
Transgenic A. thaliana

Results of qPCR analysis showed that the expression of AaDXS2
in different tissues and under different conditions was similar
to that of the artemisinin biosynthesis genes. Subsequently,
we cloned the 1,494-bp promoter of AaDXS2 (pAaDXS2;
Supplementary Figure S4). Sequence analysis of pAaDXS2 using

PLACE and PlantCARE revealed the presence of several light-
responsive elements, such as Box I and GATA-motifs; MeJA-
responsive elements, such as CGTCA- and TGACG-motifs;
and stress-responsive elements, such as Box-W1 that responds
to fungal elicitors, HSE involved in high temperature stress,
and TC-rich repeats associated with plant defense and stress.
To investigate the cellular compartmentalization of AaDXS2,
we cloned pAaDXS2 upstream of the GUS reporter gene
and transformed the pAaDXS$2::GUS construct in A. thaliana.
Different organs of 45-day-old transgenic arabidopsis plants,
including mature leaves, flowers, and siliques, were used for
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GUS histochemical staining. GUS staining was observed in the
stigma, stamen, and pedicel but not in petals and young carpel
(Figures 9A-C). More importantly, strong GUS staining was
observed in the trichomes of mature leaves (Figure 9B).

DISCUSSION

The MEP pathway provides structural molecules for the
synthesis of numerous key metabolites, such as terpenoids,
phytohormones, chlorophyll, and carotene. Understanding this
biosynthetic route is important for modulating the production
of key isoprenoids. Although most of the enzymes in the
MEP pathway are encoded by single-copy genes (Rodriguez-
Concepcion and Boronat, 2002; Cordoba et al., 2009), the first

key enzyme, DXS, is encoded by a small gene family composed
of 2-4 genes in plants, such as arabidopsis (Carretero-Paulet
et al., 2013), alfalfa (Medicago sativa; Walter et al., 2002), and
maize (Cordoba et al., 2011). Souret et al. (2002) reported a DXS
gene, named DXSPS, in A. annua; the nucleotide sequence of
AaDXSPS was 98.7% similar to that of AaDXSI cloned in this
study (Supplementary Figure S5). Thus, we propose that DXPS
and AaDXS] represent the same gene. However, transcript levels
of AaDXS]I only showed a slight increase under light treatment,
whereas those of DXPS significantly increased in root cultures
grown under continuous light compared with those grown in the
dark (Souret et al., 2002). This discrepancy might be due to the
different plant material used in these experiments; Souret et al.
(2002) performed expression analysis in A. annua root cultures,
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FIGURE 9 | GUS histochemical staining of various tissues of pAaDXS2::GUS
transgenic Arabidopsis plants. The GUS reporter gene was driven by the
promoter of AaDXS2 (pAaDXS2) and transformed into Arabidopsis. Staining of
transgenic (A) silique, (B) mature leaf, and (C) flower is shown.

whereas we used leaves in this study. Previously, 454 sequencing
of EST libraries in A. annua have revealed two DXS contigs
(EZ216572 and EZ167196; Graham et al.,, 2010). Aligning these
two contigs with the AaDXS genes cloned in this study showed
that EZ216572 and EZ167196 represent partial coding sequences
of AaDXSI and AaDXS2, respectively. Moreover, transcriptome
data showed that the expression of EZ167196 was significantly
higher in the GSTs of flower buds and young leaves than in those
of mature leaves and young leaf meristem. In contrast, EZ216572
showed higher expression levels in the GSTs of young leaves
and in cotyledons. These data are consistent with the expression
analysis results of this study, showing that AaDXS2 was mainly
expressed in young leaves and flower buds.

Several studies suggest that different genes in the DXS family
are responsible for the biosynthesis of different isoprenoids
(Enfissi et al., 2005; Paetzold et al., 2010; Cordoba et al.,
2011). Henceforth, it is important to investigate the roles of
different DXS isoforms in the biosynthesis of specific metabolites.
Although enzymes involved in artemisinin biosynthesis have
been determined, little is known about the enzymes involved
in the MEP pathway. In the present study, we cloned three
AaDXS genes, each of which encoded plastid-localized proteins.
Expression analysis of AaDXS genes indicated that the expression
pattern of AaDXS2 was similar to that of the artemisinin
biosynthesis genes. The analysis of AaDXS2 promoter in
transgenic arabidopsis demonstrated that AaDXS2 was mainly
expressed in trichomes.

Amino acid sequence alignment revealed that the three
AaDXS proteins shared 42.3% identity. Moreover, low

conservation in the TPP and GAP binding sites of AaDXS3
suggested that AaDXS3 diverged from AaDXSI and AaDXS2.
The relatively low similarity in DXS protein sequences implies
the functional divergence of DXS family members that have
been shown previously (Cordoba et al., 2011). Phylogenetic
analysis showed that AaDXSI clustered with AtDXSI and
soybean (Glycine max) DXS1 in clade 1; it has been shown that
the function of AtDXSI1 and GmDXSI is related to chloroplast
development and chlorophyll synthesis (Mandel et al., 1996;
Zhang et al., 2009). Most of the DXS enzymes involved in the
biosynthesis of secondary metabolites in plants belonged to
clade 2. For example, MtDXS2, which plays an important role
in apocarotenoid biosynthesis, groups in clade 2 (Floss et al.,
2008). The expression of DXS2 in hairy roots of red sage (Salvia
miltiorrhiza) is positively correlated with the accumulation of
tanshinones (Kai et al., 2012). Although the biological functions
of DXS proteins in clades 1 and 2 in plants are relatively clear,
those of DXS proteins in clade 3 are still unclear. The expression
of ZmDXS3 is lower than that of the other DXS isogenes in
maize, by which we predicted that ZmDXS3 might be involved in
the biosynthesis of derivatives from the MEP pathway at a lower
level, such as plant hormones (Cordoba et al., 2009).

Because artemisinin biosynthesis genes are specifically
expressed in glandular trichomes, transcripts of artemisinin
biosynthesis genes are accumulated to the highest levels in
flowers followed by young leaves, as these tissues have more
glandular trichomes than the other plant tissues (Lu et al., 2013).
In this study, we showed that the expression of both AaDXSI
and AaDXS$3 was lower in flowers than in other tissues, whereas
that of AaDXS2 was the highest in flowers. Additionally, the
expression level of AaDXS2 in leaves at different positions on the
stem was similar to that of the artemisinin biosynthesis genes.
This differential expression of AaDXS2 is consistent with the
density of glandular trichomes, which is the highest in the apical
bud and decreases in leaves with an increasing developmental
age (Lu et al,, 2013). Results showed that AaDXS2 was mainly
expressed in the glandular trichomes of leaves, which was
consistent with the GUS staining patterns observed in transgenic
A. thaliana (Figure 9B). In addition to trichomes of mature
leaves, GUS staining of transgenic arabidopsis showed that
AaDXS2 was also expressed in the stigma, stamen, and silique.
This result was similar to the expression analysis of AtDXS2 in
arabidopsis in which transcripts were detected at highest levels
in siliques and inflorescences (Carretero-Paulet et al,, 2013).
We hypothesized that this might be due to DXS, which is a
rate-limiting enzyme in MEP pathway, and which is responsible
for biosynthesis of many isoprenoids. SIDXS2 plays an important
role in isoprenoid biosynthesis and trichome development in
tomato. The suppression of SIDXS2 via RNAI in tomato results in
a decrease in the level of the monoterpene, B-phellandrene, and
an increase in trichome density (Paetzold et al., 2010). AaDXS2
might be responsible for the biosynthesis of other isoprenoids
excepted to artemisinin. Notably, among the three DXS genes
of A. annua, only AaDXS2 showed tissue-specific expression
patterns that were similar to those of artemisinin biosynthesis
genes, suggesting that AaDXS2 might play a more important role
in biosynthesis of artemisinin.
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Generally, the DXS genes belonging to clade 1 exhibit
constitutive expression in plants. For example, PaDXSI is
ubiquitously expressed in various tissues and is not induced by
elicitors (Phillips et al., 2007). Nevertheless, many DXS genes
in clade 2 exhibit higher expression in response to various
elicitors, such as MeJA and light (Cordoba et al., 2011; Kai et al.,
2012). Previous studies have shown that MeJA is a powerful
elicitor of artemisinin biosynthesis genes; its application induces
the expression of artemisinin biosynthesis genes, resulting in
a greater accumulation of artemisinin in MeJA-treated plants
(Wang et al., 2010; Caretto et al., 2011; Xiang et al, 2015).
The strong induction of AaDXS2 expression following MeJA
treatment observed in this study is consistent with the expression
of artemisinin biosynthesis genes under MeJA treatment shown
previously (Gong et al., 2006; Phillips et al, 2007). Cold
stress is effective in enhancing artemisinin biosynthesis via
two-independent pathways: converting DHAA into artemisinin
(Wallaart et al., 2000) and promoting endogenous MeJA
biosyntheis (Liu et al., 2017). Among the three AaDXS genes,
the expression of AaDXSI and AaDXS3 was inhibited under cold
stress, whereas that of AaDXS2 was significantly increased.

In A. thaliana, the MEP pathway genes, except HDR, are
upregulated by light, suggesting that light is an important
regulator of the MEP pathway in plants (Hsieh and Goodman,
2005). Overexpression of AtCRY1, a blue light receptor, in
A. annua promotes artemisinin accumulation, leading to the
conclusion that light is a vital factor in regulating artemisinin
biosynthesis (Hong et al., 2009). This conclusion is corroborated
by a recent study (Hao et al, 2017). The expression of
artemisinin biosynthesis genes (ADS, CYP71AVI, DBR2, and
ALDH]) is upregulated under light. Furthermore, JA-induced
artemisinin biosynthesis is dependent on light. Consistent with
the study of Hao et al. (2017), we showed that the expression of
ADS and CYP71AV1 increased under light. More importantly,
only AaDXS2 was induced rapidly and dramatically after light
exposure; this expression pattern of AaDXS2 was similar to that
of the artemisinin biosynthesis genes. Similarly in maize, the
expression pattern of ZmDXSI and ZmDXS2 were increased
in plants exposed to light treatment (Cordoba et al, 2011).
Additionally, the expression pattern of AaDXS2 was similar
with ADS and CYP7I1AV1 in A. annua, indicating that AaDXS2
is involved in the light-mediated regulation of artemisinin
biosynthesis.

CONCLUSION

In conclusion, this study reports a detailed analysis of the
expression profiles of three DXS genes in different tissues of
A. annua. Additionally, we have shown that elicitors, such
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Commercial Artemisia annua crops are the sole source of artemisinin (ART) worldwide.
Data on seasonal accumulation and peak of sesquiterpenes, especially ART in
commercial A. annua, is lacking while current breeding programs focus only on ART
and plant biomass, but ignores dihydroartemisinic acid (DHAA) and artemisinic acid
(AA). Despite past breeding successes, plants richer in ART are needed to decrease
prices of artemisinin-combination therapy (ACT). Our results show that sesquiterpene
concentrations vary greatly along the growing season and that sesquiterpene profiles
differ widely among chemotypes. Field studies with elite Brazilian, Chinese, and Swiss
germplasms established that ART peaked in vegetative plants from late August to early
September, suggesting that ART is related to the photoperiod, not flowering. DHAA
peaks with ART in Chinese and Swiss plants, but decreases, as ART increases, in
Brazilian plants, while AA remained stable through the season in these genotypes.
Chinese plants peaked at 0.9% ART, 1.6% DHAA; Brazilian plants at 0.9% ART, with
less than 0.4% DHAA,; Swiss plants at 0.8% ART and 1% DHAA. At single-date harvests,
seeded Swiss plants produced 0.55-1.2% ART, with plants being higher in DHAA than
ART; Brazilian plants produced 0.33-1.5% ART, with most having higher ART than
DHAA. Elite germplasms produced from 0.02-0.43% AA, except Sandeman-UK (0.4-
1.1% AA). Our data suggest that different chemotypes, high in ART and DHAA, have
complementary pathways, while competing with AA. Crossing plants high in ART and
DHAA may generate hybrids with higher ART than currently available in commercial
germplasms. Selecting for high ART and DHAA (and low AA) can be a valuable approach
for future selection and breeding to produce plants more efficient in transforming DHAA
into ART in planta and during post-harvest. This novel approach could change the
breeding focus of A. annua and other pharmaceutical species that produce more than
one desired metabolite in the same pathway. Obtaining natural variants with high ART
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content will empower countries and farmers who select, improve, and cultivate A. annua
as a commercial pharmaceutical crop. This selection approach could enable ART to be
produced locally where it is most needed to fight malaria and other parasitic neglected

diseases.

Keywords: seasonal sesquiterpene accumulation, sesquiterpene-based selection, sesquiterpene seasonal peak,
high-DHAA germplasm selection, different chemotypes

INTRODUCTION

Active pharmaceutical ingredients (APIs) based on artemisinin
(ART), such as artemether and artesunate, are key components
of the most effective antimalarial drugs. The Nobel Assembly at
Karolinska Institute awarded the Nobel Prize in Physiology or
Medicine to Prof. Youyou Tu in 2015 in recognition of her early
work in the late 1960s and 70s that culminated with the discovery
of ART, the most effective natural anti-malarial medicine after
quinine. Currently, all ART that is used as raw material for
the production of artemisinin-combination therapy (ACT) is
obtained from the plant Artemisia annua (Family: Asteraceae).
Although other plants and microorganisms have been engineered
with ART-pathway genes, tobacco was only able to produce
artemisinic acid (AA) at 0.12% of leaf dry weight (DW) (Fuentes
et al., 2016), and ART at less than 0.0007% of leaf DW (Farhi
et al,, 2011); transgenic moss produced ART at 0.021% of leaf
DW (Khairul Tkram et al., 2017). These yields are 47 (moss) to
1,400 times (tobacco) less than an A. annua plant that produces
1% ART. Also, moss is not a feasible alternative considering
its low biomass yield. Although baker’s yeast produced 25g of
AA per liter of culture (Paddon et al., 2013), derivatization of
AA to ART is further needed, making the process economically
unfeasible compared to plant-based ART (Peplow, 2016). The
low yields of ART in tobacco may be in part due to the fact
that ART is phytotoxic (Duke et al., 1987) and must be stored
extracellularly, inside epicuticular spaces of glandular trichomes
(Duke et al., 1994; Ferreira and Janick, 1995b). Although other
Artemisia species can produce ART (Mannan et al, 2010),
their ART shoot concentrations are not large enough to justify
commercialization. The no-cost/no-profit price of semi-synthetic
ART by Sanofi is estimated to range from US$350 to 400 kg™,
which is well above the US$250 kg™! for the naturally-produced
ART (Peplow, 2016). Although heterologous systems are valuable
to improve the knowledge of the ART pathway, more efficient
ways to stabilize market prices and reduce ACT costs are urgently
needed. Rather than pursuing ART production in heterologous
systems, more viable approaches to increase plant-based ART
supply should focus on: (1) breeding plants that are higher in
ART than the currently reported average of approximately 1.5%
ART, (2) producing cultivars that are less variable in plant-to-
plant ART concentrations, (3) producing cultivars that are higher
in DHAA and able to convert DHAA into ART more efficiently,
(4) improving ART commercial extraction to over 70% efficiency,
and (5) recycling DHAA from ART commercial waste to produce
more ART.

Since the initial plant screenings by the Chinese government
in the late 1960s, plants have been selected only for their high

biomass and ART leaf content. In 1985, Chinese accessions
were reported to range from 0.01 to 0.5% ART, with plants
from the Sichuan and Chongging provinces being the highest
in ART (Klayman, 1985), and those north of the Huaihe river
bank reported to have 0.1% ART or less (Li et al., 2017).
Only a few breeding programs managed to increase ART shoot
concentration from 0.5 to 1.5% or higher. Because A. annua has a
high degree of self-incompatibility (allogamy) that precludes self-
pollination, and the word “hybrid” often used does not denote
true hybrids generated from homozygous parents, but rather the
F; progeny of two distinct, highly heterozygous, parents. The
oldest breeding program with published reports in English and
French is from the company Mediplant (Conthey, Switzerland).
In the early 1990s this program produced several crossings that
generated plants with over 1% ART (Debrunner et al., 1996;
Magalhdes et al., 1999). Later, Mediplant reported a new line
named “Hybrid 1” with up to 1.8% ART and 2.9 tons of dry
leaves ha™! (Simonnet et al., 2008), but we are not sure whether
“Hybrid 1”7 was ever available commercially or to breeding
programs destined to generate high-ART plants for humanitarian
purposes. The Brazilian breeding program, in collaboration with
Mediplant, developed hybrids named “CPQBA,” the acronym (in
Portuguese) for the Multidisciplinary Center for Chemical and
Biological Research (Campinas, Brazil) with seeds that sold for
US$40 g~ !, with 12-15 thousand seeds g~ !. Despite the fact that
plants from both Mediplant and CPQBA selections were late
flowering in the environment where they were selected (Nicolas
Delabays, personal communication), they flowered prematurely
and produced little biomass when planted close to the equator
(5-7° latitude) due to a short day length that inhibit vegetative
development and accelerated the reproductive stage (Ferreira
et al., 2005). Selected plants from this Swiss (Mediplant) cultivar
named Artemis® produced from 0.65 to 1.9% ART when
cultivated in an Appalachian Gilpin soil (Beaver, WV, 37°44'N
81°8'W) from May to August in a Quonset greenhouse under
a mild potassium stress (Ferreira, 2007). Most recently, the
cross “Hyb8001r” was developed and introduced by the Centre
for Novel Agricultural Products (CNAP) in the UK, which is
now commercialized by East-West Seed International. In field
trials worldwide, “Hyb8001r” produced shoot ART up to 1.44%
(g/100g DW) and up to 4.4 tons/ha of dry leaf biomass, with
a theoretical ART yield of 54 kg/ha (Suberu et al., 2016). In
their work, “Hyb8001r” is referred to as CNAP8001, with seeds
available to growers linked to the ACT raw material supply chain
(https://www.artemisiaflseed.org/hyb8001r/).

The literature provides evidence that A. amnua plants
accumulate not only ART, but also its biosynthetic precursor
DHAA and AA (Wallaart et al., 2000; Ferreira, 2007; Ferreira
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and Luthria, 2010). After artemisinic aldehyde (AO), the ART
pathway diverts into either AA, arteannuin B, and artemisitene
(AT) or into DHAA, dihydroartemisinic hydroperoxide
(DHAHP), and ART (Kjeer et al,, 2013; Bryant et al, 2015)
(Figure 1). Despite the fact that AA can be the main
sesquiterpene produced (over 1% of leaf DW) by certain
chemotypes of A. annua (Ro et al., 2006), the chemotype used
for commercial purposes produce mainly ART, with DHAA as
its main precursor (Wallaart et al., 1999b; Brown and Sy, 2004;
Ferreira and Luthria, 2010). Contrary to previous reports of that
in vitro photooxidative conversion of DHAA into ART could
occur with almost 27% efficiency in organic solvents and with
the presence of chlorophyll a (Acton and Roth, 1992; Wallaart
etal, 1999a). Recent work suggests enzymatic action in the final
stages of the pathway (Zhu et al., 2014; Bryant et al., 2015).

It was originally postulated that ART was produced and
sequestered in glandular trichomes of leaves (Duke et al., 1994)
and flowers (Ferreira and Janick, 1995a,b); and that the isolation
of enzymes from these trichomes would confirm this hypothesis
(Ferreira and Janick, 1995a). Since then, ART biosynthetic
enzymes have been isolated from glandular trichomes (Olofsson
etal., 2012; Tan et al.,, 2015; Chen et al., 2017). However, although
the pathway produces AA, DHAA, and ART simultaneously, the
two main chemotypes found in the literature either accumulate
mainly AA (Elhag et al., 1992; Ro et al., 2006) or mainly DHAA
and ART (Wallaart et al., 1999b, 2000; Ferreira, 2008). Detailed
experiments based on the use of synthetically-produced radio-
labeled precursors fed to plants also concluded that, compared to
AA, DHAA is more cost-effective to produce ART in genetically-
engineered yeast (Brown, 2010). A two-step auto-photooxidation
step is postulated to occur in plants to convert DHAA into ART
while plants senesce, or are dried under oven, shade, or sun
(Brown and Sy, 2004; Ferreira and Luthria, 2010). Sun drying
for 1-3 weeks was the most efficient way to convert DHAA into
ART (over 90%), whereas forced-air oven drying (45°C from 12
to 16 h) only achieved a 40% conversion (Ferreira and Luthria,
2010). These findings suggest that drying plants in a forced-air
oven illuminated with UV light may convert DHAA into ART
more efficiently than in a dark oven. The average content of
ART in plants used for industrial extraction has been reported
to be 0.7% based on leaf dry weight (Malcolm Cutler, personal
communication). However, ART yields can be maximized if the
plants are harvested at the time ART reaches its seasonal peak,
which is prior to flowering (Delabays et al., 2001; Ferreira, 2008).
Swiss plants field-cultivated in West Virginia and harvested
toward the end of their vegetative stage (no flowers), in early
September, produced 0.7% ART and an average of 450g dry
leaves plant ™!, or 4.5 tons ha™! for a plant density of 1 plant m 2
(Ferreira, 2007).

A. annua plants increased ART production in response to
abiotic stresses, such as potassium deficiency (Ferreira, 2007),
drought (Marchese et al., 2010), post-harvest drying (Ferreira
and Luthria, 2010), senescence (Lommen et al., 2007), and
salinity (Qureshi et al., 2005; Qian et al., 2007; Yadav et al.,
2017). Interestingly, environmental stresses such as drought,
wound, and cadmium (Xiao et al, 2016), and application of
the hormones JA and cytokinin (Maes et al., 2011) increased
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FIGURE 1 | Biosynthetic pathway of artemisinin starting from farnesy!
diphosphate (FPP). 1. Amorpha-4,11-diene synthase (ADS) synthesizes the
first committed product of the artemisinin pathway, AD. 2. Cytochrome P450
monooxygenase CYP71AV1 oxidizes AD to AA in three successive reactions
(2, 3, and 8). CYP71AV1 is the main rate-limiting enzyme of the committed
artemisinin pathway. Cytochrome P450 reductase (CPR) restores the active
state of CYP71AV1. 3. AO can be produced by CYP71AV1/CRP enzymatic
system, and alcohol dehydrogenase 1 (ADH1) can also make AO using AOH
as a substrate. 4. AO is utilized by the enzyme artemisinic aldehyde A11(13)
reductase (DBR2), which generates DHAO, as well as the third reaction of
CYP71AV1 (7), which generates AA. 5. Aldehyde dehydrogenase 1 (ALDH1)
converts DHAO to DHAA. 6-7. The conversion of DHAA into ART through the
intermediate DHAAHP is postulated to be non-enzymatic, but induced only by
ultraviolet light and oxygen. 8. The third reaction of CYP71AV1 converts AO
into AA, diverting the pathway from producing ART and DHAA. 9. AA can be
converted non-enzymatically into AB. 10. AB can be converted into

AT. 11. DHAAHP may also generate DART. Once extracted from plants and
purified, ART is derivatized into dihydroartemisinin (dART), then into other
antimalarial drugs (e.g., artemether and artesunate), which the body
metabolizes to the bioactive DART.

trichome density in A. annua. Trichome development and
ART biosynthesis have been linked through the transcription
factor TAR1 and its role in upregulating ADS, CYP71AV1,
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and ART biosynthesis (Tan et al, 2015) and several other
genes, reviewed elsewhere (Xiao et al, 2016). The literature
also suggests that reactive oxygen species (ROS) triggered by
stress may lead to the transformation of DHAA into ART,
although that has not yet been shown in planta through
direct correlation between quantified ROS build-up and the
increased conversion of DHAA into ART. Also, although
potassium deficiency stress increased ART leaf concentration
by 75%, it had no apparent effect on the concentrations
of either DHAA and AA (Ferreira, 2007). Thus, the simple
effect of photooxidation seems more plausible at this point,
although it is unknown how DHAA is converted into ART
as the plant metabolism shuts down during senescence and
drying. For instance, compared to freeze dried sub-samples,
shade, oven, and sun dried shoots had significantly higher
concentrations of ART and decreased concentrations of DHAA
and AA, and sun drying was more efficient in converting
DHAA into ART (Ferreira and Luthria, 2010). Although it
is currently debatable whether the last steps of the pathway
(leading from DHAA to ART and deoxyartemisinin (dART)
through dihydroartemisinic acid hydroperoxide (DHAAHP) are
enzymatic or not, if selection and breeding focus exclusively
on optimizing ART yields (and neglects DHAA), the potential
to increase ART production in planta through the conversion
of DHAA into ART during post-harvest drying will be
wasted.

In order to validate their production potential, promising elite
germplasm should be tested in areas with similar edaphoclimatic
conditions of potential commercial production. A new cultivar
(“Artemis®”) developed in Conthey, Switzerland (46013/N
7°17'E, elevation 485m above sea level - asl), and another
(“A3”) developed by the University of Campinas, Brazil (22°48’S,
47°07 W, 749 m asl) have been tested in Kenya, Tanzania, and
Nigeria, and produced from 0.7 to over 1% ART DW. However,
a Chinese genotype from Chongging, China (29.43°N, 106.91°E,
238 m asl) was grown only in China and Vietnam until its field
trials in West Virginia (37°45'N 80°50'W, 890 m asl) reported
here. Further selections of the Brazilian cultivar better adapted
to lowland humid tropics resulted in plants with higher ART
(1% w/w) and leaf dry biomass (3 ton/ha) than the Chinese,
Indian, and U.S. clones (0.4-0.5% ART, 1.5-2 ton/ha of dry leaf
biomass) in Calabar, Nigeria (4.96°N 8.3°E, 50m asl) (Brisibe
et al,, 2012). To our knowledge, there are no current breeding
programs engaged in producing A. annua genotypes that are rich
in both ART and DHAA, or with a less variable ART yield from
plant to plant.

The aims of this work are to: (1) show the seasonal and
differential accumulation of ART, DHAA, and AA of elite
Brazilian, Chinese, and Swiss cultivars cultivated in a West
Virginian field of similar latitude and altitude to Chongging
(China), where approximately 90% of the worlds A. annua
is cultivated for ART extraction; (2) provide evidence that a
high-ART genotype can also be high in DHAA, which should
be considered as an important sesquiterpene and biochemical
marker that can be used in the selection and breeding to produce
new high-ART A. annua lines.

MATERIALS AND METHODS

Plant Material and Field Cultivation

The three main high-ART cultivars used in this study to evaluate
seasonal and individual accumulation of sesquiterpenes, were
donated by Mediplant (Switzerland, cv. Artemis®), Centro
Pluridisciplinar de Pesquisas (CPQBA-Sao Paulo, Brazil, cv. 3M),
and Holley Pharma (Chongqing, China, cultivar not identified).
Another cultivar (Sandeman Seeds, UK) with high concentration
of AA, but low ART and DHAA, was donated by a colleague (Dr.
Dae-Kyun Ro). Plants from Brazilian, Chinese, and Sandeman
cultivars were started from seeds, while a Swiss selection was
cloned in a Quonset greenhouse under long-day photoperiod
before transferring to the field. From here on, these genotypes
will be mainly referred to as Brazilian, Chinese, Sandeman, and
Swiss. For all field experiments reported here, all genotypes
were transferred to the field in the first week of June 2006, 2007,
or 2009 on an Appalachian soil (Gilpin silt loam—fine-loamy,
mixed, mesic Typic Hapludults) at the Richmond School Farm,
Beaver, WV (37°45'N 80°50'W, 890 m asl) and provided twice
with 45 kg N, 20kg P, and 37 kg K per hectare during the five-six
months of cultivation (June to October/November). Soil pH
was 5.8 and plants were irrigated for the first month, until
established, with further irrigation only provided by rain. Soil
analysis is provided elsewhere (Ferreira, 2007). To determine
the seasonal accumulations of ART, DHAA, and AA, Chinese
and Brazilian plants were field cultivated in 2006 and 2007,
respectively, with three seed-generated plants of each genotype
sampled bi-weekly (non-destructively) throughout the season.
Seeds of the Swiss genotype (Artemis®), were cultivated in
West Virginia and quantified for ART, DHAA, and AA. One
selection (named MDP-11) was cloned in 2006 to generate
enough plants for the determination of seasonal peak ART.
Thus, for the Swiss genotype, three plants of the cloned MDP-11
were harvested at each collection date, the whole plant was
oven dried, and a dry sample from the bottom, middle, and
top part of each plant was pooled for HPLC-UV analysis. To
evaluate the natural segregation of ART, DHAA, and AA in both
Swiss and the Brazilian genotypes, approximately 100 plants
generated from seeds were transferred to the field, and 55-65
plants were harvested at random on August 24, 2007 (Brazilian)
and August 18/19, 2008 (Swiss). Dried leaves were separated
from stems, ground to 0.5 mm particle size in a Wiley mill, and
saved in a —20°C freezer until extraction for HPLC-UV analysis
of underivatized ART and its precursors (Ferreira and Gonzalez,
2009).

Extraction of ART, its Precursors, and

HPLC Analysis

ART, deoxyartemisinin (co-synthesized with ART), DHAA,
and AA were extracted from 500mg of A. annua dry leaf
samples, refluxed with 50 mL of petroleum ether (45°C) for 1h,
transferred to beakers and left to dry overnight in a fume hood.
Next day, samples were reconstituted in 20 mL of acetonitrile
(two washes of 10 mL each), filtered through a 0.45um nylon
filter attached to a 10-mL luer-lock syringe and transferred
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to a 20-mL scintillation vial. Samples were transferred to
1.8mL HPLC vials and 10 pL were injected by an HPLC
auto-sampler into the system (Agilent 1100 series). ART, DHAA,
and AA were quantified by HPLC-UV (Ferreira and Gonzalez,
2009). Standards of ART were purchased from Sigma/Aldrich
(sigmaaldrich.com) and standards of DHAA and AA were
donated by Amyris (Amyris.com). To better follow results and
discussion, and the roles of ART, DHAA, and AA and their
competing pathways, see Figure 1.

Relationship Among Sesquiterpenes in

A. annua

The mathematical model formula used to evaluate ART leaf
concentration (ART%) in relation to shoot concentration of AA
(AA%) in Figures 4, 5 is shown in Equation 1, and is equivalent
to a log-normal distribution fit, where In = Napierian logarithm
and e is Euler number =2.1718.

ln( AA(%) ) 2

—0.5x [ —)0-34£003 )

0.36 £ 0.06 ( Tn(0.19£0.01) > 0
TOAA(%) 1

ART(%) = AA%)

RESULTS

Differential Seasonal Sesquiterpene

Accumulation in A. annua

In West Virginia, the seasonal peak of ART concentration for
the Brazilian, Chinese, and Swiss cultivars occurred between
the end of August and the first week of September, declining
steadily thereafter (Figure 2). All Plants of these three cultivars
were high in ART and DHAA, but low in AA. The Brazilian
cultivar had lower DHAA than ART, the Swiss cultivar had
DHAA in similar or slightly higher concentrations than ART, and
the Chinese cultivar had higher DHAA than ART. The Chinese
cultivar displayed the highest concentrations of DHAA, reaching
1.6% DHAA and 0.95% ART at its seasonal peak (Sept 1). The
Swiss plants that were asexually propagated as clones, expectedly
showed a small plant-to-plant variation in sesquiterpene content
than the Brazilian or Chinese plants generated from seeds
(Figure 2). At the peak, the Brazilian and Swiss plants produced
an average ART concentration of 0.75%, but a few plants reached
1.5% ART (data not shown). The peak for DHAA concentration
coincided with ART in the Chinese and Swiss plants, whereas
DHAA was lower than ART during most of the season in
Brazilian plants. Plants peaked in their DHAA concentration at
0.6% (July 23, first harvest), 1.58% (Sept 1), and 1.25% (Sept
08) for the Brazilian, Chinese and Swiss plants, respectively. The
Brazilian, Chinese, and Swiss genotypes were all low in AA,
ranging from 0.1-0.2% and remained fairly constant throughout
the whole experiment (Figure 2).

Sesquiterpene Profiling of Different A.

annua Chemotypes
Due to the phenotypical segregation observed for DHAA
accumulation in 2006, when over 50 seed-generated plants of
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FIGURE 2 | Seasonal accumulation of artemisinin (ART), dihydroartemisinic
acid (DHAA), and artemisinic acid (AA) in field cultivated Artemisia annua
genotypes from Brazil (A), China (B), and Switzerland (C) field-cultivated in
2006, and 2007 in West Virginia, USA. All cultivars reached peak ART in late
August to early September.

the Brazilian cultivar were field grown and analyzed (data not
shown), three segregating individual plants were cloned and
harvested weekly to originate the data in Figure 2. Data for
each segregating clone (3M-8, 3M-43, and 3M-49) are shown in
Figure 3 regarding the seasonal differences in ART, DHAA, and
AA concentrations. Relative concentrations of ART, DHAA, and
AA were clearly different among the three genotypes throughout
the growing season (Figure 3). ART concentration ranged from
0.2 to 0.9% with maximum and minimum concentrations on
August 28th and October 30th, respectively. All three plants
peaked in ART concentration on August 28th. Opposite to the
Chinese and Swiss genotypes, DHAA content starts high and
decreases throughout the growing season in all three Brazilian
(3M) clones (Figure 3). AA content was largely unchanged in
each of the genotypes throughout the growing season. Genotypes
3M-8 and 3M-43 were most similar in their chemical profiles for
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FIGURE 3 | Shoot concentration (g/100 g DW) of the sesquiterpenes,
artemisinin (ART%), dihydroartemisinic acid (DHAA%), and artemisinic acid
(AA%) in three seed-derived plants from the Brazilian cultivar (3M). Each plant
was sampled [top, middle and bottom] weekly and processed for
sesquiterpene extraction and HPLC-UV analysis.

all three sesquiterpenes, whereas the 3M-49 displayed lower ART
and DHAA content and higher AA content as compared to the
other two genotypes for most of the growing season (Figure 3).

In 2008, 50 seed-originated Brazilian and Swiss plants were
cultivated in a West Virginia field and in 2009, some seed-
originated Sandeman plants were cultivated in the same field.
The data for the three elite cultivars and the Sandeman cultivar
were grouped for shoot artemisinin concentration (ART %) and
artemisinic acid concentrations (AA%) and evaluated through a
three-parameter non-linear fit (Eq. 1).

The data were also grouped for leaf ART% and leaf DHAA%
and presented as both Pearson (r, n = 95) and linear coefficient
of determination (R2, n = 95) (Figure 4). When these 95 sexually
propagated (37 Brazilian, 48 Swiss, and 10 Sandeman) plants
were randomly collected on Aug 18-19, 2008 (Brazilian and
Swiss) and 2009 (Sandeman), the Brazilian plants ranged from

0.25 to 1.3% ART, 0.2-1.5% DHAA, and 0.02-0.12 AA, whereas
the Swiss plants ranged from 0.58-1% ART, 0.9-1.6% DHAA,
and 0.1-0.43 AA, and the Sandeman plants from 0.07-0.2%
ART, 0.01-0.12% DHAA, and 0.41-1.18% AA (Figure 4). Data
modeling analysis of these 95 plants of four different genotypes
(based on leaf sesquiterpene concentrations) resulted in highly
significant Pearson (r = —0.56™"*, n = 95) and a linear coefficient
of determination (or fit) of R = 0.31***. However, a higher,
and highly significant, non-linear fit of R> = 0.57*** was
obtained for the observed vs. predicted relationship between
ART% vs. AA% (Figure 4A) according to the model in Eq. 1.
The root mean square error for the ART% predictions, or the
diversion of the observed data from the prediction by the model
presented in Eq. 1 was only 0.18%. Interestingly, the range of
AA concentration in the sexually propagated progenies was 0.02—
0.12% for Brazilian, 0.1-0.43% for Swiss, and 0.41-1.18% for
Sandeman plants (Figure 4A).

When correlating ART to DHAA in the three elite cultivars
plus the Sandeman plants, both Pearson (r = 0.74***, n = 95)
and the linear fit (R* = 0.54***, n = 95) were highly significant
(Figure 4B). There was no significant correlation between ART
and either AA or DHAA, or between AA and DHAA, for the
sexually-propagated Sandeman plants (correlations not shown).
The implications of these comparisons across germplasms is
explored in the Discussion section.

The several years of HPLC-UV (Ferreira and Gonzalez, 2009)
quantification of ART, DHAA, and AA in greenhouse and
field-grown plants allowed for a selection of several Brazilian
and Swiss clones with contrasting concentrations of all three
sesquiterpenes, including a genotype from Sandeman Seeds (UK)
that produces over 1% AA and 0.2% or less of either ART
or DHAA (Figure 5). The Swiss clones were relatively high in
DHAA and ART as compared to the Brazilian and Sandeman
plants (Figure 5). For these selected genotypes, DHAA presented
significant and high correlation with ART, while AA did not show
a significant correlation with ART (Figures 5B,C). Although the
Brazilian clones were lower in DHAA than the Swiss clones, three
clones that were high in DHAA (3M13, 3M39, and 3M85) were
also high in ART (Figure 5A).

DISCUSSION

Our field data revealed that, regardless of genotype, plants
from different origins planted in the same location will reach
their ART and DHAA peaks at the same time in the season
(Figure 2). The ART peak was not related to flowering and
agrees with reports that ART in Swiss plants peaked at the end
of August also in Conthey, Switzerland, independently of the
physiological state for the hybrid cultivar Artemis® (Delabays
et al,, 2001). Our results suggest that plants of elite germplasms,
regardless of their origins, allocated more resources toward
DHAA and ART accumulation, while AA remained below
0.43%, and stable, during the whole season. DHAA biosynthesis
was favored in Chinese, similar to ART in Swiss, and lower
than ART in Brazilian plants, while AA biosynthesis (opposite
to ART or DHAA) was favored in Sandeman plants. Results
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showed that Brazilian plants produce more ART than DHAA,
whereas Chinese plants accumulated more DHAA than ART
(Figure 2). Comparing Brazilian to Chinese plants, and accepting
the possibility that the conversion of DHAA to ART may
involve enzymes (Zhu et al., 2014; Bryant et al., 2015), besides
photooxidation, it is possible that the pathway in the Chinese
genotype may have enzyme isoforms that are less efficient to
convert DHAA into ART, while the Brazilian genotype has
isoforms that are very efficient in converting DHAA to ART. A
recent report (Czechowski et al., 2018) involving Swiss plants
that were either high in ART (Artemis®), or low in ART (NCV)
and high in AA, arteannuin B (AB), and artemisitene (AT),
confirmed previous (Ferreira, 2007) and our current results of
high biosynthesis of ART and DHAA in Swiss plants (Artemis®).
Czechowski et al. (2018) remarked that competing pathways had
enzymes that produced ART and derivatives, all having a methyl
group (CH3) on carbon 11, while the other side of the pathway
(for AA, AB, and AT) had similar compounds, but with an ethyl
group (CH;) on carbon 11. These authors hypothesized that the
existence of different isoforms of the amorpha-4,11-diene C-12
oxidase (CYP71AV1- steps 2 and 3 of the pathway in Figure 1),
may be associated with high- and low-ART plants. They also
concluded that the enzyme DBR2 (Step 4, Figure 1) was highly
expressed on Artemis® plants that are high in ART and DHAA
and that, although no enzyme may be involved, AA somehow
converts rather to AB than to AT. Similarly, we have observed
during our HPLC-UV analysis that DHAA and DHAAHP, which
may (Zhu etal., 2014; Bryant et al., 2015) or may not (Czechowski
et al., 2018) be enzyme-substrates, converted preferentially to
ART, with very little conversion to dART (Ferreira and Luthria,
2010). Based on this evidence, if we infer that there could be
isoforms of aldehyde dehydrogenase (ALDHI1) with different

efficiencies in converting dihydroartemisinic aldehyde (Step 5,
Figure 1) to DHAA, but with low conversion of DHAA to ART,
we would have plants such as the Chinese or Swiss (higher DHAA
than ART). Alternatively, for high efficiency of conversion of
DHAA to ART (higher ART than DHAA), we would have
Brazilian plants. Thus, the cross of Brazilian and Chinese would
be expected to produce plants with higher ART than either
parent.

During the direct quantification of ART and its precursors
in the Swiss Artemis® (Ferreira and Gonzalez, 2009), plants
produced from 0.65 to 1.9% ART, but no AT or AB. Also,
field-grown (Illinois, USA) Brazilian (3M) plants harvested on
September 13, 2003 (Peng et al., 2006), produced neither AT
or AB, as confirmed by mass spectrometry. These previous
results with high-ART Swiss and Brazilian genotypes agree with
Czechowski et al. (2018) in that AB and AT may be produced only
in low-ART plants, such as their NCV plants (Czechowski et al.,
2018).

Considering that plants with high concentrations of DHAA,
and low AA, may lead to high ART% in leaves in planta or
after drying, our data reflects the fact that Chinese, Brazilian, and
Swiss plants vary in their accumulation of DHAA and ART, with
Brazilian plants having higher ART than DHAA, Swiss plants
having similar concentrations of ART and DHAA, and Chinese
plants having almost twice as much DHAA as ART (Figure 2).
Swiss plants showed a narrower range of both traits compared
to the Brazilian clones, and were higher than Brazilian plants in
DHAA, while Brazilian plants were higher than the Swiss in ART
(Figures 2, 4, and 5). Data from Figure 4 and the sesquiterpene
analyses from 63 and 55 seeded plants from Swiss (0.56-1.2%
ART) and Brazilian (0.33-1.5% ART) genotypes, respectively,
(Supplementary Figures 1, 2) prove that the Brazilian genotype
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MDP 11 = 1.0% ART) in West Virginia.

has a broader genetic base compared to the Swiss genotype.
This broad base in ART (0.23-0.78% ART) was also previously
reported from 16 Brazilian (3M) plants (Peng et al., 2006). This
implies that further selection of high-ART Brazilian plants and
their crossing with high-DHAA Chinese or Swiss plants may
result in progenies with higher ART concentrations than either
genotype can currently afford separately. Our data also suggest
that these plants should have AA leaf concentrations lower than
0.2% because as AA increases the concentrations of ART and
DHAA decrease, as seen for Brazilian plant 3M-49 (Figure 3) and
Sandeman plants (Figures 4, 5). Swiss plants had AA over 0.2%, a
fair concentration of DHAA and ART, but not as high as Brazilian
plants (Figure 4).

Previously, and without knowing their DHAA concentration,
Chinese plants have been successfully used as parents to increase
ART in Swiss plant developed by Mediplant (Delabays et al.,
1993), and that may also explain why these plants have high

concentrations of DHAA despite their levels of AA over 0.2%
(Figure 5). Later on, the use of Vietnamese plants selected for
ART% as high as 1.3%, but with unknown concentrations of
DHAA, was also mentioned as a good source of parents to
increase ART% in new crosses (Delabays et al, 1995). On
the onset of ART research in China, an ART-rich A. annua,
originally from the Sichuan Province, was used in “Project 523”
to afford high-ART extraction (Tu, 2011). It is interesting to
note that a recent publication involving a Sichuan Province
genotype reported control sesquiterpene concentrations of 0.6%
ART, 2% DHAA, and 0.06% AA (Wang et al., 2010). These
sesquiterpene ratios are similar to the ones reported in this
work for the Chinese genotype (average of 0.9% ART, 1.6%
DHAA, 0.02% AA) (Figure2). We assume that Vietnamese
plants, originally imported from China, may also be high in
DHAA, and a good parent source to breed high-ART plants.
Thus, the differences in ART and DHAA contents found between
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the Brazilian and both Swiss and Chinese plants (both high in
DHAA) can be explored to breed novel genetic recombinants
high in ART. The enzymatic ability to convert most of the DHAA
into ART can be genetically acquired from the Brazilian plants.
The excess DHAA, not converted to ART in vivo, could still
be converted into ART during drying (Ferreira and Luthria,
2010), suspending the irrigation to stress the plants close to
harvest (Marchese et al., 2010), extracted to be converted into
ART semi-synthetically (Kopetzki et al., 2013), or extracted from
ART commercial waste as raw material for ART semi-synthesis
(Liu et al., 2017).

Previous studies proved that the broad-sense heritability was
high (H? > 0.98) for the ART trait (Ferreira et al,, 1995). This
was later confirmed by narrow-sense heritability (Delabays et al.,
2001) suggesting that additive effects play a major role in the
total genetic variance, and that selection for both ART and
DHAA traits will be highly and efficiently conserved, leading
to further increase in ART leaf concentration of new hybrids.
An individual Brazilian clone (3M-49, Figure 3) and 10 seed-
generated Sandeman plants (Figure 4) illustrate that a genotype
that produces AA as the main sesquiterpene will produce ART
and DHAA in low concentrations, and vice-versa, therefore
confirming that DHAA/ART and AA are in two competing
branches of the biosynthetic pathway and should be considered
for their additive (ART and DHAA) or negative (AA) effects
when breeding new high-ART genotypes. Data generated from
the 10 Sandeman-UK seeded plants clearly shows that plants
with high leaf concentrations of AA should not be used to
generate new genotypes high in ART and DHAA. Confirming
this line of thought, a previous attempt to select high-ART clones
using tissue culture-, greenhouse-, and field-propagated plants of
unknown origin produced plants with 0.4 to 1.0% AA, but with
only 0.03-0.06% ART (Elhag et al., 1992). Their A. annua plants,
field-cultivated in Saudi Arabia, produced a very similar picture
to that reported in our work for Sandeman plants cultivated
in West Virginia in 2009 (0.41-1.18% AA, 0.01-0.12% DHAA,
and 0.07-0.2% ART, Figure 4). Although reported from different
sites and in different years, these similar results attest to the
fact that these populations, possibly unrelated, maintain their
characteristic pathways leading to plants that are mostly high in
AA and very low in ART and DHAA.

Our yearly records for the Brazilian and Swiss clones strongly
support that plants high in ART and DHAA are lower in
AA and vice-versa and individual plant sesquiterpene profiles
and Pearson coefficients in Figure5 (r = —0.34" for AA vs.
ART and r = 0.77** for DHAA vs. ART, n = 12) mirror the
sesquiterpene profile and coefficients of their seed-generated 95
plants from the same germplasm (r = —0.56™** for AA vs. ART
and r = 0.74™"* for DHAA vs. ART, n = 95) in Figures 4A,B. The
highly significant non-linear fit (R?> = 0.57***) obtained between
AA% and ART% reflects the fact that Brazilian plants were higher
in ART but had a very low leaf concentration of AA. As the AA%
rises to 0.2% or higher (Swiss plants), ART started to decrease and
when AA% was from 0.4 to 1.18% (Sandeman plants), leaf ART%
was never higher than 0.2% (Figure 4). Again, these Pearson
coeflicients suggest a negative correlation between AA and ART
(r=—0.56""" and —0.34", Figures 4, 5, respectively) as they are
biosynthesized in competing sides of the same pathway.

An A. annua germplasm collection encompassing twelve
genetically diverse clones (Figure5) was established at the
USDA-ARS Appalachian Farming Systems Research Center,
Beaver, WV was clonally propagated and maintained for
approximately five years at the USDA-ARS in Beaver, and
is currently maintained at the Evansdale Greenhouse (West
Virginia University, Morgantown, WV). This collection holds
clones with distinct chemotypes from Brazil and Switzerland,
plus a clone originated from a commercial nursery (Sandeman
Seeds, UK) that is high in AA, but low in ART and DHAA
(Figure 5). These plants have maintained their concentrations of
the sesquiterpenes they were selected for.

For the ten plants generated from Sandeman seeds, the lack of
significant correlation between any of the sesquiterpenes reflects
the fact that AA is not a precursor of ART, but may be a precursor
of AB and AT in its side of the pathway (Figure 1). Plants high in
DHAA may produce even higher ART vyields if stressed by abiotic
factors such as drought, potassium deficiency, and salinity, or
during commercial drying, as previously reported (Brown and
Sy, 2004; Ferreira, 2007; Ferreira and Luthria, 2010; Marchese
etal., 2010; Yadav et al., 2017). However, more research is needed
to determine the extent, and which stress may increase ART
without compromising biomass yield. In the meanwhile, new
different systems for the in vitro conversion of DHAA into ART
or its antimalarial derivatives (e.g., artemether and artemotil)
have been recently reviewed and reported encouraging yields
of up to 65% (Lévesque and Seeberger, 2012; Howard et al.,
2017).

Remarkably, the step involved in converting DHAA into ART
is thought to be mediated by photooxidation instead of through
an enzymatic catalysis (Brown, 2010; Czechowski et al., 2018).
This suggests that the photooxidation step may be differentially
regulated by an unknown mechanism between the Chinese and
Brazilian plants. Alternatively, as the conditions for chemical
reaction used for semi-synthetic synthesis of ART may not exist
in plants, there is the possibility that an unknown biochemical
process is involved in the DHAA conversion to ART (Xie et al,,
2016) and, surprisingly, it could even involve an enzyme in vivo
(Zhu et al,, 2014; Bryant et al., 2015). However, one should
keep in mind that the reported non-enzymatic conversion of
DHAA to ART had only a 23% overall yield (Acton and Roth,
1992) and that even with optimized conditions and the addition
of 0.24 nmol of chlorophyll g, it took 129h to convert 26.8%
of the DHAA into ART (Wallaart et al., 1999b). However,
drying plant material for 12-16h in a forced-air oven (in the
dark) at 40°C allowed an estimated 40% conversion of DHAA
to ART, while sun drying from 1 to 3 weeks resulted in a
94% conversion (Ferreira and Luthria, 2010). Also, suspending
irrigation in field plants 38 h before harvest resulted in an ART
increase of 29% compared to the irrigated control (Marchese
et al,, 2010). The higher conversions achieved by oven, drought
and sun drying, compared to conversions in organic solvents
reported by Acton and Wallaart’s research teams, indicate that
either ROS produced by heat stress are rapidly being used
to convert DHAA into ART or that the conversion could,
at least partially, involve enzymes. Freeze dried plant samples
had significantly higher concentrations of DHAA and lower
concentrations of ART (Ferreira and Luthria, 2010) as if the
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conversion had been blocked by either the freezing of enzymes
or by the absence of oxygen during the freeze drying process,
or both. A similar low concentration of ART was reported for
both freeze drying and microwave drying compared to open-air
drying (Ferreira et al., 1992). In addition, oven drying leaves at
20-40°C, for at most 25h of drying, did not alter artemisinin
concentration in dried leaves, while drying at 90°C for 5
hours significantly decreased ART% in leaves (Xavier Simonnet,
personal communication). Thus, it seems that although some
conversion of DHAA to ART can happen without enzymes, it
does not rule out the participation of enzymes that could speed up
the conversion of DHAA into ART as the plant dies, which could
work simultaneously with photooxidation to assure the highest
amount of ART in glandular trichomes during plant death.

CONCLUSIONS

Our field data shows for the first time that, regardless of the
genotype, plants consistently reach their ART peaks during
the same approximate time of the year, toward the end of
their vegetative stage, suggesting that the ART is related to
photoperiod, not flowering, and confirming reports for peak ART
in vegetative Swiss plants (Artemis®) cultivated in Conthey,
Switzerland. Over the years, this seasonal peak remained true
regarding the sesquiterpene profile of cloned plants maintained
in a greenhouse under long days during the winter. This
propagation strategy and reliable ART concentration were also
used by an A. annua breeding program at Rutgers University
that used one of our Brazilian (3M) selections from Illinois
(USA), which was reported to produce 1.5% ART (Wang et al,,
2005