ABSTRACT

JUDD, RIKA SIEDAH. Metabolic Engineering of Artemisinin Biosynthesis for High Production
of the AntiMalarial Drug.(Under the direction of DDe-Yu Xie).

Artemisinin is a secondary metabolite producedtgmisia annuaand isan antimalarial
drug used in artemisinin combination therapy (ACT). It is recommended by the World Health
Organization (WHO) to be used as the first line of defense for malaraimeat. Apart from
malaria this compound has potential in treating cancer and diabetgstelA. annuas the only
organism naturally knomto produce this valuable compound but at low and variable yields among
differentcultivars anccannot supply theigh demand for ACTTherefore, mny efforts have been
put forth to overcome this limitatn. These efforts include understanding the biosynthetic pathway
of artemisinin, increasing artemisinin related geimeplanta the metabolic engineering of the
pathway intobacco and yeast, and using RNAI technology to knockdown competing pathways.
Ourgoal here is to metabolically engineer artemisinin biosynthesis for high production to
increase the yield fohCT in addition to the creation of new metabolites thay also have anti
malarial activity. In order to achieve thgoal, we first wanted to kow which cells make
artemisininand if the biosynthetic pathway was only limited to glandular trichomes (Chapters 3
and 4). In addition, we evaluated the crosstalkwben pathways distinct from artemisinin
biosynthesigo determine its impact dhe biosyithetic pathwayChapters 5 and 6lror example,
we engineered red cells to produce new anthocyanimestofor bioactivity and antnalarial
synergy with artemisimi (Chapter 6). We also addredsvhether external factors, such as light
can have an impaon artemisinin biosynthesis and iciénincreaseheyield for ACT (Chapter
7). Finally, we aimedto functionally characterize a nesytochrome p450 reductase enzyme and
its relevance in the biosynthetic pathway a wayto optimize the metabolic engiaring of

artemisinin (Addendum )
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CHAPTER 1: Introduction i Advances in the Biosynthesis and Metabolic Engineering of
Artemisinin and Flavonoids from A. annua
Overview

Malaria is a lifethreatening disease causedgdgsmodiunparasites that led to over 200
million casegylobally in 2018 WHO 2019) Although there are no reports of malarial infections
in the USA, al most half the worl ddéds popul atio
lactone molecule producddy Artemisia annuais well known for its antmalarial activity.
Unfortunatly, A. annuais the only organism known to produce this valuable compoundnand
plantaproduction is low and unstable due to heterozygous varieties.

To overcome this limitatio, molecular and synthetic approaches have been put forth to
metabolically egineer the artemisinin biosynthetic pathway, such as the overexpression of
biosynthetic genes or regulatory transcriptions factors, to increase artemisinin availability for
artemsinin-based combination therapy (ACT). ACT is recommended by the World Health
Organization (WHO) to be used as the first line of defense in treating m@é+i@ 2019) Our
efforts for the metabolic enginéeg of artemisinin include the further understanding of the
biosynthetic patwvay by characterizing a new candidate gene relevant to artemisinin biosynthesis
(Addenduml), investigating the localization of artemisinin biosynthesis to increase content in all
cell types (Chapters 3 & 4), and assessing the environmental factors yhiatpaat biosynthesis
(Chapter 7.

We also address pathways independent from artemisinin and how they may impact
biosynthesis through potential crosstalk (Chapter 5). In additimuerstanding flavonoid
biosynthesis irA. annuais necessary to addres®thotential synergy between artemisinin and

flavonoids for enhanced malarial activity (Chapter 6). These topics are mentioned here and are



necessary to address so that we canessfally increase artemisinin contémtplanta We also
address future persptives on how we may attempt to successfully enhance artemisinin content
and flavonoid biosynthesis iA. annuaas well as investigating the potential roles of a new

candidate gee.

The Discovery and Broader Impacts of Artemisinin

Artemisinin, also know as Qinghaosu, is an endoperoxide sesquiterpene lactone produced
by the Chinese medicinal hefstemisia annugsweet wormwood). Artemisinin is an effective
molecule for treatmdrof malaria. Its structure is featured with a unique endoperoxide moiety
including an oxygenbridge (Fig 1A). The endoperoxide moiety (oxygen bridge) has been
demonstrated to be the structure that inhibits the breakdown of hemoglobin and promotes the
degadation of hemozoin pigment in malaria paraqigssdey et al. 1999)n addition, artemisinin
has been shown to bepatential anticancer and antiliabetic moleculéLi et al. 2017; Lai et al.
2013)

In the early 1970s, Youyou Tu discovered artemisinin and innovated its medicinal uses for
treatment of severe and drresistant malari@ause by Plasmodium falciparuniTu 2011) In
the 1950sPlasmodiunparasites became resistant to -amdlarial drugs such as quinine, and its
derivatives, and the catastrophic malarial disease urged the global demand for new rfiadicine
2011) Tuds research team analyzed 2, 08dventChi nes
extracts ofA. annuashowed effective inhibition on parasite growiu 2011) In particular, the
petroleum extract at low temperatures consistently showed ieffemtimalarial activity(Tu

2011)



The extract was further separated into acid@eutral parts to obtain a neutral, ftoric
extract that was tested on mice infected wilasmodiumparasites(Tu 2011) Furthermore,
positive clinical trials first o lab members, to ensure that the extract was safe for humans, and
then patients inféaed byPlasmodiunparasites led to the innovation of artemisinin for treatment
of P. falciparummalaria(Tu 2011) After positive results obtained from clinical trialsy s gr ou p
isolated and purified the compound frémannuaand discovered a crystaléncolorless molecule
with a molecular weight of 282 Da and a melting point of-158°C(Tu 2011) They named this
novel compound ginghaosu in Chinese and artemisiramglish(Tu 2011) To dateA. annuais
the only plant known to produce this effectargtimalarial compound.

The discovery of artemisinin led to a dramatic reduction of deaths in China, since the
1970s, however the application of artemisinin to othetspafrthe world did not start until 2000,
when more than one million people died oflang@. Since then, the use of artemisinin has
dramatically reduced the number of deaths specifically caused hby.tfaciparumparasite.
Furthermore, the artemisinivesed combination therapy (ACT) recommended by the World
Health Organization (WHO) wageaated to prevent the potential development of resistance to
Plasmodium falciparufWWHO 2019)

According to reports froVHO, there were 228 million cases of malaria in 2018 and the
number of deaths reduced to 405,000 in epidemic courfiNétO 2019) Of those cases and
deaths, 93% percent of casesl &% of deaths occurréa the African regiof\WHO 2019) To
dat e, approximately hal f t he-seweo counttiésshatpme ppul at i
subSaharan Africa, Soutkastern Asia, Eastern editerranean, Southern d¢¥c and the
Americas are still at high risk of mala/HO 2019) In particular, pregnant women, HIV/AIDS

patients, children under the age of 5, and travelers are the main glsamoups(WHO 2019)



Of these, childremvere the most vulnerable and accounted for 67% of malarial deaths worldwide
(WHO 20109)

Although artemisinin hasased many lives, the mala-caused life loss is still severe. One
reason is that the yield of artemisinin cannot meet the demand of(Al€jbs-Gonzalez et al.
2011) The insufficient production results from low artemisinin content (0.052#% DW)in
planta (Larson et al. 2013)Although a fev plant varieties have been reported to produce
approximately 2% (DW}Wetzsteiret al. 2018)the heterozygous feature of those varieties cannot
stabilize yields either.

To supply the high demand for ACT, many efforts have been put forth to increase content
in plantaas mentbned later. Synthetic approaches have also successfoliyiqged 25 g/L of
artemisinicacid (Fig 1B) in engineeregeast to be chemically converted to artemis{ifaddon
et al. 2013)Although this was a success for synthetic biology, unfortunately it was expensive
than growing plants for artemisin{feplow 2016)Understanding the biosthetic pathway of
artemisinin and where itdéds produced in cells

in agriculture and medicine.

The Artemisinin Biosynthetic Pathway

Artemisinin is biosynthesized from farnesyl pyrophosphate (FPP), icytbeol (Fig 2).
FPP is derived from the condensation of two molecules of isopentyl pyrophosphate (IPP) and one
molecule of dimethylallyl pyrophosphate (DMAPP), which are formed ftben mevalonate
(MVA) in the cytosol and/or Z-methytD-erythritol4-phosphate (MEP) pathways in plastids

(Fig. 2). FPP is a key intermediate precursor for sesquiterpenoids, triterpenoids, and other



metabolites.The detailed progresses regarding artemmsibiosynthesis and problems were
reviewed in our previous repdiXie et al. 2016bJChapter?).

In brief, bothin vitro enzymatic andn vivo transgenic tobaccand A. annuastudies
demonstrated the cyclization of FPP to amorpld-diene catalyzed by amorpdall-diene
synthase (ADS), the first committed step of artemisinin biosyntkBsisvmeester et al. 1999a,;
Mercke d al. 2000; Wallaart et al. 2001; Ma et al. 2Q19¢terogenous expression of two genes
in the yeast systems demonstrated that a cytochrome P450 monooxygenase (CYP71AV1; CYP)
and its redox partner cytochrome P450 reductase (CPR1) catalyzed the oxygamatipha
4,11-diene to form artemisinic alcohol @rhen artemisinic acid, respectivégo et al 2006a;

Teoh et al. 2006)

To understand this oxygenation step furtherAamnnua CPRhomolog, namePR2
was isolated from our sequence asseniblg et al. 2018) 1t 6 s gene expressio
associated with artemisinic acid production, suggesting its relevance in the artemisinin
biosynthetic pathwagMa et al. 2015§Addenduml). In addition yeast metabolic engineering for
high production of artemainic acid revealed that a cytochrome b5 (CYB5) could significantly
enhance the oxidation of amorptd. 1-diene by reducing the toxic effect GPR1overexpression
in yeast(Paddon et al. 2013Yhis data suggests that in addition to CYP and CPR1, CYB5 and
other members maybe involved in the conversion of amorph&diene to artemisinic alcohol.

Further dehydrogenation and double bond formation have been demonstrated to be
essential from artemisinic alcohol to artemisinic acid and dihydroartemisinic acidlcéimol
dehydrogenase 1 (ADH3ene cloned fronA. annuawas heterogeneously expressed in €YP
CPR1 engineered yeast to increase artemisinic aldehyde y{Pladdon et al. 2013)

Characterizatiom plantaandin vitro using recombinart. coliprotein revealethat an aldehyde



dehydrogenase 1 (ALDH1) oxidized artemisialdehyde and dihydroartemisinic aldehyde into
artemisinic acid and dihydroartemisinic acid, respectiégoh et al. 2009)

Dihydroartemisinic aldehyde can also be converted to dihydroartemisinic alcohol by
RED1, which can negatively affect artemisinin production by competing with AL{Rytién et
al. 2010) Enzymatic studies using crude extract amdmgbinant protein revealed thatemisinic
aldehyde @11 (13) reductase (DBR2) reduced art
(Zhang et al. 2008)n addition, overexmssion 0DBR2in plantaled to an increase in artemisinin
content(Yuan et al. 2015)Although the last step in artemisinin biosynthesis is controversial, it is
believed that dihydroartemisinic acid is theedi precursor, and its conversion to artemisinin is

via a spontaneous phetxidative proceséBrown 2010b; Brown and Sy 2004)

Localization of the Artemisinin Biosynthetic Pathway in Glandular Trichomes

Since 1994, it has been proposed that artemisinin is only produced in glandulanéscho
(Duke et al. 1994)which arepresent onnflorescencesand leaves. Floral trichomes develop
similarly to the ones on leaves, and also forms the subcuticular space that enlarges during later
stages of developme(ferreira and Janick 1995)he glandular trichomes are biseriate, capitate
glands whichconsist of two stalk and eight glandular cells, where the subcuticular space surrounds
apical cell§Ferreira and Janick 1995; Duke and Paul 1993)

The capitate glands formed at different stages on leaf primordia ocdng dine early
developmental periods of shoot apical meristems, and microscopy observations showed that each
gland is formed from one epidermal cell that expands above the s(ithake and Paul 1993)

The expanded cell then divides anticlinally to produce two daughter cells that continue to divide

periclinally to form the final 1&@dl stage, the prototype of a glafiduke and Paul 1993After



formation, the prototype glands continue maturation to develop, a subcuticular spate next
secreting cells filled with terpenes including artemisiiimke et al. 1987)
Those subcuticular spaces can protect cellsnffootential phototoxicity caused by
artemisinin sequestered from productisgueqDuke et al. 1987)During flowering time on th
one hand, some cuticles will rupture, leading to the release of afirtentvhile some remain in
intact(Ferreira and Janick 1995)he glamls were found to associate with the high production of
artemisinin in flovers that were found to contain 4 to-fbld (10 times) more artemisinin content
than leaves, during anthe¢kerreira et al1995)
Since glandular trichomes were considered the only location for artemisinin biosynthesis,
most research undertaken have been focused on glands to understand the b@pgittiaety
over that past three decades. As described above, all knotwngyagenes were cloned from
trichomes and transcriptionally characterized in glands specifically. All genes have been used in
metabolic engineering to increase artemisiniiranrua. Although numerous promising data
has been reported, unfortunately thpplication of engineered plants remains for more

investigation.

Localization of the Artemisinin Biosynthetic Pathway in Other Cells

Development of other cell types for artemisirbiosynthesis is important to increase
production. The reason is thaethiomass of glandular trichomes is limited. In addition, glandular
trichomes are the main cells that actively produce most monoterpenes and sesquiterpenes stored
in the subcuticulaspace and get released into the environment when they rupture. Thelimetabo

competition caused by monoterpenes and sesquiterpenes also limits the formation of artemisinin



(Judd et al. 2019However, whether artemisinin biosynthestswrs in other cell types has been
debated.

Numerous studies have repattihe formation of artemisinin in different tissues without
glandular trichomes, such as transgenic hairy roots. Hairy rooks afhnuawere reported by
different groups viaA. rhizogeneanediated transformation to produce artemisifdazir et al.

1995; Weathers et al. 1994; Xie et al. 2000; Xie et al. 198&tudies from Xie et al. (1998 and
2000), hairy root clones were generated from either leaf blades or petiole segments via
transformation with the 160A. rhizogenestrain Kie et al. 2000; Xie et al. 19983ased on the
growth rate and later root delopment(Xie et al. 2001) different clones were developed to
understand effects of hgiroot culture and growth conditions on the formation of artemisinin. The
hairy roots were greenish/yellowish and had more branches when grown under white ligh
conditions, but had fewer branches when grown in the (aeket al. 2001)

HPLC anaysis was performed to analyze artemisinin in several hairy root lines. The
resulting data reveedl that one hairy root clone obtained from leaf blades produced the highest
artemisinin content at 1.195 mg/g DW, which is approximately 0.1% (g/g DW), buiggddhe
lowest biomasgXie et al. 2001) The data suggested that the artemisinin actation was not
correlated with biomasbut depended on growth rate and the number of lateras. rdbis
observation was in agreement with those in plants, which reached the maximum production of
artemisinin during blooming timehendevelopment reachedetend suggesting a similar trend
in artemisinin production between hairy roots and whole plgraseira et al1996; Xie et al.
2001) In addition, the formation of artemisinin was reported in hairy rvatsformed with the
A. rhizogenesi$5834 strain (Weathers et al 1994). Artemisinin content in hairy root cultures were

able to reach 0.1%g/g DW), which is d¢ose to that in wild typd. annuacultivars, however, the



hairy roots do not produce glandul@ichomes, indicating that other cell types can produce
artemisinin.

Moreover, wildtype roots have been proposed to play a regulatory role in artemisinin
biosynthesis. When scions froM. annuaplants that produce low levels of artemisinin were
grafted onhigh producing rootstocks, the grafts produced artemisinin at higher levels and
increased the trichome density on leaang et al. 2016)Glandless mutants are anraromatic
biotype that does not produce glandular trichomes. When scions from this mutant were grafted on
a high artemisinisproducing rootstock, they producddtectable levels of artemisinin, although
they did not produce any glandular trichonf@é&ng et al. 2016)

Although the mechanism by which the roots can regulatmisinin biosynthesis is
unknown, gibberellic acid produced from the roots is proposed to associate with the increase of
leaf biomass and artemisinin contdliYang et & 2016) In addition, roots were reported to
produce low levels of artemisinin, arteannuin b and artemisiciat (Fig 1) (Nair et al. 186;
Woerdenbag et al. 1991 Although a report suggested that low levels detected in the roots might
result from the artersinin excretion into the so{lessing et al. 2013} is necessary texplore
the possibility that othecell types that can produce artemisinmtissueswith no glandular
trichomes.

In addition, early calli cultures ofA. annuawere reported to produce artemisinin in
different culture conditiongHe et al. 1983; Nair eal. 1986) Although further studies are
necessary, thia vitro culture data indicates that undifferentiated cells have tlepalto produce
artemisinin in specific conditions. Taken together, although the formation of artemisinin in tissues
without glandular trichomes remains for further substantiation, all previousndiatate that other

cell types can produce artemisimmcertain conditions.



Recently, we used an integrative approach to show thaglamdular trichome cells
produce artemisin (Judd et al. 2019; Ekel6f et al. 2018hapters 3 and 4). Teethonstrate this,
three types of plant materials withalandular trichomes, including a glandless mutant, leaves 1
and 2 from our selpollinated plants (glandular trichome freaves), and calli were utilized for
analyses of metabolic profiling, metabolite imaging, and gene expression préiilidg et al.
2019) Gene expression analysis revealed A28 CYP, CPR1 ADH1, DBR2 andALDH1 were
all expressed in glandless mutants, glandular free leaves, andwadliet al. 2019)

In addition, LCgTORMS/MS analysis w&s used to identify and quantify artemisinic acid,
arteannuin b, and artemisinin in these samf@edd et al. 2019Further metabolite imaging with
IR-MALDESI allowed for the in situ detection of artemisinin, artemisinic acid,
dihydroartemisinin, and arteannuin b in the same locationthe leaf surfacef glandular
trichomefree leaes (Judd et al. 2019)This data indicates that artemisinin biosynthesis is
localized in other cell typaban just glandular trichoes(Judd et al. 2019)

To further substantiate the imaging results, we removettith®mmes from leaves of 35
day old seHpollinated plants and compared gene expression and artemisinin contents among
trichomeremoved leaf blades, thomes, and leaves with trichon{ésdd et al. 2019)AIthough
gRT-PCR analysis shweed that gene expression was higher in the trichomes than in trichome
removed leaves, the content of artemisinin was similar between the two sampkes rdhdts
demonstrate that the artemisinin formation is not limited to the glandular trichomeswelyists
in other cell types of leaves such as epidermal, mesophyll or othegylanwtular trichome cells
(Judd et al. 2019)rhis dda supports previous reports that the biosynthesis of artemisinin occurs

in roots and calli as discuskabove.
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Environmental Factors and Hormones that Influence Artemisinin Biosynthesis

Environmental factors have been reported to influence artemisosgrithesisn planta
Low temperatures was observed to enhance artemisinin content-88%5(mg/g V) via
increasing the expression levelsAiDSandCYP (Zeng et al2009; Yin et al. 2008)in addition
to temperature, multiple researches have reported that light plays a regulatoryartéenisinin
biosynthesisAppropriate UVB and UM C treatments were found to improve the artemisinin
content(Rai et al. 2011although these irradiations could cause DNA mutations and otheiggam
to plants(Zhang et al. 2018Red and blue light treatments were found to increase the artemisinin
contents. The artemisinin andemisinic acid contents in plants grown in red and byle were
increased approximately2times compared to those grown ihite light and darkness conditions
(Zhang et al. 2018)

Gene expression profiling revealed that Ai@SandCYPexpression levels in @hts were
increased 2:5and 24.3, 5.9 and 16.7, and 14.7and 46.3fold higher in red, white and blue light
than in darknss, respectivelyZhang et al. 2018)Blue light also enhanced the expression of
ALDHlandDBR2(Zhang et al. 2018)nterestingly, blue light wa®und to reduce the expression
levels of ESCandSQS which are associated with the formation aff8-cedrol and squaleneoim
FPP. These data suggest that red and blue light condiéidinect thenetabolic fluxes from other
terpenoids to artemisinirreduction(Zhang et al. 2018)

Cryptochrome 1 (CRY1) is a blue light receptor that regulates-ilighiced biological
processes such a®ntrolling flowering time, circadian rhythms, and inhibition of hypocotyl
elongation(Hong et al. 2009a; Mas 2004; Baurle and Dean 2006; Zhang et al.. 2606)
overexpression iA. annuawas reported to increasetemisinin content by 380% in transgenic

line suggesting that artemisinin accumulation is positively correlated with light signaling
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componentgHong et al. 2009a)n addition, it was interesting that the anthocyanin content was
also increased among transgenic lines up to twice as msiche WT, suggesting that this
photoreceptor mmotes the enhanced production of secondary metabioliganta (Hong et al.

2009a) By contrast, water stress was found to decrease the contents of artemisinin,
dihydroartemisinic acid, arteannuin b, artemisinic acid, and essential sidsiated with the
reduction of trichome densitjyadav etal. 2014) High salinity and lead were also found to
decrease artemisinin content, which was associated with the decrease in leaf biomass, chlorophyll
and photosynthetic rat¢Qureshi et al. 2005)

In addition to environmental factors, plant hormones have been shown to regulate
artemisinin biosynthesig\pplication of abscisic acid (ABA) to plants me@ased the artemisinin
content up to 1.85%, and was 65% higher in treated plants than untreated, contro{Jipigets
al. 20®). Semiquantitative RTPCR analysis revealechdt ABA treatment increased the
expression levels diIMGR, FPP, CYPandCPR1(Jing et al. 2009)Salicylic acid was shown to
increase the contents of artemisinin, artemisieid,aand dihydroartemisinic acid, which were
associated with the presence of reactive oxygen species and increased HMGR tréidsatmb
2009)

In addition, Jasmonic acid (JA), an elicitor of natural product biosynthesis, was
demonstratedo increase the trichome density and the accatiwl of artemisinin and other
sesquiterpenes, which resulted from inductiorADS CYP and DBR2 expressionMaes etal.

2011) Gibberellic acid (GA) increased leaf biomass and artemisinin content during the flower
initiation stage by 26.3% and 27.8% in both WT &P overexpression lines, respectively
(Banyai et al. 2011)Transcriptional analysis showed that the gene expressi¢itFRpADS and

CYP were 5, 4, and 18fold higher in GAtreated plants than in the control plants after Greo

12



of treatmentBanyai et al. 2011)Collectively, the evidence provided redudes that light, low
temperatures, ABA, JA, and GA positively influences artemisinin biosynthesis, and can potentially

be used to enhance production.

Previous Reports of the Metabolic Engineering oA. annua

The overexpression oADS FPP, CYP and CPR led to an increase in artemisinin
biosynthesigMa et al. 2015; Han et al. 2006; Chen et al. 20kBaddition, RNAi was used to
knockout production of betearyophyllene and squalene, metabolites that compétie w
artemisinin for the FPP substratand increased artemisinin content 3l and 54.9%,
respectively(Chen et al. 2011; Zhang et al. 2008)addition, RNAI of cinnamatd-hydroxylase
(C4H) from the phenylmpanoid pathway increased artemisinin biosynthggisnar et al. 2016)
while overexpression ofinnamyl alcohol dehydrogenag€AD), a gene involved in lignin
biosynthesis,aduced artemisinin conte(ila et al. 2018ajChapter 5), suggestirthe potential
crosstalk between distinct pathways.

Apart from the metabolic engineering Af annuato increase artemisinim planta the
metabolic engineering of tobacco has ddeen attempted, although the production of arterimisi
artemisinic acid or other precursors were produced at low |@vathi et al. 2011; van Herpen et
al. 2010; Wu et al. 2006; Zhang et al. 2011; Fuentes &046) Although previous reports
demonstrate promising potential of increasing artemisinin comtgxénta to date there are still
no transgenic lines capable of supplying the high demand for ACT. More research is required to

achieve this goal.

13



Advancesin Increasing Artemisinin Biosynthesisin planta using Transcription Factors

Transcription factors have been proposedegulate artemisinin biosynthesis and play
significant roles in increasing artemisinin contémtplanta (Fig. 2). APETALA 2/ethyene
responsive element binding factorRA/ERF transcription factors regulate abiotic and biotic
stresses of plants, plantwidopment, and primary and secondary metabolism of p{Agisrwal
et al. 2006; van derits and Memelink 2000; Licausi et al. 2013Wwo ERF factorsAaERFland
AaERF2 were cloned fromA. annua The overexpression of each increased artemisinin and
artemisinic acid Zold in transgenic plants than in control pla@ta et al. 2012) DNA binding
experiments demonstratduht the two transcription factors activated the promoter activi\D&
andCYP(Yu et al. 2012)

The AaORA encoding the Octadecanoiderived ResponsiveAP2-domain protein
transcription factgwas cloned fromi\. annuaand its overexpression led to-44 times increase
in artemisnin content, which resulted from the enhancement of the gene expresaiog &fYP,
DBR2 andAaERF1(Lu et al. 2013) In contrast, artemisinin and dihyggrtemisinic acid was
reduced by 662% and 6311%, respectively, and the gene expressioAl$ CYP, DBR2and
AaERF1was also reduced in RNAiaORAlines(Lu et al. 2013)

Trichome and Artemisinin Regulator 1 (TAR1) was characterized to not only regulate
trichome development and morphology, but also the artemisinin biosynthésianmua(Tan et
al. 2015) TAR1was shown to bind to the promotersfdSandCYP(Tan et al. 2015)The RNAI
knockdown ofTAR1led to abnormal triabme formation and reduced artemisinin content by 39
64%, while is overexpression increased artemisinin content B§822 in transgenic plan{3an

et al. 2015)
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MYC protooncogene, bHLH (MYChandLeucine Zipper DomainZ|P) members have
been identified fromA. annua MYC2 is a vital transcription factor involved in multiple
regulations of plant§Kazan and Manners 2013A\aMYC2was cloned fromA. annua Its
overexpression was shown to increase the contents of artemisinin and dihydroartemisinic acid by
23-55% and 17217%, respectivelyShen et al. 2016)Gene expression analysis showeat the
overexpression chaMYCz2increased the expressionADS CYP, DBR2andALDH1 (Shen et al.
2016) Mechanistic studies disclosed that AaMYC2 interacts with AaJAZ and AaDEasparitc
acid-glutamic acidleucineleucinealanine) two key transcription factors regulating JA and GA
signals(Shen et al. 2016)n addition, AaMYC2 binds t&€ YPandDBR2promotergShen et al.
2016)

Jasmonate ZIM domainJAZ) binds MYC2 to regulate numerous plant secondary
metabolic pathwaygYang et al. 2017)When methyl jasmonate (M#A) exists, it leads to the
ubiquitination of JAZ and then releaddYC2 to activate different downstream targ€fhines et
al. 2007; Chini et al. 2009)n addition to eerexpression, RNAi ohaMYC2was also arried out
in A. annua Although theapplicationof Me-JA found that this hormone did not significantly
increase artemisinin content in overexpressed transgenic lines, the RNAI transgenic lines were less
sensitive to MeJA treatmenbased on gene expression analysisaiflYC2 ADS CYP, andDBR2
in RNAI transgenic lines and control plafi&hen et al. 2016 Artemisinin and dihydroartemisinic
acid content irAaMYC2RNAI transgenic lines decreased by-&®6 and 105%, respectiely
(Shen et al. 2016)

Group A lasic ZIP (bZIP) transcription factors play important roles in ABA signaling
(Zhang ¢ al. 2015) A bZIP homolog,AabZIPl was cloned fromA. annua This transcription

factor was shown to activabdSandCYPexpression by binding to ABA responsive elements in
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their respective promoter regio(@hang et al. 2015)The overexpression éfabZIPlwas found

to increase the transcripts 8DS CYP, DBR2 and ALDH1, leading to increased content of
artemisinin 0.7to 1.5fold in different transgenic lindZhang et al. 2015)n addition, the authors
showed that the increase of artemiisicontents in plants treated with ABA resulted from the
increased levelsf the AabZIPItranscript(Zhang et al. 2015)

Transcription factors that regulate trichome deppient have been demonstrated to
increase artemisinin biosynthesis. HOMEODOMAIN PROTEIRHD1) has beershownto be
involved in the initiation of trichome developmédhMan et al. 2017)An HD1 homolog,AaHD1,
was cloned fromA. annua and RNAI transgenic lines ofaHD1 were generated. The
downregulation oAaHD1decreased not only the trichome density but also artemisinin content by
36% (Yan et al. 2017)The overexpession ofAaHD1increase trichome density and artemisinin
content by 50%Yan et al. 2017)

It was interesting that those transgenic lines were less sensitive to JA treatments,
suggesting that AaHD1 might loevolved in the regulation of glandular trichome initiation by JA
induction (Yan et al. 2017) AaHD8, anotherHOMODOMAIN PROTEIN homolog, is an
Homeodomaideucine zipperKID-ZIP) IV transcription factor thatsialso involved in glandular
trichome initiation. A previous study showed that AaHD8 enhanced the promoter activity of
AaHD1(Yan et al. 2018)Like AaHD1, theAaHD8RNAIi and overexpressed transgenic linese
reported to decrease and increase trichome density, respettiaalgt al. 2018)

Meanwhile, gene expression analysis were reported to showA#HID8 expresion
patterns were associated with cuticle format{@ian et al. 2018) Furthermore, AaHD8 was
reported to interact with AaMIXTAL, a transcription factor that regaldwe initiation of glandular

trichomesand cuticle formatiorfYan et al. 2018; Shi et al. 201&uggesting a possible complex
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formed by AaHD8 and AaMIXTALd initiate trichome development and enhancing artemisinin
biosynthesigYan et al. 2018)

AaGSW1, is gglandulartrichome specific WRKY transcription factor. It was shown to
bind to the promoter &Y Pandits overexpression was reported to increase the artemisinin content
by 55100% in transgenicries(Chen et al. 2017) In addition, JA and ABA treatments were
shown to upregulate the expressiorAalGSWI1Chen et al. 2017)This regulation resulted from
the activation of thedaGSW1promoter by e JA responsive AaMYC2 and ABA responsive
AaZIP1 transcription factor&Chen et al. 2017)

SQUAMOSA PromoteBinding ProteinLike (SPL) transcription factorshave been
reported to regulate artemisinin biosynthesis. &hily members are known to regulate plant
development, and secondary metabol{Emet al. 2019) An AaSPLzhomolog was cloned from
A. annua The AaSPL2 overexpression was reported to increase the artemisinth an
dihydroartemisinic acid contents by -88% and 26159% in transgenicA. annuaplants,
respectively(Lv et al. 2019) Binding experiments showed that AaSPL2 targeted the promoter of
DBR?2 regulating its expressidhv et al. 2019)

TEOSINTE BRANCHED I/CYCLOIDEA/PROLIFERATING CELLFACTOR 14
(AaTCP14) is a JAesponsive transcription fact@a et al. 2018b)Overexpression and RNAI
werecarried outto understand its function associated with artemisinin biosynthegisannua
In the overexprasion lines, artemisinin and dihydroartemisinic acid cantame increased by 80
to 120% and 10 to 120%, respectively, lim RNAI lines, the contents of these two compounds
were decreased by 19 to 25% and 20 to 72%, respectialgt al. 2018h)

Gene expression profilg showed that the expression levels of fatdemisininpathway

genes (i.eADS CYPR, DBR2 andALDH1) and four transcription factors (ifaWRKY 1]AaMYC2
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AaGSWlandAaORA were upregulated iAaTCP14overexpressinlines (Ma et al. 2018b)By
contrast, these genes were transcriptionally downregulated in RNAI (st al. 2018h)
Mechanistic studies revealed thatTAzP 14 activate@BR2andALDH1 transcription by binding
to both of their promoteréMa et al. 2018b)FurthermoreAaTCP14and AaORAwere found to
regulate artemisinin biosynthesis synergistically. When the two genes wespmassed, their
overexpression led to a highepguction of artemisiniiMa et al. 2018b)

ELONGATED HYPOCOTYL 5 (HY5) $ a key regulator in plant light signaling
(Osterlund et al. 2000; Gangappa and Botto 2016; Chattoppdityal. 1998) As mentioned
above, light fays a role in enhancing artemisinin content. To understand whether HY5 is involved
in artemisinin biosynthesi®daHY5 was isolated fromi\. annuaand was introduced into thke
thalianaHY5 mutants to restorthe light signaling pathwafHao et al. 2019)AaHY5was further
overexpressed and knocked oufinannua

The overexpressioof AaHY5led to the increase of artemisinin and dihydroartemisinin
contents Zold, while the RNAIi based knockout led to tregluction of these two metabolites 2
fold (Hao et al. 2019)Both transcriptional and DNA binding experiments determined that AaHY5
regulates artemisinin biosynthesis by binding and activatieghaGSWIpromoter(Hao et al.
2019) These reports cattively demonstrate the regulation of artemisinin biosynthesis by
transcriptions factors may play significant roles in the metabolic engineering of artermsinin

planta(Fig. 2).

Flavonoid Biogynthesis inA. annua
Flavonoids have been reported to waynergistically with artemisinin to inhibi.

falciparum To date, numerous flavonoids have been isolated Aoannua such as artemetin,
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guercetin, eupatorin, chrysoplenetin, castacin, clsplsooiD, and chrysosplendDd that are
considered to enhanm the antimalarial activity of artemisin{frerrera et al. 2010) A. annua
extracts were reported to iibit the activity of cytochrome P450 monooxygenases that metabolize
the drug in the human liver, thus leading to increased availability of artem{Siwémsson and
Ashton 1999; Van Agtmael et al. 1999 addtion, A. annuaextracts were reported to decrease
the CYP3\4 activity (de Magalhaes et al. 2012)

Although which candidates enhance the availability of artemisininkisawmn, these data
show promising evidence @&f. annuaflavonoids for strategic development in malarial treatment.

In addition to flavonoids, phenolic acids are potential metabolites for enhancement of malarial
treatment. Thé\. annuaextracts containing smarinic acid were reported to have potent-anti
inflammatoy activity, and was proposed to help reduce-mflammatory effectscaused by
malaria(de Magalhdes et al. 2012)

Although additional research is necessary to undetstatimalarial activities of plant
flavonoids, plant based artemisinin combinationdpgrdemonstrated that a dose of dried leaves
was fivetimesmore effective at treating malaria than the pure dgitawal et al. 2012a)Drug
delivery studies showed that when the plant material was consumed, more artemisinin molecules
were observed tenters the blood stream, suggesting that the plant matrix positively influences
thedrng 6 s a v dWeatheb ét bli 201y1; Weathers et al. 2014hother study showed that
leaf extract consumption increased artemisinin transportation rates across the intestinal epithelium,
and enhanced the bioavailability of artemisinin when compared to the purédsrgsiers and
Weathers 2018)

In contrast with these repts, a recent study showed that flavonoids had neptagimodial

activity or synergy wth artemisinin(Graham et al. 2019) Al t hough di fferent
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currently inconsistentmore research is required to understand the potential roles of flavonoids in
antimalaral treatments along with its synergy with artemisiniio. date, despite the potential
synergic partnership between artemisinin and flavonoids for malaria, little awrnkmabout
flavonoid biosynthesis iA. annua

Flavonoids are synthesized from the pHprgpanoid pathway from phenylalanine
produced from the shikimate pathw@Bitter and Schulz 2004)-ig 3). Phenylalanine ammonia
lyase (PAL) converts phenylaiee to cinnamic aci(Koukol and Conn 1961jvhich is converted
to coumaric acid by cinnamatehydroxylage (C4H)(Urban et al. 1994)In addition, cinnamic
acid is an substratd salicylic acid, a signal phenolic molecule that has been reported to induce
artemisnin, artemisinic acid and dihydroartemisinic acid biosynthg&asleghi et al. 2013; Pu et
al. 2009; Aftab et al. 2010)

An AaPAL1lgene was cloned frorA. annua This gene was shown to be induced in
response to wounding, salicylic acid treatment, salinity and dro(gfdng et al. 2016)n vitro
assays reported theecombinantAaPAL1 converted phenylalanine to cinnamic afdhang et
al. 2016) Whether AaPAL1 can help the production of salicylic acid remains unknown. This study
is interesting because emmous salicylic acid may increase artemisinin production. C4H
catalyzes the hydroxylation of cinnamic acid to coumaric acid. In the presence of one-ATP, 4
coumaroyl CoA: ligase (4CL) ligates cinnamic acid and CoA to feraoumaroyl CoAKnobloch
and Hahlbrock 1977)These two genes have not been cloned #oannua

Chalcone synthase (CHS) condenses three moleduteslonyl CoA one to €oumaroyl
CoA to form naringenin chalcon@errer et al. 1999)This condensation reaction is the first
committed step specifically to the flavonoid biosynth¢Sishmid et al. 1990)This gene has not

been cloned from. annua Chalcone isomerase (CHI) cyclizes naringenin chalcone itogesuin
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(Jez et al. 2000)To date, thre€HI genes have been identifiedAn annuanamedCHI1, 2, and
3, respectivelyalthough their functionds not yet beecharacterizedGraham et al. 2010)

Recently, Ma et al. isolated a n&aCHIgene fromA. annuaand gene exression profiling
revealed its transcript mainly in floralsfues(Ma et al. 2019) It was interesting that the
overexpressioof the gene iM. annuded to an increase in expression level&b§ CYP71AV1
andDBR2and significantly increased the artemisinin content in transgenic plants compared to the
WT (Ma et al. 2019) Although the mechanism is unknown, the data provided temesting
phenomenon that@HI gene can perform regulatory functions affecting artemisinin biosynthesis
(Ma et al. 2019)

A flavanone 3hydroxylasegene, name@aF3Hhas been cloned from. annua The F3H
protein, al onghywlirtohx yfl laa\meohfeli BddhelFrydroxylation of the
flavanone naringenima t either the 3 or 306 p(Fokmann ebal., t o
1980) AaF3H was dentified from a cDNA lilbary using a cDNAAmplified Fragment Length
Polymorphismmethod fromhigh and low anthocyanin producing cultivg¥dong et al. 2016)

Gene expression revealed that the transcripadf3Hwas higher inthe highanthocyanin cultivar
than in the lower one. Furthén vitro analysis revealed its catalytic activity to hydrolyze
naringenin (flavanone) to dihydrokaempfe¢&iong et al. 2016) The overexpression éaF3H
also increased anthocyanin contentAinamua In comparisonF 3 6skil remains for future
studies.

In the next step of the flavonoid pathway, dihydroflavonols serve as substrates to produce
flavonols and Leucoanthocyanidin®elletier et al. 1997; Holton et al. 1993RNA-seq
comparative transcriptomanalysis was used to identify flavonoid pathway genes frdchtype

plants and red mutant calli that produce high levels of flavor(hidset al. 2017) A flavonol
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synthase XYAaFLS) gene was cloned froA. annua(Liu et al. 2017) In vitro enzyme assays
demonstrated that recombinant AaFLS1 protein esgm@ from E. coli converted
dihydrokaempferol to kaempfer@liu et al. 2017) An ect@ic expression in tobaccbl(tabacum
was coupled with feeding naringenin to transgenic le@vieset al. 2017) The feeling results
showed the formation of kaempherol, demonstrating the catalytic adtiviglanta (Liu et al.
2017) This data molecularly and biochemically demonstrates the formatidavainbls inA.
annua

Dihydroflavonol reductase (DFR) converts dihydroflavonols to leucoandmidins
(Fischer et al. 1988pand anthoganidin synthase (ANS) further converts leucoanthocyanidins to
produce anthocyanidingWilmouth et al. 2002) Anthocyanidins can be modified further
(glycosylation, acylation, methylation, etc.) to produce diverdecagtinin structuredoss et al.
1996; Tohge et al. 2005) 0 date, DFR ahANS homologs have not been cloned and functionally
characterized fromA. annua although candiate genes have been identified and are publicly
available (Shen et al. 2018)The characterization of ése two genes is necessary to fully
understand the plant flavonoid pathwayAinannua

In addtion to pathway genes, light has been shown to influence plant flavonokls in
annua Fifteenday-old plantlets treated with UB radiation were reported togatuce chlorogenic
acid, cynerin, caffeic acid, rutin,-gpumaric acid, quercetin, coumerin, liia, isoquercetin,
kaempferol, and leteol-O-glucoside, indicating that this treatments plays purported roles in
flavonoid regulatior{Pandey et al. 2019)

Gene expression analysis showed #aPAL1was significantly upregulated in UVB
treated plantlet¢Pandey et al. 2019)o elucidate the upegulation ofAaPALlunder U\V\B

induction, bisulfie-sequencing PCR was used to characterizA#MAL1promoter(Pandey et al.
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2019) The resulting bisulfite sequencing data unveiled the demethylation of 5 cysteine residues
in CpG island of the promoter regi. These data suggest that BMnduced overexpression of
the AaPAL1lgene is epigenetically ratated inA. annua(Pandey et al. 20197 his daa provides

further evidence that light can regulate secondary metabolism as mention earlier.

Future Perspectives

Although theartemisininpathway is well eludated, more efforts are needed to understand
the relevance of other candidates, such as CBR2tedmisinirbiosynthesis (Addendui). These
candidatesnay serve akeygens for synthetic biology tmptimize artemisinin content. In addition
to understandg key genes involved in biosynthesis, the localization of artemisinin synthesis is
also important to optimizing production in all cell types. Although we were able to prove that
artemisinin is not solely lated to glandular trichomes cells (Chaptermddye effort is required
to identify which norglandular trichome cells make artemisinin.

Inducing environmental factors and hormones hasenproven be goodalternatives to
increasing contenh planta Although different wavelengths of light have bekmonstrated to
increase artemisinin iA. annua no reports have mentioned how different white light conditions
impact artemisinin biosynthesi€lijapter J. Understanding how differeshadedondtions affect
biosynthesis and. annuagrowth can providea cheaper alternative to increasing conteplanta
since light has been shown to have a positive influence on artemisinin biosynitigiagh
synthetic ® molecular approaches for metabolic engineering has not yet been reported to provide
success irsupplying the demand for ACT, previous reports have showed promesodgsfor

potential in increasing artemisinin availability.
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In addition, we investigatd the flavonoid biosynthesis & annuadue to the potential
synergy between artemisinin andvbnoids for malarial treatment. Although flavanols and
flavones have been proposedatork synergstically with artemisininthere are no reports of the
potertial synergy between anthocyanins and artemisinin. In addition, no anthocyanins have ever
been reorted fromA. annua In Chapter 6, we address the potential crosstalk between these two
distinct pathways, to see if the production of anthocyanins iannwa cells impact artemisinin

production so that we can test tortiplasmodial activity in futurexperiments.
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Figures

Artemisinin Artemisinic Acid Arteannuin b

Figure 1. The Structure of Artemisinin (A), Artemisinic acid (B) and Arteannuin b (C)
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Figure 2. The Proposed Biosynthetic Pathway of ArtemisininThe artemisinin biosynthetic
pathwayis localized in the cytad. A key enzymeinvolved inthe early stepof the mevalonate
pathway is HMGCoA Reductase (HMGR). The building blocks oistipathwayare isopentyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAHRM can also be derived from

the 2C-methytD-erythritol4-phosphate (MEP) pathwapcalized in thepathway. Enzymes
involved in the artemisinin pathway afemorpha4,11-diene synthase (ADS), Cytochrome p450
Monooxygenase 71AV1 (CYP), Cytochromd50 Reductase (CPR), Cytochrome b5 (CYB5),
Alcohol Dehydrogenase (ADH1), Double Bond Reductase 2 (DBR2), Aldehyde Dehydrogenase
(ALDH1), and Dihydroartemisinic aldehyde reductase (RED1). The transcription fampesed

to regulate artemisinin biosynthesis by binding to the promoter of relevant genes are italicized.
They are Ethyleneresponsive Element Binding Factor 1 (AaERF1), Ethylesponsive Element
Binding Factor 2 (AaERF2), Octadecaneitkrived Responsive AP@main protein (AaORA),
Trichome and Artemisinin Regulator 1 (TAR1), MYC pratocogenebHLH (AaMYC2), basic
Leucine Zipper Domain 1 (AabZIP1l), Glandular trichome specific WRKY 1 (AaGSW1),
SQUAMOSA PronoterBinding ProteinLike (AaSPL2), and TEOSINTE BRANCHED
I/ICYCLOIDEA/PROLIFERATING CELL FACTOR 14 (AaTCP14). The transcriptiontéas

highlighted in red indicate their regulation of CYP specifically.
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Figure 3. The Biosynthetic Phenylpropanoid Pathwaytoward Flavonoids in Plants. The
enzymes involved in the phenylpropanoid pathway are phenylalanine ammonia lyase (PAL);
cinnamate4-hydroxylase (C4H); €oumaroyl CoA ligase (4CL); chalcone synthase (CHS);
chalcone isomerase (CHI); flavanonéhyroxylase( F 3 H) ; f thaywda mxiyd a3 @

dihdroflavonol reductase (DFR); anthocyanidin synthase (AN§k&osyltransferase {GT).
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Abstract Artemisinin-based combination therapy
(ACT) forms the frontline treatment of malaria.
Artemisinin, an endoperoxide sesquiterpenoid lactone
biosynthesized by Artemisia annua, is the effective
medicine that kills malarial parasites. Due to insuffi-
cient production of artemisinin for ACT, millions of
people lost their lives in past years worldwide. To
solve this severe problem, numerous studies have been
undertaken to understand artemisinin biosynthesis and
to innovate metabolic engineering technology to
increase artemisinin yield. Here, we focus on review-
ing progresses achieved in understanding biosynthetic
pathway, genetic breeding, metabolic engineering,
and synthetic biology. Furthermore, based on current
knowledge, we discuss multiple fundamental ques-
tions and challenges.
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Introduction

Malaria is one of the most severe endemic infectious
diseases. Based on annual reports from World Health
Organization (WHO), more than one billion people are
living in high risk regions of malaria, such as Africa
and other tropical countries (O’Neill 2004; WHO
2013). Millions of people, particularly children under
5-year old and pregnant women, have died of malaria
in the past. Numerous global efforts have been
undertaken to control malaria and to fight against this
disastrous disease by governments, charities, and
private sectors (Gelband and Seiter 2007; WHO
2015). Hundreds of millions of dollars have been
invested annually to decrease malaria-caused death
(Bell et al. 2005; Hopkin 2006; WHO 2015). Over the
past 10 years, the number of yearly deaths have
dramatically decreased from more than one million to
a little lower than half a million (Ridley 2003; WHO
2015). Based on the recent WHO’s report, there were
still approximately 450,000 deaths in 2015 (WHO
2015). Accordingly, it is apparent that there is still a
long road to eradicate malaria.

Malaria is caused by parasites of the Plasmodium
genus, in which five species, Plasmodium falciparum,
P. vivax, P. ovale, P. malariae and P. knowlesi, are
infective in human beings (Mita and Tanabe 2012;
Salvador et al. 2012). P. falciparum and P. vivax are
two most prevalent protozoan species infecting
humans (Mita and Tanabe 2012; Ridley 2003). In
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particular, P. falciparum is responsible for most deaths
(Mita and Tanabe 2012; WHO 2013, 2015). This
protozoan causes severe cerebral and lethal effects on
people (Grant et al. 1960; John et al. 2010; McGregor
et al. 1968; Schmidt et al. 2015), particularly children
under 5-year old and pregnant women (John et al.
2010; Mita and Tanabe 2012; Salvador et al. 2012;
Uneke 2009). Symptoms include high fever, extreme
chilling, severe coma, acidosis, and/or severe anemia
(Bell and Molyneux 2007). In addition, severe malaria
infected by this species can lead to cognitive damage
(Kihara et al. 2006). Unfortunately, this parasite is
highly resistant to most current medicines, such as
quine and chloroquine (Gelband and Seiter 2007; Mita
and Tanabe 2012; Sidhu et al. 2002). Fortunately,
artemisinin from the medicinal plant Artemisia annua
forms the effective frontline of therapy to treat the
falciparum malaria (Ridley 2003; Tu 2011; WHO
1994).

A. annua (Qinghao in Chinese and sweet worm-
wood in English) is an effective antimalarial herba-
ceous plant in the family Asteraceae (Compositae).
This herb is a Traditional Chinese Medicinal (TCM)
plant that has been used for treatment of fever and
chilling for more than 2300 years (Zhong- Yi-Yan-Jiu-
Yue-Zhong-Yao-Yan-Jiu-Suo 1978). Its antimalarial
medicinal function was unknown until 1970s, when
the Chinese government funded a group of scientists to
investigate TCM plants to develop a novel medicine to
treat malaria. Professor YouYou Tu, the Nobel
Laureate in Physiology and Medicine in 2015, led a
group of talented scientists to study ancient Chinese
medicine literature in 1967-1969, and unearthed an
ancient prescription for treatment of malaria-like
symptoms that were documented in an ancient
medicinal book entitled “A Handbook of Prescriptions
for Emergencies” by Ge Hong (284-346 CE) (Tu
2011). The ancient prescription was recently trans-
lated to English (Tu 2011), entitled “A handful of
ginghao immersed with 2 L of water, wring out the
juice and drink it all” (Tu 2011). This information
helped Tu and her team form a hypothesis that
Qinghao might have antimalarial activity. Immedi-
ately, Tu and her team developed different protocols
for extraction of active phytochemicals to test for
antimalarial function. Based on Tu’s description, on
the 4™ of October, 1971, her team obtained effective
crude extracts that showed effectiveness for the
treatment of malaria. After improvement of extraction
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methods, they isolated an active crystal and named it
Qing Hao Su (artemisinin) in 1972. Later on,
artemisinin  was structurally elucidated to be
C,5H,,05 by another group (Liu et al. 1979; Qing-
hao-Kanglue-Hezuo-Yanjiu-Zu 1977) (Fig. 1). By the
end of 1970s, artemisinin was successfully developed
into an effective antimalarial medicine to treat malaria
infected by different parasites. Particularly, artemisi-
nin is effective to kill P. falciparum, the most severe
cerebral and lethal parasite that was highly resistant to
quinine and other anti-malarial medicines.
Artemisinin (Fig. 1) is an unusual novel endoper-
oxide sesquiterpene lactone (Liu et al. 1979). Its
structure contains five oxygen atoms, two of which
form a unique oxygen bridge in a trioxane (Fig. 1).
Actually, the Oy, O,, and O;; form a type of 1, 2,
4-trioxane ring. The oxygen bridge was reported to
associate with antimalarial activity. The opening of
the O;—-0, bridge and the subsequent binding to sarco/
endoplasmic reticulum Ca**-ATPase (SERCA) ortho-
logs of P. falciparum, such as PfATP6, are a favorable
mechanism to explain its medicinal efficacy (Eck-
stein-Ludwig et al. 2003; Haynes et al. 1999; Kam-
chonwonggpaisan and Meshnick 1996; Kapetanaki
and Varotsis 2000; Naik et al. 2011; Wang and Wu
2000). In addition, other antimalarial models have
been proposed. It has been observed that when the ring
of artemisinin is opened to form an intermediate with a
free hydroperoxide in the presence of benzylamine, an
oxygen atom is transferred to tertiary amines to form
N-oxides. This mechanism explains that artemisinin
likely binds proteins to kill parasites (Haynes et al.
1999). Another action mechanism was proposed that
artemisinin kills parasites via perturbation of hemo-
globin catabolism and heme polymerization in para-
sites (Pandey et al. 1999). Pandey et al. (1999)
observed that artemisinin treatment led to accumula-
tion of hemoglobin instead of degradation in the
parasites. They also observed that artemisinin inhib-
ited a histidine-rich protein II-mediated heme poly-
merization in P. falciparum. Fourier transform
infrared (FTIR) and resonance Raman (RR) spectro-
scopies were performed to characterize the interaction
of artemisinin and plasmodial hemin dimer. A ferryl-
oxo heme intermediate was observed resulting from
the cleavage of the endoperoxide bridge in the reaction
(Kapetanaki and Varotsis 2000). Other action models
include interference with parasite mitochondrial func-
tions, membrane damages, alkylation of heme, and
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other proteins (Pandey and Pandey-Rai 2016).
Although there are likely additional mechanisms
remaining to be explored, the abovementioned have
greatly enhanced the understanding of artemisinin
action models in fighting against malaria. Further-
more, these understandings are particularly significant
to develop new artemisinin derivatives to overcome
the development of parasite resistance, given that the
falciparum parasite has been found to show delayed
response (resistance) to monotherapy of artemisinin in
Cambodia and Myanmar (Talundzic et al. 2015; WHO
2015; Ye et al. 2016).

To date, artemisinin-based combination therapy
(ACT) forms the frontline of malarial treatment
(Banek et al. 2014; Gogtay et al. 2013; Jelinek 2013;
Shunmay et al. 2008; Taylor 2013). Based on annual
reports from WHO, the application of ACT together
with other preventive strategies has greatly reduced
nearly 50% of death over the past decade (Straimer
et al. 2015; WHO 2009, 2015). However, there are
approximately half a million malarial patient losing
their lives each year. One of the reasons is the lack of
ACT accessible to patients due to the insufficient
supply of artemisinin produced by plants or synthetic
approaches. To improve ACT, numerous laboratories
in the world endeavor to perform both basic and
applied researches to increase artemisinin production.
Over the past few decades, many promising advances
to understand artemisinin biosynthesis and to increase
its yield were achieved. Here, we review those
fundamental accomplishments in molecular biology,
biochemistry, metabolic engineering, and synthetic
biology. Furthermore, central questions relating to
artemisinin formation are discussed for future efforts
to increase artemisinin yield.

Biochemical pathway starting with amorpha-4,
11-diene

The understanding of the biosynthetic pathway of
artemisinin started with radioactive-isotope labelling
experiments in 1980s (Akhila et al. 1987). Although
all data have not supported early hypothetic pathways
(Akhila et al. 1987), radioactive labelling and biocon-
version observations provided certain constructive
suggestions for late investigations. For example,
bioconversion of arteannuin b to artemisinin and
conversion of artemisinic acid to arteannuin b and

artemisinin were observed from radioactive labelling
(Akhila et al. 1987; Nair and Basile 1993; Sangwan
et al. 1993). Although artemisinic acid and arteannuin
b were recently discussed to be unlikely precursors
(Brown 2010), to date, semi-synthesis using artemi-
sinic acid as substrate successfully supplement
artemisinin for ACT (Turconi et al. 2014).

Artemisinin is an endoperoxide sesquiterpenoid
lactone. Its biosynthetic pathway is localized in the
cytosol (Fig. 1). Its building blocks, isopentyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate
(DMAPP), are synthesized from the mevalonate
(MVA) and 2-C-methyl-D-erythritol-4-phosphate
(MEP) pathways (Ma et al. 2015). A CO, feeding
experiment using C-13 isotope revealed a metabolic
crosstalk between the cytosol and plastids in A. annua
(Schramek et al. 2010), suggesting that these two
pathways can contribute the formation of artemisinin.
To date, genes involved in the MVA and MEP
pathways have been characterized from numerous
plants (Chang et al. 2013; Rodriguez-Concepcion and
Boronat 2015; Vranova et al. 2013). Our recent
sequencing also obtained cDNA sequences that
encode all enzymes involved in the two pathways
(Ma et al. 2015). In this review, we summarize those
enzymes in Fig. 1, but do not introduce their function.
In addition, we do not introduce and discuss tran-
scription factors that have been demonstrated to
regulate the pathway from amorpha-4, 11-diene to
artemisinic and dihydroartemisinic acid (Lu et al.
2013; Ma et al. 2009; Zhang et al. 2015), given that a
recent review summarized and discussed their func-
tions in A. annua (Shen et al. 2016).

To date, gene isolation, transgenic analysis, and
synthetic biological research have characterized ADS,
CYP71AVI1/CPR/CBR, ADHI, ALDHI, and DBR2.
These genes encode enzymes that have been demon-
strated to catalyze different reactions from amorpha-
4,11-diene to artemisinic and dihydroartemisinic acids
(Fig. 1). Here, we review and characterize those
reactions from farnesyl pyrophosphate (FPP) to
artemisinin, including cyclization, oxidoreduction,
alcohol dehydrogenation (oxygenation), aldehyde
dehydrogenation, and trioxane formation.

Cyclization

The correct understanding of the artemisinin bio-
chemical pathway did not start until 1999, when the
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«Fig. 1 A scheme showing updated pathways to artemisinin via
the MV A pathway located in the cytosol and the MEP/DOXP
pathway located in plastids. Abbreviations for enzymes at each
step in the MVA pathway include AACT, acetoacetyl-CoA
transferase; HMGS, HMG-CoA synthase; HMGR, HMG-CoA
reductase; MK, mevalonate kinase; PMK, phosphomevalonate
kinase; MPDC, mevalonate 5-pyrophosphate decarboxylase.
Abbreviations for enzymes at each step in the MEP/DOXP
pathway include: DXS and DXR, 1-deoxy-D-xylulose 5-phos-
phate synthase and reductase; MCT, 2-C-methyl-D-erythritol 4-
phosphate cytidyltransferase; CMK, 4-diphosphocytidyl-2-C-
methyl-D-erythritol kinase; MDS, 2-C-methyl-D-erythritol 2,
4-cyclodiphosphate synthase; HDS and HDR, 4-hydroxy-3-
methylbut-2-enyl pyrophosphate synthase and reductase. IPPI
means isopentenyl pyrophosphate isomerase. Abbreviations for
enzymes to different classes of terpenoids include: IS isoprene
synthase, GPPS geranyl pyrophosphate synthase, FPPS farnesyl
pyrophosphate synthase, GGPPS geranylgeranyl pyrophosphate
synthase, MS monoterpenoid synthase (e.g. LS: limonene
synthase), SQTS sesquiterpenoid synthase. Abbreviation for
enzymes to artemisinin pathway includes ADS, armorpha-4,
11-diene synthase, ADHI: alcohol dehydrogenase 1, ALDHI:
aldehyde dehydrogenase, CPR1: cytochrome P450 reductase 1,
CYBS: cytochrome b5 mono-oxygenase, CYP71AVI: cyto-
chrome P450 mono-oxygenase; DBR2: artemisinic aldehyde
delta-11(13)-double bond reductase. Dashed arrows mean
unknown

discovery of amorpha-4, 11-diene synthase (ADS)
(Fig. 1) opened a new era to understand artemisinin
formation. A native ADS was isolated from A. annua
and enzymatically demonstrated to convert FPP to
amorpha-4,11-diene (Bouwmeester et al. 1999). This
catalytic activity was then demonstrated by cDNA
cloning and gene function analysis (Chang et al. 2000;
Mercke et al. 2000; Wallaart et al. 2001). The
overexpression of ADS in tobacco plants led to the
formation of amorpha-4, 11-diene although its level
was low (Wallaart et al. 2001). Continuous recombi-
nant enzyme analyses further elucidated catalytic
mechanism of ADS that cyclizes acyclic FPP to the
two ring skeleton of amorpha-4,11-diene (Kim et al.
2006; Picaud et al. 2006). Synthetic biology using
yeast further demonstrated that ADS controls the first
committed step toward amorphadiene, artemisinic
acid, and other derivatives (Martin et al. 2003; Ro
et al. 2006; Teoh et al. 2006). In addition, its
overexpression and downregulation were conducted
in both heterozygous and homozygous A. annua
varieties. Transgenic experiments showed that its
overexpression in heterozygous A. annua increased
the production of artemisinin although, most different
transgenic data lacks consistence in artemisinin

production (Alam and Abdin 2011; Tang et al.
2014). In addition, the overexpression and downreg-
ulation of ADS in homozygous A. annua increased and
reduced artemisinin contents in transgenic plants,
respectively (Ma et al. 2015). Furthermore, both
overexpression and downregulation led to a tradeoff
of metabolic balance between amorphadiene path-
ways and other sesquiterpene pathways (Ma et al.
2015). Taken together, all data support that the
cyclization reaction is the first committed step to
artemisinin.

Oxidoreduction

A cytochrome P450 mono-oxygenase has been char-
acterized to catalyze an oxidoreduction reaction to
convert amorpha-4,11-diene to artemisinic alcohol.
Two laboratories almost simultaneously characterized
the cytochrome P450 mono-oxygenase, namely
mono-oxygenase CYP7IAV1 (Ro et al. 2006; Teoh
et al. 2006). Ro et al. (2006) used a yeast system to
express CYP7IAVI and CPR (a cytochrome P45
reductase). Recently, CPR was renamed as CPR1 by
the same laboratory (Paddon et al. 2013). Accordingly,
we use CPRI in this review. When CYP7IAVI and
CPRI were co-expressed in Saccharomyces cere-
visiae, the engineered yeast cultured in a liquid
medium in flask or bioreactor produced artemisinic
acid and secreted this compound to liquid medium (Ro
et al. 2006). A low level of artemisinic alcohol was
also detected from cultures. In contrast, artemisinic
aldehyde was hardly detected. To demonstrate enzy-
matic reactions, Ro et al. (2006) incubated microsomal
proteins containing both CYP71AV1 and CPR1 with
three substrates, amorphadiene, artemisinic alcohol,
and artemisinic aldehyde, separately. The microsomal
proteins converted amorphadiene to artemisinic alco-
hol, artemisinic aldehyde, and artemisinic acid, dehy-
drogenated artemisinic alcohol to artemisinic
aldehyde and artemisinic acid, and dehydrogenated
artemisinic aldehyde to artemisinic acid. By contrast,
Teoh et al. (2006) did not use CPR1 in their in vitro
assay. Without using CPR1, the microsomal proteins
containing CYP71AV1 alone could also use amor-
phadiene, artemisinic alcohol, and artemisinic alde-
hyde as substrates. The microsomal proteins oxidized
amorphadiene to artemisinic alcohol and artemisinic
aldehyde, dehydrogenated artemisinic alcohol to
artemisinic aldehyde, and further dehydrogenated
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Fig. 2 Structures of twenty-one sesquiterpenoids identified from a self-pollinated A. annua cultivar
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artemisinic aldehyde to artemisinin acid. In compar-
ison, the assay by Ro et al. (2006) produced more yield
of each of those metabolites. In summary, these two
different experimental systems imply that yeast strains
themselves used by the two laboratories express
CPR1-like enzymes to partner with CYP71AV1 to
catalyze the entire enzymatic conversion from amor-
phadiene to late metabolites. The potential mechanism
is discussed in synthetic biology of artemisinic acid
below.

Sequential studies further suggest that a small
group of enzymes involves the oxidoreduction step in
a cognate manner. In addition to CPR1, recent studies
have demonstrated that other proteins are involved in
the catalysis from amorphadiene to artemisinic alco-
hol. Paddon et al. (2013) reported that the yield of
artemisinic acid produced by engineered yeast was
significantly increased by a co-expression of CYB5
from A. annua. (Paddon et al. 2013). This gene
encodes a cytochrome b5 mono-oxygenase. Based on
the high yield of artemisinic acid produced in engi-
neered yeast lines that expressed CYP7IAVI, CPRI,
and CYBS5, Paddon et al. (2013) revised that the step
from amorphadiene to artemisinic alcohol is catalyzed
by these three proteins rather than by CYP71AV1 and
CPR1 only. We recently sequenced six cDNA libraries
and identified a CPRI/ homolog from A. annua,
namely CPR2, which is specifically expressed in
inflorescences and highly relative to the production
trend of artemisinic acid and artemisinin in different
tissues (Ma et al. 2015). This observation suggests a
possible association of CPR2 with the formation of
artemisinic acid and artemisinin.

Alcohol dehydrogenation

Alcohol dehydrogenase (ADH) (EC.1.1.1.1) is a
family of enzyme that catalyzes interconversion
between alcohol (-OH) and aldehyde (C=O, ketone).
An ADHI gene was cloned from A. annua (Paddon
et al. 2013). It was co-expressed with CYP71AVI,
CPRI1, and CYB5 to double the yield of artemisinic
aldehyde in engineered yeast strains. This data suggest
that ADHI1 is involved in the biochemical conversion
from artemisinic alcohol to artemisinic aldehyde. To
date, although its enzymatic kinetics and catalytic
mechanism remains open for investigation, this
enzyme is placed on the step responsible for the
formation of artemisinic aldehyde (Fig. 1). Further

characterization of its kinetics and in vivo function
will enhance the understanding of its role in the
formation of artemisinin.

Aldehyde dehydrogenation

Aldehyde dehydrogenase (ALDH) (EC 1.2.1.3) cat-
alyzes the dehydrogenation (oxidation) of aldehydes.
Teoh et al. (2009) isolated a cDNA, namely ALDH1,
from trichomes and flowers of A. annua (Teoh et al.
2009). It is highly expressed in aboveground tissues,
particularly in trichomes. Teoh et al. (2009) expressed
a recombinant protein in E.coli and demonstrated that
the cell-free protein converted both artemisinic and
dihydroartemisinic aldehydes to artemisinic and dihy-
droartemisinic acids in the presence of NADP or NAD
cofactor, respectively. The Km value of artemisinic
aldehyde is lower than that of dihydroartemisinic
aldehyde. In terms of the structural features, it is
apparent that the enzyme dehydrogenates the proton at
the C,, position of both artemisinic and dihy-
droartemisinic aldehyde in the presence of cofactors.
In addition, a hydroxyl (-OH) group is added to C,,
(Fig. 1), indicating that ALDH1 is also involved in the
hydroxylation of C,.

ALDHI1 was used for metabolic engineering of
precursors of artemisinin in both yeast and plants.
Paddon et al. (2013) introduced ALDH1 in engineered
yeast strains and succeeded in an industrial scale
production of artemisinic acid. Zhang et al. (2011)
overexpressed ALDHI in tobacco plants. Transgenic
plants could produce dihydroartemisinic alcohol,
although neither artemisinic acid nor dihy-
droartemisinic acid was detected (Zhang et al. 2011).
These results indicated that heterogeneous host con-
ditions could control the final products when ALDH1
were overexpressed ectopically. In addition, other
transcriptional analysis indicated that the expression
of ALDHI in A. annua is closely relevant to the
production of artemisinin (Dilshad et al. 2015; Xiang
et al. 2015), indicating its involvement in the biosyn-
thetic pathway.

Double bond reduction
The Cy of artemisinin is characterized by a methyl

group (Fig. 1). This single C—C linkage results from
the reduction of the A11(13) double bond in amorpha-
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<«Fig. 3 Structures of twenty-six monoterpenoids identified from
a self-pollinated A. annua cultivar

4,11-diene, artemisinic alcohol, and artemisinic alde-
hyde (Fig. 1). Zhang et al. (2008) first tested reduction
activity from crude protein extract of flowers, then
cloned a cDNA and characterized it to encode a double
bond reductase, namely DBR2 (Zhang et al. 2008).
Both recombinant and native enzymes were then
shown to reduce artemisinic aldehyde to dihy-
droartemisinic aldehyde in the presence of NADPH.
However, DBR2 did not utilize other artemisinin
precursors as substrates, indicating its specificity to
aldehyde moiety. Interestingly, DBR2 used 2-cyclo-
hexen-1-one and (+4)-carvone as substrates. In addi-
tion to biochemical analysis, two research groups
heterogeneously expressed this gene in tobacco plants
to produce artemisinin and its precursors. It is
interesting that two groups observed different results.
Zhang et al. overexpressed ADS, CYP71AVI, DBR2,
and ALDHI to produce a low level of dihy-
droartemisinic alcohol but not dihydroartemisinic acid
(Zhang et al. 2011). By contrast, Farhi et al. (2011)
overexpressed ADS (in either the cytosol or mito-
chondrion), CYP71AVI1, CPRI, and DBR2 as well as
HMGR (an upstream MV A pathway gene) to produce
0.75 to 6.8 pg/g (dry weight) artemisinin. In addition,
DBR2 was overexpressed in A. annua to lead to
increase artemisinin contents in a few of selected
heterozygous transgenic plants (Yuan et al. 2015).
These transgenic results demonstrated its involvement
in the biochemical pathway of artemisinin. Further-
more, several transcriptional analyses provided data
that the expression level of DBR2 is relevant to the
production of artemisinin (Jiang et al. 2014; Lu et al.
2013; Olofsson et al. 2011; Xiang et al. 2015; Yang
etal. 2010). Although further investigation is required,
all of these studies have shown its involvement in the
biosynthesis of artemisinin.

Formation of trioxane and oxygenation

Since the elucidation of artemisinin structure (Liu
et al. 1979), its formation in plants has been unknown.
Although steps described above have gained bio-
chemical characterization, how the 1, 2, and 13
trioxane (belonging to the 1, 2, 4-trioxane type) and
C,—0-C,, ether linkage are formed is unknown.
Additionally, its direct precursor is unknown. These

problems have hindered efforts to improve artemisinin
production.

Regarding its direct precursors, Brown (2010)
reviewed and discussed several hypotheses. Those
proposed precursors include artemisinic acid, arteann-
uin B, dihydroartemisinic acid, dihydroarteannuin B,
seco-cadinane, and artemisitene, all of which were used
to feed plants or for cell-free enzymatic assays. Of these
metabolites, the most recent isotope feeding experi-
ments proposed that dihydroartemisinic acid but not
others is the most likely precursor (Brown and Sy 2004).
As appropriately discussed by Brown (2010), the
formation of all hypotheses was based on radioactive-
labeling and feeding experiments, isotope feeding, or
other in vitro chemical conversion experiments. How-
ever, given that there have not been solid experiments to
demonstrate the artemisinin formation via an enzymatic
reaction in plants, the final step(s) to artemisinin has(ve)
been favorably proposed to be photo-oxidation based
spontaneous reactions, which were characterized to be
four steps. These include photo-sensitized reaction at
the delta-4,5-double bound in dihydroartemisinic acid,
Hock cleavage, oxygenation, and cyclization (Brown
2010; Sy and Brown 2002). To date, this hypothesis is
supported by semi-synthetic biology researches. The
semi-synthetic technology successfully used in vitro
photo-oxidation based reaction to convert artemisinic
acid and dihydroartemisinic acid to artemisinin with a
high yield (Paddon et al. 2013). Particularly, the recent
industrial scale production of artemisinin from artemi-
sinic acid via dihydroartemisinic acid (Turconi et al.
2014) strongly supports the mechanism of spontaneous
photo-oxidation. However, the chemical reaction con-
ditions used for semi-synthesis may not exist in plant
tissues, particularly in trichomes, given that plant cells
are unlikely to be tolerant to an extremely intensive
lighting and high concentrations of catalysts used in the
photoreactor (Turconi et al. 2014). Therefore, a possible
hypothesis is that an unknown biochemical process is
responsible for formation of trioxane structure in those
vulnerable trichomes and other tissues. This hypothesis
can be supported by certain preliminary data obtained
from several different studies (Dhingra and Lakshmi
Narasu 2001; Farhi et al. 2011; Sangwan et al. 1993;
Tatineni et al. 2006). Tatineni et al. (2006) observed the
formation of artemisinin using Microbacterium tri-
chotecenolyticum as a resource for conversion of
arteannuin B. Farhi et al. (2011) developed transgenic
tobacco plants that formed artemisinin as described
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two monoterpenes and three non-amorphadiene sesquiter-
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production summed from two monoterpenes and three non-
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caryophyllene, and B-farnesene only shows their yield in tissues
at the harvest moment, while the production of artemisinin,
artemisinic acid, and arteannuin B is the result of accumulation
during the entire tissue development

above. Sangwan et al. (1993) incorporated of Cy4
labelled artemisinic acid to artemisinin in a cell free
system (Sangwan et al. 1993). Although these data
provide indirect evidence, as more experiments are
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performed using new plant materials and approaches,
the secret of trioxane formation can be elucidated in the
future.

Genetic breeding

Germplasm selection and genetic breeding for high
artemisinin production have been two primary
approaches to improve the shortage of artemisinin
supply. Naturally, A. annua is a diploid and cross-
pollinating species (Delabays et al. 1993; Xie et al.
1995). In the 1980s, numerous research efforts focused
on the phytochemical screening and isolation of
artemisinin and its precursors (Acton and Klayman
1985; Klayman 1985; Klayman et al. 1984; Liersch
et al. 1986; Tu et al. 1982). Since the late 1980s,
multiple laboratories have endeavored to select elite
germplasms and to characterize ecotypes for high
artemisinin production (Alejos-Gonzalez et al. 2011;
Charles et al. 1990; Delabays et al. 1993, 2001; Duke
et al. 1994; Elhag et al. 1992; Ferreira and Janick
1995; Graham et al. 2010; Singh et al. 1988; Wallaart
et al. 1999, 2000). Germplasm investigations have
demonstrated that the artemisinin content in plants is
relatively low and dramatically variable, from 0.003 to
0.2% (g/g, dry weight) in different ecotypes and from
0 to 0.39% (DW) in individual plants of the same
ecotype (Charles et al. 1990; Paul et al. 2014). To
overcome the low content problem, breeding efforts
have focused on creating superior cultivars. Over the
past two decades, different laboratories reported new
cultivars that can increase artemisinin content to 1-2%
and even higher (Brisibe et al. 2012; Delabays et al.
1993, 2001; Ferreira et al. 2005; Graham et al. 2010;
Simonnet et al. 2008). For example, four hybrids,
namely, Hybl1252r ‘Jewel’, Shennong hyb1209r,
Hyb8003r ‘Verdant’ and Hyb8001r ‘Zenith’, which
was reported produce more than 1% artemisinin (g/g,
dry weight), were obtained by the CNAP (http://www.
york.ac.uk/org/cnap/artemisiaproject/). In addition,
doubling chromosome numbers generated a novel
tetraploid cultivar. Field growth of the new variety
also showed promising increase of artemisinin
(Banyai et al. 2010; Wallaart et al. 1999). To under-
stand genetics of the artemisinin biosynthesis, a fun-
damental genetic map for a hybrid was established
using transcriptomics and quantitative trait loci (QTL)
(Graham et al. 2010). The resulting map characterized
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primary linkage groups and traits controlling artemi-
sinin variation. This type of genetic map provides
potential to develop robust crops.

All genetic breeding efforts have also revealed that
increasing and stabilizing artemisinin yield has been
challenging. One of primary reasons has been the
instability of artemisinin production in plants (Paddon
et al. 2013; Ro et al. 2006). A. annua is a cross-
pollination species (Alejos-Gonzalez et al. 2011;
Delabays et al. 2001; Graham et al. 2010; Simonnet
et al. 2008) and all current commercial cultivars are
heterozygous. The heterozygosity leads to segregation
of progeny. Accordingly, although breeding efforts
created a few high content lines, from 1 to 2.4% (DW)
(Brisibe et al. 2012; Cockram et al. 2012; Delabays
et al. 2001; Graham et al. 2010; Larson et al. 2013;
Simonnet et al. 2008), the instable yield in those
cultivars has been unable to solve the insufficient
problem of artemisinin supply and to decrease the cost
of ACT (Paddon et al. 2013; Pilloy 2007; Shretta and
Yadav 2012; White 2008). In addition, previous
selection of germplasm demonstrated that the artemi-
sinin biosynthesis is localized in glandular trichomes
consisting of 10 cells (Duke and Paul 1993; Lommen
et al. 2005; Tellez et al. 1999). This trichome
specificity is also a limit factor for improvement of
artemisinin content.

To overcome progeny segregation, self-pollination
was investigated using commercial cultivars. Unfor-
tunately, previous trials failed to complete self-polli-
nation (Delabays et al. 2001; Peter-Blanc 1992).
Although the previous failure was discouraging, we
have developed a self-pollinated A. annua cultivar
(Alejos-Gonzalez et al. 2011). In the beginning of
selection, we observed that progeny from wild-type
plants were phenotypically variable, e.g. quick elon-
gation, no elongation, not flowering, no branching, and
others. During successive selection, we focused on
individual plants that flowered relatively early and
grew appropriate biomass in growth chamber condi-
tions. After we obtained F2 plants, screened progeny
that produced artemisinin. When the plants were
grown in a growth chamber, the artemisinin contents
from the bottom to higher positional leaves and
inflorescences of F2 plants ranged from 0.01 to 0.1%
(g/g, DW) (Alejos-Gonzalez et al. 2011). The content
of artemisinin was increased to 0.3-0.4% (g/g, DW) in
F3 and F4 plants during continuous selection for
homozygous plants (Ma et al. 2015). To date, we have

obtained F7 progeny, in which the trend of artemisinin
biosynthesis is associated with leaf positions and
flowering status. In addition, all progeny grow simi-
larly without phenotypical segregation, demonstrating
the homozygosity of plants. Additionally, self-polli-
nated plants display an approximately 100% regener-
ation capacity from different tissues via both
organogenesis and somatic embryogenesis (Alejos-
Gonzalez et al. 2013) and is feasible for genetic
transformation. Therefore, the self-pollinating plants
can form a new platform to enhance understanding of
artemisinin biosynthesis and improve artemisinin
production (Ma et al. 2015).

Metabolic engineering

Metabolic engineering of plants has been another
primary research approach to improve artemisinin
production. In addition, metabolic engineering is a
potent approach to demonstrate the artemisinin
biosynthetic pathway (Fig. 1). In the 1980s and
1990s, most researches focused on plant tissue culture
and genetic transformation. Although whether callus,
cell, shoot, and hairy root cultures can produce
artemisinin was debated, most of investigations pro-
vided solid data that the artemisinin biosynthesis
occurred in cultures in vitro (Brown 1994; Cai et al.
1995; Elhag et al. 1992; Ferreira and Janick 1996;
Ferreira et al. 1995b; Gupta et al. 1996; Kudakasseril
etal. 1987; Nair et al. 1986; Qin et al. 1994; Weathers
et al. 1994; Woerdenbag et al. 1993; Xie et al. 2000).
Since 1999 when amorpho-4,11-diene synthase was
identified to catalyze the first committed step to
artemisinin (Bouwmeester et al. 1999), five other
pathway genes have been cloned from trichomes as
described above. Transcription factors in four differ-
ent families, including WRKY, AP2/ERF, bHLH, and
bZIP, were also cloned and characterized to associate
with the regulation of artemisinin biosynthesis (Han
etal. 2014; Jietal. 2014; Luetal. 2012,2013; Maet al.
2009; Zhang et al. 2015). To date, all known pathway
and transcription factor genes have been overex-
pressed in A. annua (Chen et al. 2013; Liu et al. 2011;
Saxena et al. 2014; Shen et al. 2012; van Herpen et al.
2010; Zhu et al. 2014). Recent literatures reviewed the
effects of the overexpression of all known genes on
artemisinin production (Shen et al. 2016; Tang et al.
2014). Tang et al. (2014) particularly summarized
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