
ABSTRACT 

JUDD, RIKA SIEDAH. Metabolic Engineering of Artemisinin Biosynthesis for High Production 

of the Anti-Malarial Drug. (Under the direction of Dr. De-Yu Xie). 

 

Artemisinin is a secondary metabolite produced by Artemisia annua, and is an anti-malarial 

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 malarial treatment. Apart from 

malaria this compound has potential in treating cancer and diabetes. To date, A. annua is the only 

organism naturally known to produce this valuable compound but at low and variable yields among 

different cultivars and cannot supply the high demand for ACT. Therefore, many efforts have been 

put forth to overcome this limitation. These efforts include understanding the biosynthetic pathway 

of artemisinin, increasing artemisinin related genes in planta, the metabolic engineering of the 

pathway in tobacco and yeast, and using RNAi technology to knockdown competing pathways.  

Our goal here is to metabolically engineer artemisinin biosynthesis for high production to 

increase the yield for ACT in addition to the creation of new metabolites that may also have anti-

malarial activity. In order to achieve this goal, we first wanted to know which cells make 

artemisinin and if the biosynthetic pathway was only limited to glandular trichomes (Chapters 3 

and 4). In addition, we evaluated the crosstalk between pathways distinct from artemisinin 

biosynthesis to determine its impact on the biosynthetic pathway (Chapters 5 and 6). For example, 

we engineered red cells to produce new anthocyanins to test for bioactivity and anti-malarial 

synergy with artemisinin (Chapter 6). We also addressed whether external factors, such as light 

can have an impact on artemisinin biosynthesis and if it can increase the yield for ACT (Chapter 

7). Finally, we aimed to functionally characterize a new cytochrome p450 reductase enzyme and 

its relevance in the biosynthetic pathway as a way to optimize the metabolic engineering of 

artemisinin (Addendum I).  
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CHAPTER 1: Introduction ï Advances in the Biosynthesis and Metabolic Engineering of 

Artemisinin and Flavonoids from A. annua 

Overview 

Malaria is a life-threatening disease caused by plasmodium parasites that led to over 200 

million cases globally in 2018 (WHO 2019). Although there are no reports of malarial infections 

in the USA, almost half the worldôs population is at risk every year. Artemisinin, a sesquiterpene 

lactone molecule produced by Artemisia annua, is well known for its anti-malarial activity. 

Unfortunately, A. annua is the only organism known to produce this valuable compound, and in 

planta production is low and unstable due to heterozygous varieties.  

To overcome this limitation, molecular and synthetic approaches have been put forth to 

metabolically engineer the artemisinin biosynthetic pathway, such as the overexpression of 

biosynthetic genes or regulatory transcriptions factors, to increase artemisinin availability for 

artemisinin-based combination therapy (ACT). ACT is recommended by the World Health 

Organization (WHO) to be used as the first line of defense in treating malaria (WHO 2019). Our 

efforts for the metabolic engineering of artemisinin include the further understanding of the 

biosynthetic pathway by characterizing a new candidate gene relevant to artemisinin biosynthesis 

(Addendum I), investigating the localization of artemisinin biosynthesis to increase content in all 

cell types (Chapters 3 & 4), and assessing the environmental factors that may impact biosynthesis 

(Chapter 7).  

We also address pathways independent from artemisinin and how they may impact 

biosynthesis through potential crosstalk (Chapter 5). In addition, understanding flavonoid 

biosynthesis in A. annua is necessary to address the potential synergy between artemisinin and 

flavonoids for enhanced malarial activity (Chapter 6). These topics are mentioned here and are 
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necessary to address so that we can successfully increase artemisinin content in planta. We also 

address future perspectives on how we may attempt to successfully enhance artemisinin content 

and flavonoid biosynthesis in A. annua as well as investigating the potential roles of a new 

candidate gene.  

 

The Discovery and Broader Impacts of Artemisinin 

Artemisinin, also known as Qinghaosu, is an endoperoxide sesquiterpene lactone produced 

by the Chinese medicinal herb Artemisia annua (sweet wormwood). Artemisinin is an effective 

molecule for treatment of malaria. Its structure is featured with a unique endoperoxide moiety 

including an oxygen bridge (Fig. 1A). The endoperoxide moiety (oxygen bridge) has been 

demonstrated to be the structure that inhibits the breakdown of hemoglobin and promotes the 

degradation of hemozoin pigment in malaria parasites (Pandey et al. 1999). In addition, artemisinin 

has been shown to be a potential anti-cancer and anti-diabetic molecule (Li 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 drug-resistant malaria caused by Plasmodium falciparum (Tu 2011). In 

the 1950s, Plasmodium parasites became resistant to anti-malarial drugs such as quinine, and its 

derivatives, and the catastrophic malarial disease urged the global demand for new medicine (Tu 

2011). Tuôs research team analyzed 2,000 Chinese herbs, and discovered that organic solvent 

extracts of A. annua showed effective inhibition on parasite growth (Tu 2011). In particular, the 

petroleum extract at low temperatures consistently showed effective antimalarial activity (Tu 

2011).  
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The extract was further separated into acidic and neutral parts to obtain a neutral, non-toxic 

extract that was tested on mice infected with Plasmodium parasites (Tu 2011). Furthermore, 

positive clinical trials first on lab members, to ensure that the extract was safe for humans, and 

then patients infected by Plasmodium parasites led to the innovation of artemisinin for treatment 

of P. falciparum malaria (Tu 2011). After positive results obtained from clinical trials, Tuôs group 

isolated and purified the compound from A. annua and discovered a crystalline, colorless molecule 

with a molecular weight of 282 Da and a melting point of 156-157°C (Tu 2011). They named this 

novel compound qinghaosu in Chinese and artemisinin in English (Tu 2011). To date A. annua is 

the only plant known to produce this effective antimalarial compound.  

The discovery of artemisinin led to a dramatic reduction of deaths in China, since the 

1970s, however the application of artemisinin to other parts of the world did not start until 2000, 

when more than one million people died of malaria. Since then, the use of artemisinin has 

dramatically reduced the number of deaths specifically caused by the P. falciparum parasite. 

Furthermore, the artemisinin-based combination therapy (ACT) recommended by the World 

Health Organization (WHO) was created to prevent the potential development of resistance to 

Plasmodium falciparum (WHO 2019).  

According to reports from WHO, there were 228 million cases of malaria in 2018 and the 

number of deaths reduced to 405,000 in epidemic countries (WHO 2019). Of those cases and 

deaths, 93% percent of cases and 94% of deaths occurred in the African region (WHO 2019). To 

date, approximately half the worldôs population in more than eighty-seven countries that are in 

sub-Saharan Africa, South-Eastern Asia, Eastern Mediterranean, Southern Pacific and the 

Americas are still at high risk of malaria (WHO 2019). In particular, pregnant women, HIV/AIDS 

patients, children under the age of 5, and travelers are the main susceptible groups (WHO 2019). 
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Of these, children were the most vulnerable and accounted for 67% of malarial deaths worldwide 

(WHO 2019).  

Although artemisinin has saved many lives, the malaria-caused life loss is still severe. One 

reason is that the yield of artemisinin cannot meet the demand of ACT (Alejos-Gonzalez et al. 

2011). The insufficient production results from low artemisinin content (0.05% ï 1.4% DW) in 

planta (Larson et al. 2013). Although a few plant varieties have been reported to produce 

approximately 2% (DW) (Wetzstein et 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 planta as mentioned later. Synthetic approaches have also successfully produced 25 g/L of 

artemisinic acid (Fig. 1B) in engineered yeast to be chemically converted to artemisinin (Paddon 

et al. 2013). Although this was a success for synthetic biology, unfortunately it was more expensive 

than growing plants for artemisinin (Peplow 2016). Understanding the biosynthetic pathway of 

artemisinin and where itôs produced in cells has important implications for metabolic engineering 

in agriculture and medicine.  

 

The Artemisinin Biosynthetic Pathway 

Artemisinin is biosynthesized from farnesyl pyrophosphate (FPP), in the cytosol (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 from the mevalonate 

(MVA) in the cytosol and/or 2-C-methyl-D-erythritol-4-phosphate (MEP) pathways in plastids 

(Fig. 2). FPP is a key intermediate precursor for sesquiterpenoids, triterpenoids, and other 
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metabolites. The detailed progresses regarding artemisinin biosynthesis and problems were 

reviewed in our previous report (Xie et al. 2016b) (Chapter 2).  

In brief, both in vitro enzymatic and in vivo transgenic tobacco and A. annua studies 

demonstrated the cyclization of FPP to amorpha-4,11-diene catalyzed by amorpha-4,11-diene 

synthase (ADS), the first committed step of artemisinin biosynthesis (Bouwmeester et al. 1999a; 

Mercke et al. 2000; Wallaart et al. 2001; Ma et al. 2015). Heterogenous 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 oxygenation amorpha-

4,11-diene to form artemisinic alcohol and then artemisinic acid, respectively (Ro et al. 2006a; 

Teoh et al. 2006).  

To understand this oxygenation step further, an A. annua CPR1 homolog, named CPR2, 

was isolated from our sequence assembly (Ma et al. 2015). Itôs gene expression was positively 

associated with artemisinic acid production, suggesting its relevance in the artemisinin 

biosynthetic pathway (Ma et al. 2015) (Addendum I). In addition, yeast metabolic engineering for 

high production of artemisinic acid revealed that a cytochrome b5 (CYB5) could significantly 

enhance the oxidation of amorpha-4,11-diene by reducing the toxic effect of CPR1 overexpression 

in yeast (Paddon et al. 2013). This data suggests that in addition to CYP and CPR1, CYB5 and 

other members maybe involved in the conversion of amorpha-4,11-diene to artemisinic alcohol. 

Further dehydrogenation and double bond formation have been demonstrated to be 

essential from artemisinic alcohol to artemisinic acid and dihydroartemisinic acid. An alcohol 

dehydrogenase 1 (ADH1) gene cloned from A. annua was heterogeneously expressed in CYP-

CPR1 engineered yeast to increase artemisinic aldehyde yields (Paddon et al. 2013).  

Characterization in planta and in vitro using recombinant E. coli protein revealed that an aldehyde 
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dehydrogenase 1 (ALDH1) oxidized artemisinic aldehyde and dihydroartemisinic aldehyde into 

artemisinic acid and dihydroartemisinic acid, respectively (Teoh et al. 2009).  

Dihydroartemisinic aldehyde can also be converted to dihydroartemisinic alcohol by 

RED1, which can negatively affect artemisinin production by competing with ALDH1 (Rydén et 

al. 2010). Enzymatic studies using crude extract and recombinant protein revealed that artemisinic 

aldehyde ȹ11 (13) reductase (DBR2) reduced artemisinic aldehyde to dihydroartemisinic aldehyde 

(Zhang et al. 2008). In addition, overexpression of DBR2 in planta led 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 the direct precursor, and its conversion to artemisinin is 

via a spontaneous photo-oxidative process (Brown 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 glandular trichomes 

(Duke et al. 1994), which are present on inflorescences and leaves. Floral trichomes develop 

similarly to the ones on leaves, and also forms the subcuticular space that enlarges during later 

stages of development (Ferreira and Janick 1995). The glandular trichomes are biseriate, capitate 

glands, which consist of two stalk and eight glandular cells, where the subcuticular space surrounds 

apical cells (Ferreira and Janick 1995; Duke and Paul 1993).  

The capitate glands formed at different stages on leaf primordia occur during the early 

developmental periods of shoot apical meristems, and microscopy observations showed that each 

gland is formed from one epidermal cell that expands above the surface (Duke and Paul 1993). 

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

periclinally to form the final 10-cell stage, the prototype of a gland (Duke and Paul 1993). After 
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formation, the prototype glands continue maturation to develop, a subcuticular space next to 

secreting cells filled with terpenes including artemisinin (Duke et al. 1987).  

Those subcuticular spaces can protect cells from potential phototoxicity caused by 

artemisinin sequestered from producing tissues (Duke et al. 1987). During flowering time on the 

one hand, some cuticles will rupture, leading to the release of all contents, while some remain in 

intact (Ferreira and Janick 1995). The glands were found to associate with the high production of 

artemisinin in flowers that were found to contain 4 to 11-fold (10 times) more artemisinin content 

than leaves, during anthesis (Ferreira et al. 1995).  

  Since glandular trichomes were considered the only location for artemisinin biosynthesis, 

most research undertaken have been focused on glands to understand the biosynthetic pathway 

over that past three decades. As described above, all known pathway genes were cloned from 

trichomes and transcriptionally characterized in glands specifically.  All genes have been used in 

metabolic engineering to increase artemisinin in A. annua. Although numerous promising data 

has been reported, unfortunately the application of engineered plants remains for more 

investigation.  

 

Localization of the Artemisinin Biosynthetic Pathway in Other Cells 

  Development of other cell types for artemisinin biosynthesis is important to increase 

production. The reason is that the biomass of glandular trichomes is limited. In addition, glandular 

trichomes are the main cells that actively produce most monoterpenes and sesquiterpenes stored 

in the subcuticular space and get released into the environment when they rupture. The metabolic 

competition caused by monoterpenes and sesquiterpenes also limits the formation of artemisinin 
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(Judd et al. 2019). However, whether artemisinin biosynthesis occurs in other cell types has been 

debated.  

Numerous studies have reported the formation of artemisinin in different tissues without 

glandular trichomes, such as transgenic hairy roots. Hairy roots of A. annua were reported by 

different groups via A. rhizogenes-mediated transformation to produce artemisinin (Jazir et al. 

1995; Weathers et al. 1994; Xie et al. 2000; Xie et al. 1998). In studies from Xie et al. (1998 and 

2000), hairy root clones were generated from either leaf blades or petiole segments via 

transformation with the 1601 A. rhizogenes strain (Xie et al. 2000; Xie et al. 1998). Based on the 

growth rate and later root development (Xie et al. 2001), different clones were developed to 

understand effects of hairy root culture and growth conditions on the formation of artemisinin. The 

hairy roots were greenish/yellowish and had more branches when grown under white light 

conditions, but had fewer branches when grown in the dark (Xie et al. 2001).  

HPLC analysis was performed to analyze artemisinin in several hairy root lines. The 

resulting data revealed 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), but produced the 

lowest biomass (Xie et al. 2001). The data suggested that the artemisinin accumulation was not 

correlated with biomass but depended on growth rate and the number of lateral roots. This 

observation was in agreement with those in plants, which reached the maximum production of 

artemisinin during blooming time when development reached the end, suggesting a similar trend 

in artemisinin production between hairy roots and whole plants (Ferreira et al. 1996; Xie et al. 

2001). In addition, the formation of artemisinin was reported in hairy roots transformed with the 

A. rhizogenesis 15834 strain (Weathers et al 1994). Artemisinin content in hairy root cultures were 

able to reach 0.1% (g/g DW), which is close to that in wild type A. annua cultivars, however, the 
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hairy roots do not produce glandular trichomes, indicating that other cell types can produce 

artemisinin. 

Moreover, wild-type roots have been proposed to play a regulatory role in artemisinin 

biosynthesis. When scions from A. annua plants that produce low levels of artemisinin were 

grafted on high producing rootstocks, the grafts produced artemisinin at higher levels and 

increased the trichome density on leaves (Wang et al. 2016). Glandless mutants are a non-aromatic 

biotype that does not produce glandular trichomes. When scions from this mutant were grafted on 

a high artemisinin-producing rootstock, they produced detectable levels of artemisinin, although 

they did not produce any glandular trichomes (Wang et al. 2016).  

Although the mechanism by which the roots can regulate artemisinin biosynthesis is 

unknown, gibberellic acid produced from the roots is proposed to associate with the increase of  

leaf biomass and artemisinin content (Wang et al. 2016). In addition, roots were reported to 

produce low levels of artemisinin, arteannuin b and artemisinic acid (Fig. 1) (Nair et al. 1986; 

Woerdenbag et al. 1991).  Although a report suggested that low levels detected in the roots might 

result from the artemisinin excretion into the soil (Jessing et al. 2013), it is necessary to explore 

the possibility that other cell types that can produce artemisinin in tissues with no glandular 

trichomes.  

In addition, early calli cultures of A. annua were reported to produce artemisinin in 

different culture conditions (He et al. 1983; Nair et al. 1986). Although further studies are 

necessary, the in vitro culture data indicates that undifferentiated cells have the potential to produce 

artemisinin in specific conditions. Taken together, although the formation of artemisinin in tissues 

without glandular trichomes remains for further substantiation, all previous data indicate that other 

cell types can produce artemisinin in certain conditions. 
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Recently, we used an integrative approach to show that non-glandular trichome cells 

produce  artemisinin (Judd et al. 2019; Ekelöf et al. 2018) (Chapters 3 and 4). To demonstrate this, 

three types of plant materials without glandular trichomes, including a glandless mutant, leaves 1 

and 2 from our self-pollinated plants (glandular trichome free leaves), and calli were utilized for 

analyses of metabolic profiling, metabolite imaging, and gene expression profiling (Judd et al. 

2019). Gene expression analysis revealed that ADS, CYP, CPR1, ADH1, DBR2, and ALDH1 were 

all expressed in glandless mutants, glandular free leaves, and calli (Judd et al. 2019).  

In addition, LC-qTOF-MS/MS analysis was used to identify and quantify  artemisinic acid, 

arteannuin b, and artemisinin in these samples (Judd et al. 2019). Further metabolite imaging with 

IR-MALDESI allowed for the in situ detection of artemisinin, artemisinic acid, 

dihydroartemisinin, and arteannuin b in the same location on the leaf surface of glandular 

trichome-free leaves (Judd et al. 2019). This data indicates that artemisinin biosynthesis is 

localized in other cell types than just glandular trichomes (Judd et al. 2019). 

To further substantiate the imaging results, we removed the trichomes from leaves of 35-

day old self-pollinated plants and compared gene expression and artemisinin contents among 

trichome-removed leaf blades, trichomes, and  leaves with trichomes (Judd et al. 2019). Although 

qRT-PCR analysis showed that gene expression was higher in the trichomes than in trichome-

removed leaves, the content of artemisinin was similar between the two samples. These results 

demonstrate that the artemisinin formation is not limited to the glandular trichomes only and exists 

in other cell types of leaves such as epidermal, mesophyll or other non-glandular trichome cells 

(Judd et al. 2019). This data supports previous reports that the biosynthesis of artemisinin occurs 

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

Environmental factors have been reported to influence artemisinin biosynthesis in planta. 

Low temperatures was observed to enhance artemisinin content to 7.5-8.8% (mg/g DW) via 

increasing the expression levels of ADS and CYP (Zeng et al. 2009; Yin et al. 2008). In addition 

to temperature, multiple researches have reported that light plays a regulatory role in artemisinin 

biosynthesis. Appropriate UV-B and UVïC treatments were found to improve the artemisinin 

content (Rai et al. 2011) although these irradiations could cause DNA mutations and other damages 

to plants (Zhang et al. 2018). Red and blue light treatments were found to increase the artemisinin 

contents. The artemisinin and artemisinic acid contents in plants grown in red and blue light were 

increased approximately 2-3 times compared to those grown in white light and darkness conditions 

(Zhang et al. 2018).  

Gene expression profiling revealed that the ADS and CYP expression levels in plants were 

increased 2.5- and 24.3-, 5.9- and 16.7-, and 14.7- and 46.3-fold higher in red, white and blue light 

than in darkness, respectively (Zhang et al. 2018). Blue light also enhanced the expression of 

ALDH1 and DBR2 (Zhang et al. 2018). Interestingly, blue light was found to reduce the expression 

levels of ESC and SQS, which are associated with the formation of 8-epi-cedrol and squalene from 

FPP. These data suggest that red and blue light conditions redirect the metabolic fluxes from other 

terpenoids to artemisinin production (Zhang et al. 2018).  

Cryptochrome 1 (CRY1) is a blue light receptor that regulates light-induced biological 

processes such as controlling flowering time, circadian rhythms, and inhibition of hypocotyl 

elongation (Hong et al. 2009a; Mas 2004; Bäurle and Dean 2006; Zhang et al. 2006). Its 

overexpression in A. annua was reported to increase artemisinin content by 30-40% in transgenic 

line suggesting that artemisinin accumulation is positively correlated with light signaling 
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components (Hong et al. 2009a). In addition, it was interesting that the anthocyanin content was 

also increased among transgenic lines up to twice as much as the WT, suggesting that this 

photoreceptor promotes the enhanced production of secondary metabolites in planta (Hong et al. 

2009a). By contrast, water stress was found to decrease the contents of artemisinin, 

dihydroartemisinic acid, arteannuin b, artemisinic acid, and essential oils associated with the 

reduction of trichome density (Yadav et al. 2014). High salinity and lead were also found to 

decrease artemisinin content, which was associated with the decrease in leaf biomass, chlorophyll 

and photosynthetic rates (Qureshi et al. 2005).  

In addition to environmental factors, plant hormones have been shown to regulate 

artemisinin biosynthesis. Application of abscisic acid (ABA) to plants increased the artemisinin 

content up to 1.85%, and was 65% higher in treated plants than untreated, control  plants (Jing et 

al. 2009). Semi-quantitative RT-PCR analysis revealed that ABA treatment increased the 

expression levels of HMGR, FPP, CYP and CPR1 (Jing et al. 2009). Salicylic acid was shown to 

increase the contents of  artemisinin, artemisinic acid, and dihydroartemisinic acid, which were 

associated with the presence of reactive oxygen species and increased HMGR transcripts (Pu et al. 

2009).  

In addition, Jasmonic acid (JA), an elicitor of natural product biosynthesis, was 

demonstrated to increase the trichome density and the accumulation of artemisinin and other 

sesquiterpenes, which resulted from induction of ADS, CYP and DBR2 expression (Maes et al. 

2011). Gibberellic acid (GA) increased leaf biomass and artemisinin content during the flower 

initiation stage by 26.3% and 27.8% in both WT and FPP overexpression lines, respectively 

(Banyai et al. 2011). Transcriptional analysis showed that the gene expressions of FPP, ADS, and 

CYP were 5-, 4-, and 18-fold higher in GA-treated plants than in the control plants after 6 hours 
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of treatment (Banyai et al. 2011). Collectively, the evidence provided concludes 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 of A. annua 

 The overexpression of ADS, FPP, CYP and CPR led to an increase in artemisinin 

biosynthesis (Ma et al. 2015; Han et al. 2006; Chen et al. 2013). In addition, RNAi was used to 

knockout production of beta-caryophyllene and squalene, metabolites that compete with 

artemisinin for the FPP substrate, and increased artemisinin content 3.14-fold and 54.9%, 

respectively (Chen et al. 2011; Zhang et al. 2009). In addition, RNAi of cinnamate-4-hydroxylase 

(C4H) from the phenylpropanoid pathway increased artemisinin biosynthesis (Kumar et al. 2016), 

while overexpression of cinnamyl alcohol dehydrogenase (CAD), a gene involved in lignin 

biosynthesis, reduced artemisinin content (Ma et al. 2018a) (Chapter 5), suggesting the potential 

crosstalk between distinct pathways.  

Apart from the metabolic engineering of A. annua to increase artemisinin in planta, the 

metabolic engineering of tobacco has also been attempted, although the production of artemisinin, 

artemisinic acid or other precursors were produced at low levels (Farhi et al. 2011; van Herpen et 

al. 2010; Wu et al. 2006; Zhang et al. 2011; Fuentes et al. 2016). Although previous reports 

demonstrate promising potential of increasing artemisinin content in planta, to date there are still 

no transgenic lines capable of supplying the high demand for ACT. More research is required to 

achieve this goal.  
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Advances in Increasing Artemisinin Biosynthesis in planta using Transcription Factors 

Transcription factors have been proposed to regulate artemisinin biosynthesis and play 

significant roles in increasing artemisinin content in planta (Fig. 2). APETALA 2/ethylene-

responsive element binding factor (AP2/ERF) transcription factors regulate abiotic and biotic 

stresses of plants, plant development, and primary and secondary metabolism of plants (Agarwal 

et al. 2006; van der Fits and Memelink 2000; Licausi et al. 2013). Two ERF factors, AaERF1 and 

AaERF2, were cloned from A. annua. The overexpression of each increased artemisinin and 

artemisinic acid 2-fold in transgenic plants than in control plants (Yu et al. 2012). DNA binding 

experiments demonstrated that the two transcription factors activated the promoter activity of ADS 

and CYP (Yu et al. 2012).  

The AaORA, encoding the Octadecanoid-derived Responsive AP2-domain protein 

transcription factor, was cloned from A. annua, and its overexpression led to a 4-14 times increase 

in artemisinin content, which resulted from the enhancement of the gene expression of ADS, CYP, 

DBR2, and AaERF1 (Lu et al. 2013). In contrast, artemisinin and dihydroartemisinic acid was 

reduced by 64-52% and 63-41%, respectively, and the gene expression of ADS, CYP, DBR2 and 

AaERF1 was also reduced in RNAi AaORA lines (Lu et al. 2013).  

Trichome and Artemisinin Regulator 1 (TAR1) was characterized to not only regulate 

trichome development and morphology, but also the artemisinin biosynthesis in A. annua (Tan et 

al. 2015). TAR1 was shown to bind to the promoters of ADS and CYP (Tan et al. 2015). The RNAi 

knockdown of TAR1 led to abnormal trichome formation and reduced artemisinin content by 39-

64%, while its overexpression increased artemisinin content by 22-38% in transgenic plants (Tan 

et al. 2015). 
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 MYC proto-oncogene, bHLH (MYC) and Leucine Zipper Domain (ZIP) members have 

been identified from A. annua. MYC2 is a vital transcription factor involved in multiple 

regulations of plants (Kazan and Manners 2013). AaMYC2 was cloned from A. annua. Its 

overexpression was shown to increase the contents of artemisinin and dihydroartemisinic acid by 

23-55% and 17-217%, respectively (Shen et al. 2016). Gene expression analysis showed that the 

overexpression of AaMYC2 increased the expression of ADS, CYP, DBR2 and ALDH1 (Shen et al. 

2016). Mechanistic studies disclosed that AaMYC2 interacts with AaJAZ and AaDELLA (aspartic 

acid-glutamic acid-leucine-leucine-alanine), two key transcription factors regulating JA and GA 

signals (Shen et al. 2016). In addition, AaMYC2 binds to CYP and DBR2 promoters (Shen et al. 

2016).  

Jasmonate ZIM domain (JAZ) binds MYC2 to regulate numerous plant secondary 

metabolic pathways (Yang et al. 2017). When methyl jasmonate (Me-JA) exists, it leads to the 

ubiquitination of JAZ and then releases MYC2 to activate different downstream targets (Thines et 

al. 2007; Chini et al. 2009). In addition to overexpression, RNAi of AaMYC2 was also carried out 

in A. annua. Although the application of Me-JA found that this hormone did not significantly 

increase artemisinin content in overexpressed transgenic lines, the RNAi transgenic lines were less 

sensitive to Me-JA treatment based on gene expression analysis of AaMYC2, ADS, CYP, and DBR2 

in RNAi transgenic lines and control plants (Shen et al. 2016). Artemisinin and dihydroartemisinic 

acid content in AaMYC2 RNAi transgenic lines decreased by 54-81% and 17-95%, respectively 

(Shen et al. 2016).  

Group A basic ZIP (bZIP) transcription factors play important roles in ABA signaling 

(Zhang et al. 2015). A bZIP homolog, AabZIPI, was cloned from A. annua. This transcription 

factor was shown to activate ADS and CYP expression by binding to ABA responsive elements in 
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their respective promoter regions (Zhang et al. 2015). The overexpression of AabZIPI was found 

to increase the transcripts of ADS, CYP, DBR2 and ALDH1, leading to increased content of 

artemisinin 0.7- to 1.5-fold in different transgenic lines (Zhang et al. 2015). In addition, the authors 

showed that the increase of artemisinin contents in plants treated with ABA resulted from the 

increased levels of the AabZIPI transcript (Zhang et al. 2015).  

 Transcription factors that regulate trichome development have been demonstrated to 

increase artemisinin biosynthesis. HOMEODOMAIN PROTEIN 1 (HD1) has been shown to be 

involved in the initiation of trichome development (Yan et al. 2017). An HD1 homolog, AaHD1, 

was cloned from A. annua, and RNAi transgenic lines of AaHD1 were generated. The 

downregulation of AaHD1 decreased not only the trichome density but also artemisinin content by 

36% (Yan et al. 2017). The overexpression of AaHD1 increase 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 be involved in the regulation of glandular trichome initiation by JA 

induction (Yan et al. 2017). AaHD8, another HOMODOMAIN PROTEIN homolog, is an 

Homeodomain-leucine zipper (HD-ZIP) IV transcription factor that is also involved in glandular 

trichome initiation. A previous study showed that AaHD8 enhanced the promoter activity of 

AaHD1 (Yan et al. 2018). Like AaHD1, the AaHD8 RNAi and overexpressed transgenic lines were 

reported to decrease and increase trichome density, respectively (Yan et al. 2018).  

Meanwhile, gene expression analysis were reported to show that AaHD8 expression 

patterns were associated with cuticle formation (Yan et al. 2018). Furthermore, AaHD8 was 

reported to interact with AaMIXTA1, a transcription factor that regulates the initiation of glandular 

trichomes and cuticle formation (Yan et al. 2018; Shi et al. 2018), suggesting a possible complex 
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formed by AaHD8 and AaMIXTA1 to initiate trichome development and enhancing artemisinin 

biosynthesis (Yan et al. 2018).  

AaGSW1, is a glandular trichome specific WRKY transcription factor. It was shown to 

bind to the promoter of CYP and its overexpression was reported to increase the artemisinin content 

by 55-100% in transgenic lines (Chen et al. 2017).  In addition, JA and ABA treatments were 

shown to upregulate the expression of AaGSW1 (Chen et al. 2017). This regulation resulted from 

the activation of the AaGSW1 promoter by the JA responsive AaMYC2 and ABA responsive 

AaZIP1 transcription factors (Chen et al. 2017).  

SQUAMOSA Promoter-Binding Protein-Like (SPL) transcription factors have been 

reported to regulate artemisinin biosynthesis. SPL family members are known to regulate plant 

development, and secondary metabolism (Lv et al. 2019). An AaSPL2 homolog was cloned from 

A. annua. The AaSPL2 overexpression was reported to increase the artemisinin and 

dihydroartemisinic acid contents by 33-86% and 26-159% in transgenic A. annua plants, 

respectively (Lv et al. 2019). Binding experiments showed that AaSPL2 targeted the promoter of 

DBR2, regulating its expression (Lv et al. 2019).  

TEOSINTE BRANCHED I/CYCLOIDEA/PROLIFERATING CELL FACTOR 14 

(AaTCP14) is a JA-responsive transcription factor (Ma et al. 2018b). Overexpression and RNAi 

were carried out to understand its function associated with artemisinin biosynthesis in A. annua. 

In the overexpression lines, artemisinin and dihydroartemisinic acid content were increased by 80 

to 120% and 10 to 120%, respectively, while in RNAi lines, the contents of these two compounds 

were decreased by 19 to 25% and 20 to 72%, respectively (Ma et al. 2018b).  

Gene expression profiling showed that the expression levels of four artemisinin pathway 

genes (i.e. ADS, CYP, DBR2, and ALDH1) and four transcription factors (i.e.AaWRKY1, AaMYC2, 
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AaGSW1 and AaORA) were upregulated in AaTCP14 overexpression lines  (Ma et al. 2018b). By 

contrast, these genes were transcriptionally downregulated in RNAi lines (Ma et al. 2018b). 

Mechanistic studies revealed that AaTCP14 activated DBR2 and ALDH1 transcription by binding 

to both of their promoters (Ma et al. 2018b). Furthermore, AaTCP14 and AaORA were found to 

regulate artemisinin biosynthesis synergistically. When the two genes were co-expressed, their 

overexpression  led to a higher production of artemisinin (Ma et al. 2018b).  

ELONGATED HYPOCOTYL 5 (HY5) is a key regulator in plant light signaling 

(Osterlund et al. 2000; Gangappa and Botto 2016; Chattopadhyay et al. 1998).  As mentioned 

above, light plays a role in enhancing artemisinin content. To understand whether HY5 is involved 

in artemisinin biosynthesis, AaHY5, was isolated from A. annua and was introduced into the A. 

thaliana HY5 mutants to restore the light signaling pathway (Hao et al. 2019). AaHY5 was further 

overexpressed and knocked out in A. annua.  

The overexpression of AaHY5 led to the increase of artemisinin and dihydroartemisinin 

contents 2-fold, while the RNAi based knockout led to the reduction 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 activating the AaGSWI promoter (Hao et al. 

2019). These reports collectively demonstrate the regulation of artemisinin biosynthesis by 

transcriptions factors may play significant roles in the metabolic engineering of artemisinin in 

planta (Fig. 2).  

 

Flavonoid Biosynthesis in A. annua  

Flavonoids have been reported to work synergistically with artemisinin to inhibit P. 

falciparum. To date, numerous flavonoids have been isolated from A. annua, such as  artemetin, 
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quercetin, eupatorin, chrysoplenetin, castacin, chrysosplenol-D, and chrysosplenol-D that are 

considered to enhance the antimalarial activity of artemisinin (Ferreira et al. 2010).  A. annua 

extracts were reported to inhibit the activity of cytochrome P450 monooxygenases that metabolize 

the drug in the human liver, thus leading to increased availability of artemisinin (Svensson and 

Ashton 1999; Van Agtmael et al. 1999). In addition, A. annua extracts were reported to decrease 

the CYP3A4 activity (de Magalhães et al. 2012).  

Although which candidates enhance the availability of artemisinin is unknown, these data 

show promising evidence of A. annua flavonoids for strategic development in malarial treatment. 

In addition to flavonoids, phenolic acids are potential metabolites for enhancement of malarial 

treatment. The A. annua extracts containing rosmarinic acid were reported to have potent anti-

inflammatory activity, and was proposed to help reduce anti-inflammatory effects caused by 

malaria (de Magalhães et al. 2012).  

Although additional research is necessary to understand anti-malarial activities of plant 

flavonoids, plant based artemisinin combination therapy demonstrated that a dose of dried leaves 

was five times more effective at treating malaria than the pure drug (Elfawal et al. 2012a). Drug 

delivery studies showed that when the plant material was consumed, more artemisinin molecules 

were observed to enters the blood stream, suggesting that the plant matrix positively influences 

the drugôs availability (Weathers et al. 2011; Weathers et al. 2014). Another study showed that 

leaf extract consumption increased artemisinin transportation rates across the intestinal epithelium, 

and enhanced the bioavailability of artemisinin when compared to the pure drug (Desrosiers and 

Weathers 2018).  

In contrast with these reports, a recent study showed that flavonoids had no anti-plasmodial 

activity or synergy with artemisinin (Graham et al. 2019). Although different labôs results are 
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currently inconsistent, more research is required to understand the potential roles of flavonoids in 

antimalarial treatments along with its synergy with artemisinin. To date, despite the potential 

synergic partnership between artemisinin and flavonoids for malaria, little is known about 

flavonoid biosynthesis in A. annua.  

Flavonoids are synthesized from the phenylpropanoid pathway from phenylalanine 

produced from the shikimate pathway (Ritter and Schulz 2004) (Fig 3). Phenylalanine ammonia-

lyase (PAL) converts phenylalanine to cinnamic acid (Koukol and Conn 1961), which is converted 

to coumaric acid by cinnamate-4-hydroxylase (C4H) (Urban et al. 1994). In addition, cinnamic 

acid is an substrate of  salicylic acid, a signal phenolic molecule that has been reported to induce 

artemisinin, artemisinic acid and dihydroartemisinic acid biosynthesis (Sadeghi et al. 2013; Pu et 

al. 2009; Aftab et al. 2010).  

An AaPAL1 gene was cloned from A. annua. This gene was shown to be induced in 

response to wounding, salicylic acid treatment, salinity and drought  (Zhang et al. 2016). In vitro 

assays reported  that recombinant AaPAL1 converted phenylalanine to cinnamic acid (Zhang et 

al. 2016). Whether AaPAL1 can help the production of salicylic acid remains unknown. This study 

is interesting because endogenous 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 form 4-coumaroyl CoA (Knobloch 

and Hahlbrock 1977). These two genes have not been cloned from A. annua.  

Chalcone synthase (CHS) condenses three molecules of malonyl CoA one to 4-coumaroyl 

CoA to form naringenin chalcone (Ferrer et al. 1999). This condensation reaction is the first 

committed step specifically to the flavonoid biosynthesis (Schmid et al. 1990). This gene has not 

been cloned from A. annua. Chalcone isomerase (CHI) cyclizes naringenin chalcone to naringenin 
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(Jez et al. 2000). To date, three CHI genes have been identified in A. annua named CHI1, 2, and 

3, respectively, although their function has not yet been characterized (Graham et al. 2010).  

Recently, Ma et al. isolated a new AaCHI gene from A. annua and gene expression profiling 

revealed its transcript mainly in floral tissues (Ma et al. 2019). It was interesting that the 

overexpression of the gene in A. annua led to an increase in expression levels of ADS, CYP71AV1, 

and DBR2 and significantly increased the artemisinin content in transgenic plants compared to the 

WT (Ma et al. 2019). Although the mechanism is unknown, the data provided an interesting 

phenomenon that a CHI gene can perform regulatory functions affecting artemisinin biosynthesis 

(Ma et al. 2019).  

A flavanone 3-hydroxylase gene, named AaF3H has been cloned from A. annua.  The F3H 

protein, along with flavonoid 3ô-hydroxylase (F3ôH), is involved in the hydroxylation of the 

flavanone naringenin at either the 3 or 3ô position, to form dihydroflavonols (Forkmann et al. 

1980). AaF3H was identified from a cDNA library using a cDNA-Amplified Fragment Length 

Polymorphism method from high and low anthocyanin producing cultivars (Xiong et al. 2016). 

Gene expression revealed that the transcript of AaF3H was higher in the high-anthocyanin cultivar 

than in the lower one. Further in vitro analysis revealed its catalytic activity to hydrolyze 

naringenin (flavanone) to dihydrokaempferol (Xiong et al. 2016). The overexpression of AaF3H 

also increased anthocyanin contents in A. annua. In comparison, F3ôH still remains for future 

studies.  

In the next step of the flavonoid pathway, dihydroflavonols serve as substrates to produce 

flavonols and Leucoanthocyanidins (Pelletier et al. 1997; Holton et al. 1993). RNA-seq 

comparative transcriptomic analysis was used to identify flavonoid pathway genes from wild type 

plants and red mutant calli that produce high levels of flavonoids (Liu et al. 2017). A flavonol 
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synthase 1 (AaFLS1) gene was cloned from A. annua (Liu et al. 2017). In vitro enzyme assays 

demonstrated that recombinant AaFLS1 protein expressed from E. coli converted 

dihydrokaempferol to kaempferol (Liu et al. 2017). An ectopic expression in tobacco (N. tabacum) 

was coupled with feeding naringenin to transgenic leaves (Liu et al. 2017). The feeding results 

showed the formation of kaempherol, demonstrating the catalytic activity in planta (Liu et al. 

2017). This data molecularly and biochemically demonstrates the formation of flavonols in A. 

annua.  

Dihydroflavonol reductase (DFR) converts dihydroflavonols to leucoanthocyanidins 

(Fischer et al. 1988), and anthocyanidin synthase (ANS) further converts leucoanthocyanidins to 

produce anthocyanidins (Wilmouth et al. 2002). Anthocyanidins can be modified further 

(glycosylation, acylation, methylation, etc.) to produce diverse anthocyanin structures (Boss et al. 

1996; Tohge et al. 2005). To date, DFR and ANS homologs have not been cloned and functionally 

characterized from A. annua, although candidate genes have been identified and are publicly 

available (Shen et al. 2018). The characterization of these two genes is necessary to fully 

understand the plant flavonoid pathway in A. annua.  

In addition to pathway genes, light has been shown to influence plant flavonoids in A. 

annua. Fifteen-day-old plantlets treated with UV-B radiation were reported to produce chlorogenic 

acid, cynerin, caffeic acid, rutin, p-coumaric acid, quercetin, coumerin, luteolin, isoquercetin, 

kaempferol, and leteolin-7-O-glucoside, indicating that this treatments plays purported roles in 

flavonoid regulation (Pandey et al. 2019).  

Gene expression analysis showed that AaPAL1 was significantly up-regulated in UV-B 

treated plantlets (Pandey et al. 2019). To elucidate the up-regulation of AaPAL1 under UV-B 

induction, bisulfite-sequencing PCR was used to characterize the AaPAL1 promoter (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 region. These data suggest that UV-B induced overexpression of 

the AaPAL1 gene is epigenetically regulated in A. annua (Pandey et al. 2019). This data provides 

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

 

Future Perspectives 

Although the artemisinin pathway is well elucidated, more efforts are needed to understand 

the relevance of other candidates, such as CPR2, to artemisinin biosynthesis (Addendum I). These 

candidates may serve as key gens for synthetic biology to optimize artemisinin content. In addition 

to understanding 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 located to glandular trichomes cells (Chapter 4), more effort is required 

to identify which non-glandular trichome cells make artemisinin.  

 Inducing environmental factors and hormones have been proven be good alternatives to 

increasing content in planta. Although different wavelengths of light have been demonstrated to 

increase artemisinin in A. annua, no reports have mentioned how different white light conditions 

impact artemisinin biosynthesis (Chapter 7). Understanding how different shaded conditions affect 

biosynthesis and A. annua growth can provide a cheaper alternative to increasing content in planta 

since light has been shown to have a positive influence on artemisinin biosynthesis. Although 

synthetic or molecular approaches for metabolic engineering has not yet been reported to provide 

success in supplying the demand for ACT, previous reports have showed promising results for 

potential in increasing artemisinin availability.  
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 In addition, we investigated the flavonoid biosynthesis in A. annua due to the potential 

synergy between artemisinin and flavonoids for malarial treatment. Although flavanols and 

flavones have been proposed to work synergistically with artemisinin, there are no reports of the 

potential synergy between anthocyanins and artemisinin. In addition, no anthocyanins have ever 

been reported from A. annua. In Chapter 6, we address the potential crosstalk between these two 

distinct pathways, to see if the production of anthocyanins in A. annua cells impact artemisinin 

production so that we can test for anti-plasmodial activity in future experiments.  
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Figures  

 

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 Artemisinin. The artemisinin biosynthetic 

pathway is localized in the cytosol. A key enzyme involved in the early step of the mevalonate 

pathway is HMG-CoA Reductase (HMGR). The building blocks of this pathway are isopentyl 

pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP). IPP can also be derived from 

the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway localized in the pathway. Enzymes 

involved in the artemisinin pathway are: Amorpha-4,11-diene synthase (ADS), Cytochrome p450 

Monooxygenase 71AV1 (CYP), Cytochrome p450 Reductase (CPR), Cytochrome b5 (CYB5), 

Alcohol Dehydrogenase (ADH1), Double Bond Reductase 2 (DBR2), Aldehyde Dehydrogenase 

(ALDH1), and Dihydroartemisinic aldehyde reductase (RED1). The transcription factors proposed 

to regulate artemisinin biosynthesis by binding to the promoter of relevant genes are italicized. 

They are: Ethylene-responsive Element Binding Factor 1 (AaERF1), Ethylene-responsive Element 

Binding Factor 2 (AaERF2), Octadecanoid-derived Responsive AP2-domain protein (AaORA), 

Trichome and Artemisinin Regulator 1 (TAR1), MYC proto-oncogene, bHLH (AaMYC2), basic 

Leucine Zipper Domain 1 (AabZIP1), Glandular trichome specific WRKY 1 (AaGSW1), 

SQUAMOSA Promoter-Binding Protein-Like (AaSPL2), and TEOSINTE BRANCHED 

I/CYCLOIDEA/PROLIFERATING CELL FACTOR 14 (AaTCP14). The transcription factors 

highlighted in red indicate their regulation of CYP specifically. 
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Figure 3. The Biosynthetic Phenylpropanoid Pathway toward Flavonoids in Plants. The 

enzymes involved in the phenylpropanoid pathway are phenylalanine ammonia lyase (PAL); 

cinnamate 4-hydroxylase (C4H); 4-coumaroyl CoA ligase (4CL); chalcone synthase (CHS); 

chalcone isomerase (CHI); flavanone 3-hydroxylase (F3H); flavanoid 3ô-hydroxylase (F3ôH); 

dihdroflavonol reductase (DFR); anthocyanidin synthase (ANS); 3-glucosyltransferase (3-GT).  
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