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Abstract

Main conclusion This review analyses the most recent scientific research conducted for the purpose of enhancing arte-
misinin production. It may help to devise better artemisinin enhancement strategies, so that its production becomes
cost effective and becomes available to masses.

Abstract Malaria is a major threat to world population, particularly in South-East Asia and Africa, due to dearth of effec-
tive anti-malarial compounds, emergence of quinine resistant malarial strains, and lack of advanced healthcare facilities.
Artemisinin, a sesquiterpene lactone obtained from Artemisia annua L., is the most potent drug against malaria and used in
the formulation of artemisinin combination therapies (ACTs). Artemisinin is also effective against various types of cancers,
many other microbes including viruses, parasites and bacteria. However, this specialty metabolite and its derivatives gener-
ally occur in low amounts in the source plant leading to its production scarcity. Considering the importance of this drug,
researchers have been working worldwide to develop novel strategies to augment its production both in vivo and in vitro. Due
to complex chemical structure, its chemical synthesis is quite expensive, so researchers need to devise synthetic protocols
that are economically viable and also work on increasing the in-planta production of artemisinin by using various strategies
like use of phytohormones, stress signals, bioinoculants, breeding and transgenic approaches. The focus of this review is to
discuss these artemisinin enhancement strategies, understand mechanisms modulating its biosynthesis, and evaluate if roots
play any role in artemisinin production. Furthermore, we also have a critical analysis of various assays used for artemisinin
measurement. This may help to develop better artemisinin enhancement strategies which lead to decreased price of ACTs
and increased profit to farmers.
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Introduction Artemisinin was discovered in 1972 as a part of Project 523

by screening traditional Chinese medicinal recipes and lit-

Artemisia annua L. belonging to the family Asteraceae is
the major source of artemisinin (Qinghaosu), an efficient
and promising antimalarial drug synthesized in the glandular
trichomes of the aerial parts of the plant (Salehi et al. 2018).
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erature (Miller and Su 2011). Artemisinin-based combina-
tion therapies (ACTs) are currently endorsed for the treat-
ment of malaria caused by Plasmodium falciparum (WHO
2006). The treatment and control of malaria is hindered by
the occurrence of various and newly emerging multi-drug-
resistant strains of P. falciparum (Korenromp et al. 2003).
The phytomolecule artemisinin, a sesquiterpene lactone
characterized by the presence of an endoperoxide bridge
(Luo and Shen 1987) is very effective against chloroquine
resistant strains of P. falciparum malaria (Enserink 2005;
Liu et al. 2006). Artemisinin and its derivatives are not only
effective against malaria, but also against various types of
cancers and tumors (Efferth 2017), some viruses (Efferth
et al. 2008; Efferth 2018) including SARS-CoV-2 (Nair
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et al. 2021), tuberculosis (Martini et al. 2020; Zheng et al.
2017), and many other parasites including Schistosoma sp.
(Munyangi et al. 2018), Leishmania sp. (Mesa et al. 2017),
Borrelia burgdorferi (Feng et al. 2015), and Trypanosoma
sp. (NaB and Efferth 2018). Artemisinins are widely used in
the form of herbal preparations in traditional medicine, to
treat intermittent fevers. The role of artemisinin in the treat-
ment of malaria was established in the 1970s with the redis-
covery of this life saving drug, called ginghao in Chinese
(Hsu 2006). Artemisinin is also effective against the strains
of Plasmodium sp. responsible for causing cerebral malaria
(Abdin and Alam 2015) and other less lethal malaria species
including P. vivax, and P. ovale.

Besides infectious diseases, artemisinin is also effica-
cious against a number of chronic conditions including
fibrosis (Zeng et al. 2015; Dolivo et al. 2020), colitis (Sun
et al. 2019) and inflammation (Shi et al. 2015). Antifibrotic
mechanisms of artemisinin include inhibition of angiogen-
esis, ECM deposition, differentiation of myofibroblasts, and
downregulation of profibrotic genes (see review by Dolivo
et al. 2020). Activity against inflammation occurs mainly via
the MAPK and NF-xB pathways and even per os Artemisia
annua is effective (Desrosiers et al. 2020).

The amount of artemisinin in A. annua L. is generally
low (0.01-1.5% dry weight), which restricts commerciali-
zation of this product (Bhakuni et al. 2001; Darki et al.
2019). The scarcity and the high cost of this drug in the
developing world makes it a topic of worldwide research.
Due to low artemisinin content in A. annua plants and being
the major source of artemisinin extraction, the global arte-
misinin cost is quite volatile, for example, ranging in 2011
from US$896.7/kg to US$221.6/kg in 2015 (https://www.
360marketupdates.com/global-artemisinin-market- 14845
688 last accessed Sept. 28, 2020). The increased incidence
of drug-resistant malarial strains throughout the world, has
resulted in an increase in the demand for artemisinin, which
is projected to grow from 176 metric tons (MTs) in 2017 to
218 MTs in 2021, almost a 25% increase in demand (https://
unitaid.org/assets/Global-malaria-diagnostic-and-artem
isinin-treatment-commodities-demand-forecast-2017-%E2%
80%93-2021-Report-May-2018.pdf Last accessed Sept. 28,
2020). A major hindrance in coping with this high demand is
the low artemisinin content in A. annua L. plants, so profit-
able commercialization of ACTs is challenging (Arora et al.
2016). The broader potential use of artemisinin will mean
greater demand, so there is need to better understand arte-
misinin production dynamics and to increase its production
in plants (in vivo) or in vitro, by understanding mechanisms
modulating its biosynthesis.

The biosynthesis of artemisinin mainly occurs inside
the 10-celled structures called glandular trichomes, present
in the aerial parts of the plant. These glandular trichomes
have three pairs of secretory cells and are characterized by
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high expression of genes associated with secondary metab-
olism including artemisinin biosynthesis genes (Olsson
et al. 2009). The amount of artemisinin varies in different
cultivars of A. annua. Its content is also responsive to the
stage of development (reaching its peak during flowering),
light intensity, and the harvest time (Laughlin et al. 1994;
Towler and Weathers 2015). Artemisinin production is also
affected by environmental factors like chilling stress (Feng
et al. 2009), salinity stress (Qureshi et al. 2005), elicitation
(Mannan et al. 2010), irradiation (Wang et al. 2001), water
stress (Yadav et al. 2014) and soil types and humidity (White
2008). The chemical synthesis of artemisinin (total synthe-
sis and partial synthesis) was also reviewed by Wang et al.
(2014) and Paddon and Keasling (2014) to highlight major
advances and it has been suggested that researchers need
to devise new innovative techniques of chemical synthesis
of artemisinin. Enhancement of artemisinin production in
the whole plant is recommended because despite recent
advances and improved process design (Sixt et al. 2018),
chemical synthesis of artemisinin remains costly (Wang
et al. 2014). The goal has been to take costs to <US$0.50
for a full course of treatment (Eastman and Fidock 2009).

New scientific methods need to be devised for artemisinin
production, keeping in mind the manufacturing cost, in order
to make it accessible to the masses. The effectiveness of
artemisinin in the treatment of various kinds of diseases lies
in its complex chemical structure, which is also the major
hindrance in its chemical synthesis for commercial purposes.
Thus, the best way to reduce the gap between its supply and
its demand is to increase its yield in the main source plant, A.
annua L., by coordinating various yield enhancement strat-
egies. The focus of this review is to recapitulate the major
and latest scientific advances for enhancement of artemisinin
in vivo as well as in vitro, so that supply meets demand to
save lives of even the neediest of people.

Artemisinin enhancement strategies
Transgenic approaches

Transgenics of a number of species of Artemisia have been
produced either by introduction of novel genes or by improv-
ing expression of endogenous pathways in order to modify
the biosynthesis of artemisinin (Ikram and Simonsen 2017).
The artemisinin biosynthetic pathway (Fig. 1) is catalyzed
by certain key genes that are differentially expressed in vari-
ous parts of the plant. These include HMGS (HMG-CoA
synthase), HMGR (HMG-CoA reductase), DXR (1-deoxy-D-
xylulose 5-phosphate reductase), DXS (I-deoxy-D-xylulose
5-phosphate synthase), FPS (farnesyl pyrophosphate syn-
thase), CYP71AVI (cytochrome P450 mono-oxygenase),
ADS (amorpha-4, 11-diene synthase), DBR2 (artemisinic
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aldehyde delta-11(13)-double bond reductase) and ALDH1
(alcohol dehydrogenase 1) (Abdin et al. 2003). Various
genes involved in artemisinin biosynthesis including FPS,
ADS and other associated genes involved in certain competi-
tive pathways like squalene synthase (SQS) have been suc-
cessfully cloned into A. annua (Matsushita et al. 1996; Mer-
cke et al. 2000; Yan et al. 2003). Artemisinin content can be
enhanced by over-expressing artemisinin biosynthetic genes,
by over-expressing transcription factors of genes involved in
artemisinin biosynthesis, or by blocking key genes of path-
ways competitive to artemisinin biosynthesis.
Artemisinin, derived from the condensation of three
5-carbon isoprenoid molecules originating from both plas-
tid as well as cytosol (Schramek et al. 2010; Towler and
Weathers 2007), and HMGR is one of the key regulatory
enzymes involved in shunting HMG-CoA into the meva-
lonate arm of the isoprenoid pathway (Ram et al. 2010). In
the plastidic non-mevalonate pathway, DXR catalyzes the

first step of 5 carbon isoprenoid synthesis by synthesizing
2-C-methyl-D-erythritol-4-phosphate from 1-deoxy-D-xylu-
lose-5-phosphate. When an HMGR gene from Catharanthus
roseus was transferred into A. annua, resulting transgenic
lines had higher HMGR activity compared to the wild type;
artemisinin levels increased 22.5-38.9% compared to wild
type (Nafis et al. 2011). HMGR also proved beneficial in
synthetic biosynthesis of artemisinin in Saccharomyces cer-
evisiae. When three copies of HMGR were introduced from
A. annua into S. cerevisiae, significantly more artemisinic
acid was produced than from single gene copies (Paddon
et al. 2013). Artemisinin biosynthesis was improved 7.65-
fold through co-transformation of both ADS and HMGR in
A. annua (Alam and Abdin 2011) and also by over-expres-
sion of both FPS and HMGR in A. annua (Wang et al. 2011).

DXR is another key regulator of artemisinin biosynthe-
sis as confirmed by fosmidomycin treatment, an MEP path-
way blocker (Towler and Weathers 2007), which inhibits
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the conversion of DXP (1-deoxy-D-xylulose-5-P) into MEP
(2-C-methyl-D-erythritol-4-phosphate). Treating A. annua
plants with fosmidomycin at 100 uM for 14 days decreased
artemisinin content by 25% compared to controls (Towler
and Weathers 2007). Those inhibition studies were con-
firmed by isotopologue profiling by Schramek et al. (2010).
The DXR locus co-localizes with the QTL affecting con-
centration and yield of artemisinin (Graham et al. 2010).
Xiang et al. (2012) reported about two-fold more artemisinin
in transgenic A. annua in which the DXR gene was over-
expressed using a CaMV35S promoter. Together these
results indicate that both HMGR and DXR genes are impor-
tant in the artemisinin biosynthetic pathway and thus can be
used in increasing its production.

The three C5 isoprenoid units produced by the action of
HMGR and DXR are condensed by FPS to produce FPP
(farnesyl diphosphate), a 15-carbon compound that acts as a
branch point from which different types of products are pro-
duced. A. annua transgenic lines with FPS over-expression
showed a three-fold increase in artemisinin (Banyai et al.
2010a; Chen et al. 2000). Transgenic plants produced by
introduction of a heterologous FPS gene from Gossypium
arboreum resulted in 2-3 times more artemisinin com-
pared to non-transgenic plants (Chen et al. 2000). However,
introduction of multiple copies of the FPS gene resulted in
decreased artemisinin production, and less than wild type
(Banyai et al. 2010a).

FPP is converted into amorpha-4,11-diene by ADS and
the pathway is now committed to artemisinin biosynthesis
(Bouwmeester et al. 1999). Overexpression of ADS also
up-regulates artemisinin biosynthesis. Gas Chromatogra-
phy X Gas Chromatography — Mass Spectrometry results of
transgenic plant lines with overexpression of ADS showed
that the contents of artemisinic acid, dihydroartemisinic acid
and artemisinin were increased by about 65, 59 and 82%
respectively, as compared to the control transgenic line (Ma
et al. 2009a). Feedback inhibition of artemisinin biosynthe-
sis can also occur. Plants sprayed with artemisinic acid had
reduced ADS transcripts of ADS A. annua (Arsenault et al.
2010).

Amorpha-4,11-diene is converted into artemisinic acid
by a three-step oxidation through intermediates artemisinin
alcohol and artemisinic aldehyde, catalyzed by the P450
CYP71AV1. CYP71AV1 is co-expressed with cytochrome
P450 oxidoreductase (CPR) and CYP71AV1 activity
requires CPR as a reducing companion (Ro et al. 2006).
The introduction of cloned CPR and CYP71AV1 genes into
A. annua with a CaM V35S promotor increased artemisinin
by 38% compared to the WT (Xiang et al. 2012). The co-
overexpression of CYP71AVI, CPR and FPS resulted in 3.6-
fold higher artemisinin in the transgenic line (Chen et al.
2012). Over and co-expression of artemisinin biosynthetic
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pathway genes, therefore, seem to have a promising impact
in increasing artemisinin production.

Plant specialty (aka, secondary) metabolite biosynthetic
pathways are also regulated by transcription factors that con-
trol the genes coding for enzymes in the pathways (Tang
et al. 2014). The first isolated and characterized transcription
factor from A. annua, AaWRKY 1, binds to W boxes (TTG
ACC) in both CYP71AVI and ADS promoters thereby acti-
vating key genes involved in artemisinin biosynthesis (Ma
et al. 2009b). AaWRKY1 over-expression results in about
fourfold increase in artemisinin content compared to the
control (Tang et al. 2014). Yu et al. (2012) reported that
AaERF1 and AaERF?2, jasmonate (JA) responsive transcrip-
tion factors, positively regulate ADS and CYP71AVI genes
yielding enhanced artemisinic acid and artemisinin content.
A trichome specific transcription factor AaORA in A. annua
also regulates the expression of certain genes. AaORA over-
expression in A. annua driven by the CaMV35S promoter
increases dihydroartemisinic acid and artemisinin levels by
up-regulating expression of ADS, DBR2, CYP71AV1, and
AaERFI. AaORA down-regulation by hairpin-mediated
RNAI decreased dihydroartemisinic acid as well as arte-
misinin. Zhou et al. (2020) identified an MYB transcription
factor, AaTAR2 which acts as a positive regulator of glandu-
lar trichome initiation and development, and its over-expres-
sion resulted in increased artemisinin content. Recently, Qin
et al. (2021) isolated and characterized another glandular
trichome specific transcription factor AaMYBI17 in A. annua.
They reported that AaMYB17 overexpression lines increased
glandular trichome density and artemisinin content, whereas
RNAi of AaMYB17 resulted in decreased glandular trichome
density. These transcription factors, AaWRKYI, AaERF1,
AaERF2, AaORA, and AaMYB17 cloned from A. annua
increase artemisinin levels, so they could be used in creating
various transgenic cultivars with higher artemisinin content
than their wild type parents (Fig. 2).

Most of the studies have identified transcription fac-
tors positively regulating artemisinin biosynthesis whereas
negative regulators are hardly reported. Wu et al. (2021)
identified an R2R3- MYB transcription factor AaMYB15
in A. annua and reported that its over-expression results in
decreased expression of certain key genes ADS, CYP, DBR2,
and ALDH 1. It binds the promoter of AcORA and represses
its activity, which indirectly results in decreased artemisinin
content. So AaMYB15 may also act as a potential candidate
for A. annua germplasm improvement.

As mentioned before, FPP acts as the common precursor
of ADS leading to artemisinin. FPP is also the precursor of
various other sesqui and other larger terpenes as shown in
Fig. 1. This branching is catalyzed by different sesquiter-
pene synthases and branches compete with one another for
FPP carbon. The initial step of sterol biosynthesis, catalyzed
by SQS, acts as a competitor to artemisinin biosynthesis
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Fig.2 Mechanistic illustration showing transgenic methods for
improved artemisinin biosynthesis in A. annua. (ADS amor-
pha-4, 11-diene synthase, ALDHI alcohol dehydrogenase 1, BFS
B-farnesene synthase, CPR cytochrome P450 reductase, CPS
B-caryophyllene synthase, CYP71AVI cytochrome P450 mono-oxy-

(Yan et al. 2003). Suppression of SOS by RNAIi technol-
ogy mediated by hpRNA increased artemisinin content in
transgenic plants while decreasing sterol content including
stigmasterol, campesterol, ergosterol and f-sitosterol in the
transgenic lines (Zhang et al. 2009). The decreased sterol
content did not affect plant growth drastically, so that sug-
gested RNAI is a viable alternate platform for increasing
artemisinin content.

FPP is also converted into f-caryophyllene by the enzyme
B-caryophyllene synthase (CPS). Thus, it also acts against
artemisinin biosynthesis (Cai et al. 2002). Down-regulation
of the CPS gene activity by introduction of an antisense frag-
ment of CPS cDNA into A. annua resulted in a nearly 55%
increase in artemisinin and decreased p-caryophyllene con-
tent (Chen et al. 2011). Therefore, blocking artemisinin com-
petitive pathways also could provide a means for increasing
artemisinin content. Coupled with increased expression of
artemisinin biosynthetic genes and their transcription fac-
tors, these methods appear to be effective without negative
effects on plant growth.

One portion of the biosynthetic pathway that has been
ignored to date, is post dihydroartemisinic acid metabolism

ArtemisininoJ

AaAOC
(Jasmonic acid,
AaPYL9
_Abscisic acid )
CRY1

Overexpressing
indirect biosynthetic
pathway genes

Cryptochrome 1)

genase, DBR?2 artemisinic aldehyde delta-11(13)-double bond reduc-
tase, DXR 1-deoxy-p-xylulose 5-phosphate reductase, DXS 1-deoxy-
D-xylulose 5-phosphate synthase, ECS epicedrol synthase, GAS
Germacrene A synthase, HMGR HMG-CoA reductase, HMGS HMG-
CoA synthase, SOS squalene synthase)

to undesirable non-therapeutic metabolites, e.g. to deoxyar-
temisinin (Fig. 1). Although not frequently measured in A.
annua studies, deoxyartemisinin can account for 7.5-12% of
the total measured artemisinin (Towler and Weathers 2015).
To our knowledge, no enzyme has been identified catalyz-
ing that reaction. Once identified, however, that enzyme
if then blocked could putatively yield a > 10% increase in
artemisinin.

Use of bioinoculants

Bioinoculants impart value in agriculture due to their role
in growth and yield enhancement in various crops (Singh
et al. 2016), so they may also serve to improve growth as
well as artemisinin content and yield in A. annua. Bioinocu-
lants include nitrogen-fixing bacteria and mycorrhizal fungi.
These species can increase plant growth and elicit antioxi-
dant responses whereby specialty metabolites are increased
even under stressful environmental conditions. The inocu-
lation of Streptomyces sp. MTN14 (STR), Bacillus mega-
terium MTN2RP (BM) and Trichoderma harzianum Thu
(TH) individually as well as in groups, results in enhanced
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artemisinin production, with both dual and triple microbe
combinations showing significant results, 20.23-28.57%
and 34.52% increases, respectively, compared to untreated
controls (Gupta et al. 2016). Piriformospora indica (family
sebacinaceae), an endophytic fungus that acts as bioferti-
lizer, bioregulator, and bioprotector against various biotic
and abiotic stresses and increases the productivity of plants,
also increases the artemisinin content in A. annua. A. annua
plants treated with a combination of P. indica and Azotobac-
ter chroococcum showed a two-fold increase in artemisinin
content compared to controls (Arora et al. 2018). The indi-
vidual treatment of A. annua with P. indica or A. chroococ-
cum also resulted in artemisinin enhancement to about the
same extent (Arora et al. 2016).

Mandal et al. (2015) showed that A. annua mutual-
ism with AM fungus Rhizophagus intraradices results in
increased artemisinin accumulation due to enhanced expres-
sion of certain artemisinin biosynthesis genes, namely ADS,
CYP71AVI1, ALDHI and DBR?2 mediated through enhanced
JA levels, most probably due to stimulation of the allene
oxide synthase gene. The mycorrhizal infection increased
glandular trichome density and transcriptional activation of
artemisinin biosynthesis genes. The gene response seemed
to mainly act via the MEP pathway because DXS and DXR
gene expression increased while HMGR did not. Another
AM fungal species of the same genus, R. irregularis, also
had a positive impact on artemisinin content due to increased
glandular trichome density at 40% greater than the control
along with increased guaiacol peroxidase activity for defense
against oxidative stress (Domokos et al. 2018).

In another study, Awasthi et al. (2011) used four species
of AM fungi Glomus, namely G. mosseae, G. aggregatum,
G. intraradices and G. fasciculatum, nitrogen fixing bac-
teria namely Stenotrophomonas spp. and Bacillus subtilis,
and showed that combinations of G. mosseae + Bacillus
subtilis and G. fasciculatum + Bacillus subtilis resulted in a
significant increase in artemisinin content, 26.2 and 24.6%,
respectively, in A. annua. Although common in the environ-
ment (Berg et al. 1999), Stenotrophomonas, is not recom-
mended as a plant or soil amendment because it is also a
recognized MDR human pathogen (Chang et al. 2015). In
another study on A. annua, using AM fungi G. fasciculatum
and G. macrocarpum, either alone or supplemented with
phosphate fertilizer, glandular trichome density increased
significantly, resulting in enhanced artemisinin content,
and the fungal impact was greater than phosphate fertilizer
application in enhancing artemisinin levels (Kapoor et al.
2007). The increased density of these trichomes in myc-
orrhizal plants was posited by Torelli et al. (2000) to be
the result of increased concentrations of certain hormones
like auxins and gibberellins. When G. fasciculatum and G.
macrocarpum, were inoculated on three accessions of A.
annua namely EC 202,429, EC 353,508, and EC 415,012,
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it resulted in significant increase in the concentration of
artemisinin in leaves and certain growth parameters, com-
pared to uninoculated controls. G. macrocarpum resulted
in the highest artemisinin concentration in accessions EC
202,429 and EC 353,508 at 0.178% and 0.221%, respec-
tively, whereas G.s fasciculatum increased artemisinin levels
in accession EC 415,012 by 110% (Chaudhary et al. 2008).
The impact of different AM fungi and certain bacteria on
A. annua demonstrate that these microbes could be used in
developing practically useful methods for artemisinin pro-
duction and may aid in reclamation of marginal lands due to
enhanced nutrient acquisition potential.

Use of phytohormones

Plant growth regulators (PGRs) promote growth and stim-
ulate terpenoid biosynthesis in various kinds of aromatic
plants, which may result in beneficial changes in quality as
well as quantity of terpenoids (Shukla et al. 1992). Terpe-
noid biosynthesis requires energy and carbon for which it is
dependent on primary metabolism, e.g. oxidative pathways
and photosynthesis. Artemisinin production can be increased
in A. annua through the application of certain PGRs like
gibberellins (GAs), abscisic acid (ABA), jasmonic acid
(JA) and salicylic acid (SA) (Inthima et al. 2017; Zhou and
Memelink 2016; Maes et al. 2011; Banyai et al. 2011; Aftab
et al. 2010a, b, 2011b; Pu et al. 2009; Jing et al. 2009). PGR
enhancement of artemisinin, recently reviewed by Lv et al.
(2017), is updated here.

JA application induces artemisinin biosynthesis by
increasing expression of AaMYC2, a transcription factor
that binds to the DBR2 and CYP71AV1 promoters. Using
RNAI, overexpression of AaMYC2 increased expression of
DBR?2 and CYP71AV1 involved in artemisinin biosynthesis
and AaMYC2 suppression decreased artemisinin biosyn-
thesis (Shen et al. 2016). The treatment of A. annua with
MelJA increased expression of four genes namely ADS,
DBR2, CYP71AV1, and ALDH1 involved in artemisinin bio-
synthesis; it also enhanced expression of ERF1 and ORA
transcription factors (Xiang et al. 2015), which are posi-
tive regulators of artemisinin biosynthesis (Yu et al. 2012).
ERFI and ORA expression preceded that of the artemisinin
biosynthetic genes, ADS, DBR2, CYP71AV1, and ALDH]1.
This was not surprising because MeJA activates these tran-
scription factors that in turn activate the biosynthetic genes
(Xiang et al. 2015). Ma et al. (2018) reported that JA pro-
motes artemisinin biosynthesis by enabling formation of the
TCP14-ORA complex, a positive regulator of artemisinin
biosynthesis due to activation of DBR2 and ALDH]I gene
promoters. JA also promotes degradation of the AaJAZ8
repressor, a negative regulator of TCP14-ORA complex for-
mation. Li et al. (2019) showed that JA has a positive impact
on artemisinin biosynthesis due to its stimulatory effect on
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AaBHLH, which in turn induces artemisinin biosynthetic
genes, such as ADS and CYP71AVI. These results suggest
that JA biosynthetic genes such as AdAOC and AaOPR3 and
JA responsive transcription factors such as AaBHLH, ERF1
and ORA have potential for creating transgenic varieties
with increased artemisinin content.

GAss also have a positive regulatory effect on artemisinin
content and yield. Metabolome and transcriptome analysis
by Ma et al. (2020) revealed that GA and UV-B irradia-
tion coordinately promoted artemisinin accumulation in A.
annua by up-regulating key biosynthetic genes like ADS
and CYP71AVI1. Co-overexpression analysis suggested that
certain selected NAC and MYB transcription factors regu-
lated the expression of these genes to enhance artemisinin
production.

SA also improves artemisinin production. Pu et al. (2009)
reported that SA increased artemisinin concentration by up-
regulating transcription of 3-hydroxy-3-methylglutaryl coen-
zyme-A reductase (HMGR), which catalyzes the first step
of the cytosolic arm of sesquiterpene biosynthesis (Fig. 1).
As reported by Lv et al. (2019), SA responsive AaNPR1
interacts with AaTGAG6, which then activates artemisinin
biosynthetic genes like ADS and CYP71AV1 via AaERF1
TF. Together these findings indicate that AaTGA®6 is a
potential target in genetic engineering increased artemisinin
production.

Abscisic acid positively affects artemisinin content and
yield in plants as well as in suspension cultures by increas-
ing expression of certain key artemisinin biosynthetic genes
including ADS, CYP71AVI, DBR2 and ALDH1 (Zehra et al.
2020; Zebarjadi et al. 2018; Jing et al. 2009). Zhong et al.
(2018) reported that ABA modulates artemisinin biosynthe-
sis by regulating ALDH1 gene expression via the AaABF3
transcription factor. ABA also modulates artemisinin bio-
synthesis through AabZIP1 and AaPLY9 TFs (Zhang et al.
2013, 2015). The above results suggest that AaABF3,
AapLY9 and AaBZIP1 could be useful in genetic engineer-
ing A. annua for increased artemisinin content.

Most PGRs are involved in regulating artemisinin pro-
duction in A. annua, so it is reasonable in future studies
to understand crosstalk among these hormones during arte-
misinin regulation, which may prove beneficial in devising
new innovative strategies for artemisinin enhancement.

Stress signal interventions

Besides elicitors and plant growth regulators, various envi-
ronmental stresses like heavy metal pollution, cold, water
(drought and flooding), light, pest and disease damage affect
accumulation of specialty metabolites in plants including
artemisinin in A. annua (Xiang et al. 2019; Hao et al. 2019;
Soni and Abdin 2017; Yin et al. 2008). Specialty compounds
have evolved in plants to provide selective advantage against

competitors, for defense, and are essential for various vital
plant activities. Various stress conditions hamper plant
growth and development and induce oxidative stress leading
to production of reactive oxygen species. At moderate levels,
some of these stress signals boost artemisinin content in A.
annua. On the other hand, some, e.g. boron stress, nega-
tively impact growth of A. annua plants and induce oxida-
tive stress. Boron elevated the activity of various antioxidant
enzymes like catalase, peroxidase and superoxide dismutase.
The concentration of artemisinin increased by applying a
moderate dose (1 mM), however, higher doses of boron
decreased artemisinin content (Aftab et al. 2010c). Although
there are soils contaminated with heavy metals like Cd and
As, and these increase artemisinin levels in plants (Zhou
et al. 2017; Naeem et al. 2019), these approaches are neither
safe nor practical and should not be encouraged for use in
increasing artemisinin in A. annua.

Salinity also has an impact on artemisinin production.
Vashisth et al. (2018) reported a 14.68% increase in arte-
misinin content in A. annua plants under salt stress. They
suggested that dihydroartemisinic acid acts as a free radi-
cal scavenger, helping to quench increased singlet oxygen,
resulting in enhancement of artemisinin as the stable end
product (Yang et al. 2010). Treatment of A. annua seedlings
with 4-6 g/l NaCl increased artemisinin content by 2-3%
(w/w) compared to untreated controls that had 1% arte-
misinin content (Qian et al. 2007). The salt stress increase in
artemisinin however, may be growth stage specific. Qureshi
et al. (2005) showed that 160 mM salt treatment enhanced
artemisinin content during early growth phases, posited as
the result of non-enzymatic conversion of artemisinic acid
into artemisinin due to increasing oxidative stress. However,
that is unlikely because artemisinic acid is not an in vivo
precursor to artemisinin (Fig. 1). During the later stages,
the artemisinin content decreased. Moderate salinity stress
(50 and 100 mM NaCl) along with SA treatment improved
the artemisinin content by 18.3 and 52.4% respectively, with
its content decreasing at 200 mM NaCl (Aftab et al. 2011a).

Temperature also affects the biosynthesis of artemisinin.
Liu et al. (2017) reported that low temperature treatment of
Artemisia plants at 4 °C for 12 to 48 h increased artemisinin
content compared to levels at 0 h. This increase appeared
to be the result of an increase in endogenous JA, due to
activation of JA biosynthetic genes like LOX1, LOX2, JARI
and AOC responding to cold stress. The increase in endog-
enous JA in turn led to enhanced expression of JA-respon-
sive transcription factors, namely octadecanoid-responsive
AP2/EREF, ethylene response factor 1, and ethylene response
factor 2. These transcription factors act as transcriptional
activators of artemisinin biosynthetic genes including ADS,
DBR2, CYP71AVI,and ALDH]I (Liu et al. 2017). Expression
of these genes occurs in a coordinated manner under low
temperature, hinting at the participation of certain specific
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transcription factors in regulating artemisinin biosynthesis
under such conditions (Xiang et al. 2019). The bHLH tran-
scription factors, mainly ICEs (inducers of CBF expression)
induced by the cold are crucial for cold stress tolerance (Fur-
sova et al. 2009), but their role in terpenoid biosynthesis
has not been validated. In A. annua two bHLH transcription
factors, AabHLHI1 (Ji et al. 2014) and AaMYC2 (Shen et al.
2016) are positive regulators of artemisinin biosynthesis
suggesting they may play a role in artemisinin regulation in
response to cold stress.

Breeding approaches

To ensure adequate global supply, continuous efforts are
afoot to enhance artemisinin production in native A. annua
plants that are currently its main commercial source. The
most malaria-affected regions of the world are Africa and
South-East Asia, with 95% of the 405,000 malaria deaths
in 2018 occurring in Africa (https://www.who.int/news-
room/feature-stories/detail/world-malaria-report-2019 Last
accessed Sept. 28, 2020). These developing regions of the
world lack advanced infrastructure, but are skilled at agri-
culture. To increase the supply of artemisinin, the cultivation
of A. annua could be integrated with various breeding tech-
niques involving conventional as well as new biotechnologi-
cal approaches (Czechowski et al. 2020). Another reason for
increasing the in planta artemisinin content is that dry leaf
consumption of A. annua is showing efficacy in human trials
(Daddy et al. 2017; Munyangi et al. 2019) and seems resil-
ient against the evolution of artemisinin drug resistance as
maybe shown in humans (Daddy et al. 2017) and in Plasmo-
dium yoelii-infected mice (Elfawal et al. 2015). Therefore,
in planta production and consumption of artemisinin may
prove more effective as a malaria treatment.

Non-transgenic breeding programs have contributed
superior cultivars of A. annua resulting in enhanced arte-
misinin production (Pulice et al. 2016; Ma et al. 2015; Xie
et al. 2016). For example, various hybrid lines with 2% arte-
misinin (w/w) have been created by conventional breeding
methods by crossing A. annua with wild plants having high
artemisinin levels (Cockram et al. 2012). Chromosome dou-
bling also generated a new tetraploid cultivar, code no. 5GC
with high artemisinin content at flower initiation stage (Ban-
yai et al. 2010b). Overall production of artemisinin in other
various cultivars developed in laboratories achieved ~ 1-2%
dry weight (Ferreira et al. 2005; Brisibe et al. 2012). Due
to the heterozygous nature of A. annua, however, not all
published plant lines are stable over generations; even the
transgenic varieties developed in the same laboratory have
varying artemisinin content (Delabays et al. 2001). This
unstable yield is one of the obstacles in meeting the global
artemisinin demand.

@ Springer

To resolve this unstable yield, there are several possi-
ble solutions: mutational breeding, transgenic approaches,
development of a homozygous cultivar via inbreeding to
obtain stable artemisinin producing seed, and clonal propa-
gation of high yielding lines. Modern breeding techniques
such as mutation and molecular breeding have opened new
avenues for crop improvement. Mutation breeding has the
potential to improve one or two characters without effect-
ing the rest of the genotype. A molecular breeding project
known as ‘The CNAP Artemisia Research Project’ at the
Centre for Novel Agricultural Products, University of York,
UK had the aim of producing high yielding, but not geneti-
cally engineered varieties of A. annua. They screened more
than 23,000 parental lines for the desired traits and devel-
oped about 768 hybrid lines, of which the 268 most prom-
ising hybrids were selected for field trials (Graham et al.
2010; Townsend et al. 2013). After rigorous procedures of
selection two hybrid varieties namely Hyb8001r (Zenith)
and Hyb1209r (Shennong) with 54.5 and 36.3 kg/ha arte-
misinin, respectively, were commercially released with
8001r outperforming 12 other cultivars (Suberu et al. 2016).

Glandular trichomes are the canonical sites of arte-
misinin production and their low number is correlated with
decreased artemisinin content (Kjaer et al. 2012). Various
attempts were made to increase the number of glandular
trichomes and in one such study the expression of § glu-
cosidase (bgll) gene in A. annua through Agrobacterium-
facilitated transformation resulted in 66% and 20% increase
in the number of glandular trichomes on flowers and leaves,
respectively, which in turn resulted in 2.56% and 1.4% (w/w)
increase in artemisinin (Singh et al. 2016). More recently,
using an A. annua mutant (glandless, GLS) that produces
no glandular trichomes and no detectable artemisinin (Duke
et al. 1994), non-glandular T-trichomes found in this species
also produced detectable artemisinin (Wang et al. 2016; Judd
et al. 2019) as further detailed in Sect. 2.6.

Exploiting self-pollination for inbreeding of A. annua
resulted in stable and relatively high artemisinin producing
lines (Alejos-Gonzalez et al. 2011). F5 and F6 generation
progeny from such crosses have remained stable in mor-
phological characteristics and artemisinin production sug-
gesting they are probably inbred homozygous lines (Alejos-
Gonzalez et al. 2013). By repeated inbreeding using high
artemisinin producing lines, one could develop a diversity of
stable homozygous cultivars to increase global artemisinin
production.

A. annua plants not only accumulate artemisinin, but
also its precursor dihydroartemisinic acid and artemisinic
acid (Ferreira and Luthria 2010). Based on seasonal and dif-
ferential sesquiterpene accumulation, Ferreira et al. (2018)
suggested that selecting for high dihydroartemisinic acid
and artemisinin but low artemisinic acid can be a useful
approach for selection and breeding to produce plants with
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more efficient conversion of dihydroartemisinic acid into
artemisinin.

To obtain stable plants from unstable, but high arte-
misinin yielding A. annua lines, clonal propagation via
rooted cuttings can be used to maintain high productivity.
Although most in vitro methods of propagation would be
prohibitively expensive and also risk loss of productivity if
cultures dedifferentiate, A. annua readily roots from shoot
cuttings grown in soil for 2-3 weeks. The Weathers lab
recently reported artemisinin levels and total flavonoid con-
tent of the SAM cultivar of A. annua that was propagated at
least annually over 7 yrs only by rooted cuttings and grown
in different soil locations, in pots in growth chambers and
on lighted windowsills (Gruessner et al. 2019). Analysis of
dried leaf samples harvested pre-anthesis over that time had
artemisinin and total flavonoid contents of 1.3 +0.2% and
0.5+0.09% (w/w), respectively. Combining conventional
hybridization and selection with clonal propagation of high
yielding genotypes may also serve as a means of enhanc-
ing artemisinin production. Clonally propagated high arte-
misinin yielding A. annua plants show uniformity and yield
high artemisinin content homogenously as compared to seed
derived plants (Wetzstein et al. 2018).

Genome editing using CRISPR/Cas9

CRISPR/cas9 (clustered regularly interspaced short pal-
indromic repeats/CRISPR-associated protein Cas9) is the
most advanced system for genome editing and can be used
to induce a targeted-mutation (Koerniati and Simanjuntak,
2020). To increase artemisinin content of A. annua, the
expression of the SOS gene must be inhibited. To inactivate
this gene, CRISPR/Cas9 can be used to induce a targeted-
mutation. CRISPR/Cas9 is revolutionizing genome edit-
ing technology with minimal off-targets in the present era.
Genome editing using CRISPR/Cas9 utilizes a 20-bp guide
RNA (gRNA) sequence that uses base pairing to direct Cas9
nuclease to target site and generates double-strand breaks
(DSB). Following DSB is the DNA repair process which
often introduces mutations (Yang et al. 2017). Besides gene
deletions, CRISPR/Cas9 is useful for inserting specific DNA
fragment into target sites and specifically altering the tran-
scriptional activity of genes by fusing transcriptional activa-
tion or repression domains to an inactivated Cas9 (Lowder
et al. 2015). Therefore, from recent research, it is evident
that this technology can be used for creating A. annua lines
for higher artemisinin production.

Do roots hold a key?
Early experiments that measured artemisinin in the in vitro

cultured shoots of A. annua +roots showed there was more
artemisinin in shoots that had roots (Ferreira and Janick

1996). When roots were removed, shoot artemisinin and
arteannuin B declined by 53% and 60%, respectively.
These results were corroborated by Nguyen et al. (2013)
who showed that rooted shoots increased their artemisinin
level mainly by enlarging the glandular trichomes, but not
by increasing their number. In a follow-up study, Wang
et al. (2016) used the glandless A. annua mutant (GLS) in
grafting studies. GLS produces no glandular trichomes and
no detectable artemisinin (Duke et al. 1994). They grafted
GLS shoots onto high producing (~ 1.5% w/w artemisinin)
A. annua cv. SAM roots and GLS shoots subsequently pro-
duced detectable amounts (0.17 mg/g FW) of artemisinin.
Interestingly, the GLS shoots did not produce any detectable
glandular trichomes. GLS does have, however, a plethora
of the T-trichomes and those were posited as the site of the
artemisinin produced in the GLS shoots. Those results were
later corroborated by Judd et al. (2019) who showed that
the non-glandular, T-trichomes in A. annua GLS expressed
the genes responsible for artemisinin biosynthesis. Also
detected were small amounts of artemisinin localized to the
T-trichomes as verified by mass spectrometry image analy-
sis using an, IR-MALDESI system. Together these studies
provide compelling evidence of a root specific signal that
enhances artemisinin biosynthesis, but is not necessarily
localized to the glandular trichomes. Further studies are
needed to identify this signal with the aim of potentially
harnessing it to increase artemisinin biosynthesis in not only
glandular, but also non-glandular trichomes.

Are high technology solutions needed?

Traditionally A. annua was used as tea infusion and a recent
positive clinical test in humans (Munyangi et al. 2019) sug-
gested the plant is quite effective at eliminating various
stages of the malaria parasite including gametocytes, which
has been now verified in vitro (Snider and Weathers 2021).
Given that many of the diseases, e.g. malaria, schistosomia-
sis, leishmania etc., that have responded to treatments using
A. annua tea infusions (Munyangi et al. 2018, 2019) or other
forms of directly using the plant, e.g. encapsulated powdered
leaves (Onimus et al. 2013; Mesa et al. 2017) or compressed
leaf tablets (Daddy et al. 2017), obtaining ever increasing
levels of artemisinin may not be as critically needed as pre-
viously considered. Indeed, Desrosiers et al. (2020) showed
that in rats artemisinin distributes in greater quantities to
serum, tissues and organs when delivered from the plant
than as the pure drug, resulting in greater downstream bio-
logical responses, e.g. reduction of inflammation markers
TNF-a and IL-6. Nevertheless, a source of pure drug will
be in demand by the pharmaceutical industry, so A. annua
plantations and/or artemisinin synthesis using yeast, E. coli
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or Physcomitrella patens platforms (Ikram et al. 2017) will
still be needed.

Caveats about artemisinin assays of plant extracts

While evaluating the different artemisinin enhancement
strategies, it is important to be aware of the methods that
investigators use to measure artemisinin content in extracts
of A. annua. There is considerable inconsistency in the
amount of quantified artemisinin present in the extracts
depending on the use of different analytical methods (Lapkin
et al. 2009) and thus researchers need to use more definitive
assays that validate artemisinin content. A TLC method with
p-anisaldehyde staining that is specific for terpenes staining
dark blue can quantify artemisinin, which stains a distinc-
tive fuchsia color (Widmer et al. 2007). TLC can provide
both a phytochemical fingerprint and when compared to
a known standard of artemisinin, can also validate arte-
misinin content in extracts (Widmer et al. 2007; Khan et al.
2015). After scanning a stained TLC plate, also containing
a known amount of standard, artemisinin can be quanti-
fied using Image J that is freely available at NIH (https://
imagej.nih.gov/ij/download.html). Many investigators use
the HPLC Q260 method of analysis, but it can result in false
positives regarding artemisinin mainly because it cannot dis-
tinguish between artemisinin and deoxyartemisinin (Lapkin
et al. 2009; Christen and Veuthey 2001; Smith et al. 2010).
Deoxyartemisinin can account for > 10% of total artemisinin
(Towler and Weathers 2015). Therefore, to provide defini-
tive measurement, and to identify minute impurities (+2%)
more sensitive methods, which use MS detection, e.g. LCMS
(Lapkin et al. 2009) are preferred with lower technology
quantitative TLC methods and artemisinin-specific staining
also an acceptable option.

Conclusions

Although there are different strategies for enhancing arte-
misinin yield, it is still a challenge for any single approach
to meet the global artemisinin demand. Therefore, efforts
to increase the artemisinin production both in vivo and
in vitro continue. Certain strategies like manipulating phy-
tohormone levels, elicitation and breeding of high yielding
varieties have been only modestly effective. Therefore, we
need to look beyond these approaches and use alternatives
like heterologous systems and engineering the metabolic
pathway to increase its production in a cost-effective manner
to fulfill the demand of this desired therapeutic drug against
malaria. The chemical synthesis of artemisinin (both semi
synthesis and total synthesis), over-expression of key bio-
synthetic genes, blocking of competitive pathways through
anti-sense RNA technology, and silencing of negatively
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regulating transcription factors like AaMYB15 could be help-
ful in increasing its production. Similarly, direct consump-
tion of the plant material could prove most cost effective
of all approaches. The sole aim of this review is to help
identify better strategies for artemisinin enhancement, so
that it becomes more available to the common masses. This
could then also encourage research into production of other
pharmaceutical agents.
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