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Abstract

Artemisia annua is a medicinal plant particularly known for the production of a sesquiterpene lactone artemisinin; a specialty
metabolite known for its efficacy in the treatment of malaria by killing different strains of Plasmodium falciparum due to
radicals released upon the cleavage of its endoperoxide motif. Considering these facts and the immense medicinal value
of artemisinin, the enhancement of in planta production of artemisinin is highly desirable. As strigolactones are known to
regulate various aspects of plant growth and development, the effects of foliar spray of different concentrations of synthetic
strigolactone analog GR24 (0, 0.5, 1, 2, 4, and 8 uM) on A. annua were studied. As compared to the control group, the foliar
application of GR24 had a positive impact on general growth, photosynthesis, and other physiological indices with 4 uM
GR24 showing the best results. The results indicate that GR24 application increased the plant biomass and various attributes
related to photosynthesis, like total chlorophyll content, chlorophyll fluorescence, stomatal conductance, internal CO,_and
net photosynthetic rate. Moreover, the activity of various enzymes related to photosynthesis like carbonic anhydrase, nitrate
reductase, and RuBisCO was escalated. The GR24 also improved certain attributes related to glandular trichomes, with a
significant enhancement in content and yield of artemisinin as compared to untreated plants.
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Introduction

Malaria is a global infectious disease caused by different
species of Plasmodium parasite and remains a primary cause
of mortality and morbidity in the developing world. Accord-
ing to World Health Organization (WHO) Malaria report
2020, there were an estimated 229 million malaria cases in
2019 in 87 malaria-endemic countries and about 409,000
malarial deaths worldwide during this period. Malaria is a
curable and preventable disease, provided that the WHO-
recommended guidelines given in the Global technical
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strategy for malaria 2016-2030 are thoroughly followed
(WHO 2021).

Artemisinin, an antimalarial phytomoelcule synthesized
in the glandular trichomes of Artemisia annua L. (Family:
Asteraceae) and characterized by the existence of an endop-
eroxide bridge (Luo and Shen 1987), is very effective against
the chloroquine resistant strains of Plasmodium falciparum
(Liu et al. 2006). Artemisinin based combination therapies
(ACTs), a combination of an artemisinin derivative and a
structurally unrelated synthetic antimalarial partner drug,
are endorsed by WHO as the first and second line of treat-
ment for chloroquine-resistant P. vivax malaria as well as
for uncomplicated P. falciparum malarial strains (WHO
2019). Besides malaria, ACTs are also effective against cer-
tain types of cancers (Efferth 2017), viral infections (Efferth
2018), and several parasitic diseases, like schistosomiasis
(Munyangi et al. 2018). Moreover, the extract obtained from
the dried leaves of A. annua plants has also shown efficacy
in inhibiting the replication of SARS-COV-2 and its two
variants B1.1.7 and B1.351 under in vitro conditions (Nair


http://orcid.org/0000-0002-5927-719X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00344-022-10654-w&domain=pdf

Journal of Plant Growth Regulation (2023) 42:4606-4615

4607

et al. 2021). However, this anti-viral effect did correlate with
artemisinin content and need further study under in vivo
conditions as well. Despite the immense potential of arte-
misinin in combating malaria, drugs based on this are still
not available to millions of people in developing countries,
particularly Africa and South-East Asia due to low arte-
misinin content in planta (Wallaart et al. 1999; Wani et al.
2021). Considering the importance of this plant, substantial
research has been carried out to find ways of escalating the
in planta artemisinin production, as its chemical synthesis is
quite complex and costly. Exogenous application of several
phytohormones has been found to enhance the terpenoid
biosynthesis in many aromatic plants (Shukla et al. 1992),
and numerous studies have shown the impact of exogenous
application of different phytohormones like salicylic acid
(Pu et al. 2009; Aftab et al. 2011a; Kumari et al. 2018),
gibberellic acid (Aftab et al. 2010; Banyai et al. 2011; Chen
et al. 2021), abscisic acid (Zehra et al. 2020), and methyl
jasmonate (Aftab et al. 2011b; Zhou and Memelink 2016) in
artemisinin enhancement. Therefore, this study was carried
out to investigate the impact of exogenous GR24 treatment
on growth, physiology, and artemisinin biosynthesis in A.
annua.

Strigolactones are a group of apocarotenoid compounds
synthesized by enzymatic modifications of carotenoid pre-
cursors, which were first found to induce seed germination
of some parasitic plants (Kohlen et al. 2011). Besides work-
ing as allelochemicals in the rhizosphere, these multifunc-
tional plant metabolites were later on recognized as a novel
class of terpenoid phytohormones involved in suppression
of shoot branching by two groups of independent researchers
in 2008 (Gomez-Roldan et al. 2008; Umehara et al. 2008).
Besides their role in the regulation of shoot architecture and
stimulating seed germination of some root parasitic weeds,
they regulate a range of other growth and developmental
processes in plants including modulation of root architecture
and adaptive responses of plants to different environmen-
tal stressors (Kapulnik et al. 2011; Hu et al. 2014). Due to
their vast diversity and involvement in various growth and
developmental processes, they can potentially be used for
improving plant agronomic and physiological traits (Wani
et al. 2020). For example, CRISPR/Cas9-mediated targeted
disruption of CCD7, which is involved in strigolactone bio-
synthesis, resulted in increased yield in rice plants (Butt
et al. 2018). Strigolactone production has been demonstrated
in several plant species, particularly in their roots (Brewer
et al. 2013), through the action of various oxygenases via the
carotenoid pathway (Matusova et al. 2005; Gomez-Roldan
et al. 2008). Due to low concentrations of endogenous str-
igolactones (15-30 pg plant™' day™') and their instability, a
number of strigolactone analogs like GRS, GR7, and GR24
have been synthesized chemically, with GR24 showing the
highest activity (Sato et al. 2003; Koltai and Prandi. 2014).

GR24 is widely used to study multiple pathways by which
strigolactones affect various aspects of plant growth and
development during normal and stressful conditions.

Considering the immense medicinal value of A. annua
plants and the intriguing biological properties of strigolac-
tones, the present study was conducted to investigate the
effect of exogenous strigolactone (GR24) on growth, pho-
tosynthesis, its related physio-biochemical parameters, and
artemisinin production in A. annua. The correlation between
exogenous GR24 spray and the growth status of A. annua
plants and related parameters of photosynthesis, enzymatic
activity, and artemisinin production were investigated to
determine the optimal GR24 concentration for improved
growth of A. annua plants. This study may open new ave-
nues for future research to explore the potential of this novel
family of bioactive molecules in improving the agronomic
traits of plants.

Materials and Methods
Plant Material and Treatments

This study was performed on A. annua (CIM-Arogya) plants
under natural net house conditions following CRBD. Healthy
seeds with uniform size and texture were selected, surface
sterilized with 0.2% HgCl,, and then washed repeatedly with
deionized water. These seeds were then sown in seedbeds
for germination. The experimental pots were filled with soil
and farmyard manure (4:1 ratio), with the final weight of the
homogeneous mixture reaching 5 kg each. Four weeks after
the sowing of seeds, seedlings of uniform size were selected
and one seedling was transplanted into each earthen pot.
Four weeks after transplantation, five GR24 treatments (0,
0.5, 1, 2, 4, and 8 uM) were sprayed on plant leaves, with
five replicates conducted for each treatment and one set of
plants was kept as control and sprayed with water only.

Determination of Shoot Height and Root Length

The plants were carefully uprooted from the pots and a ruler
was used to take the measurements of shoot height and root
length. The average value of three replicates was obtained
and used as the measured value of shoot height and root
length.

Determination of Plant Biomass

The roots of the plants were separated from the above-
ground portion to determine the fresh weight of roots and
shoots. The roots and shoots were then dried at 80 °C for
48 h for the measurement of their respective dry weights.
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Determination of Carbonic Anhydrase (CA)
and Nitrate Reductase (NR) Activity

Randomly selected fresh leaves were used to estimate the
CA activity using the protocol given by Dwivedi and Rand-
hawa (1974). Leaf samples weighing 200 mg were trans-
ferred into petri dishes and leaf pieces were then dipped
into 10 ml 0.2 M cysteine hydrochloride solution for 20 min
at 0—4 °C. After that, 0.2 ml of 0.022% bromothymol blue
and 4 ml of 0.2 M sodium bicarbonate solution were added
to the leaf material. It was kept as such for 20 min and leaf
material was poured out; the remaining solution added with
a few drops of methyl red as an indicator was titrated against
0.05 N HCI. Finally, the CA activity was expressed as uM
CO, kg leaf FW ™' 571,

NR activity was estimated by the method of Jaworski
(1971). Freshly collected leaves weighing 200 mg were
sliced into small pieces and transferred into plastic vials.
A'5.5 ml reaction mixture consisting of 2.5 m1 0.1 M PO,
buffer, 2.5 ml 5% isopropanol, and 0.5 ml of 0.2 M potas-
sium nitrate was added into vials containing leaf material
and incubated for 2 h at 30 °C. The nitrate formed was cal-
orimetrically estimated at 540 nm after azocoupling with
0.3 ml each of sulfanilamide and naphthalene diamine dihy-
drochloride. The enzyme activity was expressed as nM NO,
gFW-lh L

Estimation of Photosynthetic Parameters
and Pigments

The net photosynthetic rate (P,), stomatal conductance
(G,), and internal carbon dioxide (C;) were estimated in
fully expanded leaves on sunny day at 10 AM with an Infra-
Red Gas Analyzer (IRGA, Li-Cor 6400, Lincoln, Nebraska,
USA). Before recording these parameters, the IRGA was cal-
ibrated and zero was adjusted every 30 min during the meas-
urement period. Each randomly selected leaf for the estima-
tion of these parameters was enclosed in a gas exchange
cuvette for 60 s during measurement. These parameters
were recorded three times for each treatment under opti-
mum temperature (25 + 1.5 °C). CO, concentration and pho-
tosynthetic photo-flux density (PPFD) were maintained at
600 ppm and 800 umol mol =2 s~!, respectively. Chlorophyll
fluorescence was determined with the help of a saturation
pulse fluorometer PAM-2000 (Walz, Effeltrich, Germany).
Chlorophyll and carotenoid contents were estimated using
the protocol given by Lichtenthaler and Buschmann (2001).

Estimation of RuBisCO Enzyme Activity
The RuBisCO enzyme activity was determined spectro-

photometrically by monitoring NADH oxidation at 30°C at
340 nm following the protocol of Usuda (1985). 1 g of leaf
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tissue was homogenized in a chilled mortar and pestle with
ice cold extraction buffer containing 0.25 M Tris—HCI (pH
7.8), 0.0025 M EDTA, 0.05 M MgCl,, and 37.5 mg DTT.
It was then centrifuged at 10,000xg for 10 min at 4 °C and
the resulting supernatant was then used for enzyme assay.
The reaction mixture contained 40 mM NaHCO;, 100 mM
Tris—HCI (pH 8.0), 0.2 mM NADH, 10 mM MgCl,, 0.2 mM
EDTA, 5 mM DTT, 4 mM ATP, and 1 U of 3-phosphoglyc-
erate kinase. The enzyme activity was estimated after the
addition of 0.2 mM RuBP and enzyme extract.

Scanning Electron Microscopy (SEM)

SEM analysis was carried out for visualizing leaf ultrastruc-
ture including stomata and trichomes present on leaves. For
this purpose, the leaves were kept in 4% glutaraldehyde solu-
tion for 2 h and then washed with 0.1 M sodium cacodylate
buffer solution having pH 7.2. The leaf material was passed
through a sequential ethanol series as described by Duke and
Paul (1993). After that SEM analysis was performed using a
scanning electron microscope (JSM 6510 LV, JEOL, Japan).

Extraction and Estimation of Artemisinin

For leaf artemisinin estimation, High-performance liquid
chromatography (HPLC) was employed following the pro-
tocol given by Zhao and Zeng (1986) as described in our
earlier publication Zehra et al (2020).

Statistical Analysis

Descriptive statistics were presented as mean =+ standard
error of replicates. The variation among different treatments
was tested by One-way ANOVA. Duncan’s Multiple Range
Test (DMRT <0.05%) was also used to identify different
treatments. The statistical significance level was considered
as 0.05%. All the statistical calculations were carried out
using SPSS (ver: 22) statistical program.

Results
Growth and Biomass of Attributes

In the present study, the foliar application of strigolactone
(GR24) significantly increased the key growth parameters of
A. annua plants as compared to the control (Table 1). The
plant height, root length, fresh, and dry weight of shoot and
root increased in response to GR24 treatment, with 4 uM
GR24 giving the best results. These attributes increased
with an increase in GR24 concentration; however, at 8 uM
concentration, there was a slight decrease in these attributes
as compared to its influence at 4 uM. It resulted in 28.45



Journal of Plant Growth Regulation (2023) 42:4606-4615

Table 1 Effects of different concentrations of GR24 on growth attributes of Artemisia annua

Treat- Plant height (cm) Root length (cm) Fresh weight of shoot Dry weight of shoot  Fresh weight of root  Dry weight of root (g)
ments/ (& (2 (&)

Parameters

Control 93.40+0.88¢  31.92+0.35¢ 42724 +5.11° 79.83 +0.66¢ 9.28+0.28¢ 4.55+0.33¢

0.5 uM 98.73+1.13°  33.90+1.06%¢  449.95+5.75% 83.91 +1.03%4 10.28 £0.54%4 4.96+0.319

1 uM 103.16+1.11°  36.42+1.15° 473.93 +6.93%¢ 87.29 +1.48¢ 11.29+0.68>¢ 5.23+0.19%¢

2 uM 108.96+1.30°  40.25+1.09° 491.95+9.10>¢ 91.76 +1.64° 12.00£0.58%¢ 6.00+0.20°¢

4 M 119.97+2.49*  46.53+1.80° 536.23+10.52° 98.65+2.29* 14.34+0.51° 7.11£0.38°

8 uM 11279+1.87°  42.23+051° 501.52+8.03° 92.13+1.67° 12.22+£0.53° 6.47 +0.40*°

Data represent the mean value+ SE from five replicates (n=5). The different lower case letters represent statistically significant differences
between treatments (p < 0.05) according to the Duncan’s multiple range test

Table 2 Effects of different concentrations of GR24 on CA, NR
activities, and chlorophyll fluorescence in Artemisia annua

Treatments/ CA activity NR activity Chlorophyll
Parameters  (umol CO, kg™!  (umol NO, g~! fluorescence (F,/
FW s™h FW h™) F,)

Control 229.23+0.95°  304.40+2.36°  0.740+0.005°
0.5 uM 236.97+1.02¢  311.20+3.61  0.762+0.007°¢
1 uM 245.63+1.17°  32040+5.92°  0.772+0.005°
2 uM 251.15+1.30°  332.60+4.94°  0.778+0.007°
4 M 259.45+1.58"  344.80+3.49*  0.833+0.029
8 uM 25422+1.33%  339.30+1.13*°  0.790+0.015%°

Data represent the mean value +SE from five replicates (n=5). The
different lower case letters represent statistically significant differ-
ences between treatments (p <0.05) according to the Duncan’s mul-
tiple range test

and 46.53% increase in shoot height and root length; 25.51
and 54.53% increase in fresh weight of shoot and root; and
23.58 and 56.26% increase in dry weight of shoot and root,
as compared to the control (Table 1).

Carbonic Anhydrase (CA) and Nitrate Reductase (NR)
Activity

The foliar application of GR24 increased the activity of pho-
tosynthesis-related enzyme CA (Zinc-containing metalloen-
zyme), and nitrogen flux-related enzyme NR (Table 2). The
activity of both of these enzymes increased with increasing
concentration of exogenous GR24, with a maximum increase
of 13.18 and 13.27% at 4 uM concentration, as compared to
their respective controls.

Gas Exchange Parameters and Photosynthetic
Pigments

Upon the exogenous application of GR24, there was a sig-
nificant increase in key photosynthetic parameters of the leaf,
as compared to the control values (Fig. 1). GR24 (4 uM)

application enhanced photosynthetic characteristics includ-
ing net photosynthetic rate, stomatal conductance, and inter-
nal CO, concentration increased up to 30.67%, 26.55%, and
21.65%, respectively, as compared to their respective controls.
Moreover, it also resulted in increased total chlorophyll content
by 30.52% as compared to the control, with carotenoid content
showing an increase of 31.80% (Fig. 1). Furthermore, it also
enhanced the chlorophyll fluorescence by 12.57% as compared
to the control (Table 2).

RuBisCO Activity

There was an increase in RuBisCO activity with an increase
in the concentration of GR24, with 4 uM GR24 showing an
increase of 14.14% as compared to the control (Fig. 1).

Glandular Trichome Development

The exogenous GR24 application had a positive impact on
certain parameters related to glandular trichomes (Fig. 2).
There was a significant increase in the trichome density,
length, width, and area of trichomes, with 4 uM GR24 giving
best results, increasing these parameters by 21.59%, 9.08%,
14.53%, and 24.93%, respectively (Table 3).

Artemisinin Content and Yield

In this study, the exogenous GR24 application had a positive
impact on artemisinin production in A. annua plants (Table 3).
The artemisinin was maximally enhanced at 4 uM GR24 concen-
tration, showing an increase of 29.98% and 51.11% in artemisinin
content and yield, respectively, as compared to the control plants.

Discussion
In the current study, the understanding of plant responses

to exogenous strigolactone (GR24) application is being
investigated, with a demonstration that strigolactones
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have a positive impact on growth, physio-biochemical
parameters, and artemisinin production in A. annua. Phy-
tohormones act as key chemical messengers that regulate
various aspects of plant development by influencing dif-
ferent physiological processes and coordinating cellular
activities at very low concentrations (Fleet and Williams
2011). Strigolactones are the most recently discovered
group of phytohormones, which act both exogenously,
e.g., promoting symbiosis with arbuscular mycorrhizal
fungi and endogenously, e.g., induce stem thickening and
regulate root and shoot architecture (Akiyama et al. 2005;
Gomez-Roldan et al. 2008; Koltai et al. 2010; Brewer et al.
2013). Strigolactones regulate the growth and phenotypic
traits of different plant species under normal (Agusti et al.
2011; Lauressergues et al. 2015) as well as stressed con-
ditions, like drought and salt stress (Ha et al. 2014; Qiu
et al. 2021). In the present study, the exogenous applica-
tion of GR24 resulted in increased growth and biomass
of A. annua plants (Table 1). The increased root length,
shoot length, and biomass could be due to the ability of
SLs to interact in a range of developmental processes and
photomorphogenesis, including vegetative and reproduc-
tive growth (Urquhart et al. 2015; Kramna et al. 2019).
Upon GR24 spray, the increased root system was conduc-
tive for absorbing more water and nutrients, whereas the
suppression of lateral buds due to increased plant height is
conductive for full photosynthesis, which is also reported
in an earlier study conducted on rice (Ling et al. 2020).
Carbonic anhydrases are ubiquitous metalloenzymes
which mostly contain zinc ligands and play a vital role in a
number of physiological processes in plants like acid—base
balance, gas and ion exchange, facilitation of bicarbonate
for anaplerotic reactions, and carboxylation/decarboxyla-
tion reactions (Georgios et al. 2004; Tetu et al. 2007; Wei-
Hong et al. 2014). Phytohormones including strigolactones
are known to have a stimulatory effect on various enzymes
involved in photosynthesis, as reported by many research-
ers (Shen et al. 2020). The foliar spray of GR24 resulted
in increased CA activity, which may facilitate increased
CO, fixation via photosynthesis, leading to improved
plant growth. This response of plants to exogenous str-
igolactones may be due to increased stomatal conductance
(Fig. 1), facilitating increased diffusion of CO, into sto-
mata, which is then acted upon by CA and finally reduced
by RuBisCO in the stroma of chloroplasts. The increased
CA anhydrase activity upon GR24 application has also
been reported in green alga Chlorella vulgaris (Shen
et al. 2020). Nitrate reductase, a key enzyme involved in
nitrate assimilation and an important enzymatic source
of nitric oxide in plants, showed increased activity upon
GR24 spray. The increased nitrate assimilation might have
a positive impact on general growth attributes of plants
due to increased conversion rate of nitrate into organic
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nitrogenous compounds (Heidari et al. 2011). Moreover,
the production of NO by nitrate reductase might also have
a beneficial impact on growth of plants.

As evident from the data (Fig. 1), exogenous strigolac-
tone application maintained a better photosynthetic rate in
A. annua plants. The chlorophyll content in chloroplasts is
used as an indicator of photosynthetic performance and also
an indicator of chloroplast development. In our study, we
observed increased total chlorophyll content upon GR24
application, which may be due to inhibition of chlorophyl-
lase (EC 3. 1. 1. 14; chlorophyll degrading enzyme), which
is in agreement with the earlier reports by Naeem et al. 2012
and Lu et al. 2019. Moreover, in earlier studies involving
ORT, mutants of tomato, deficient in strigolactones, lower
chlorophyll level was detected in these mutants as compared
to wild-type plants (Mayzlish-Gati et al. 2010). In another
study by Ma et al. (2017) exogenous GR24 application
has been shown to increase chlorophyll content in Bras-
sica napus under salinity stress. Furthermore, GR24 could
maintain the stability of thylakoid membranes by regulat-
ing the combination of chlorophyll and membrane proteins,
thereby enhancing photosynthetic efficiency (Lu et al. 2019).
GR24-pretreated plants have shown increased chlorophyll
content as well as increased stomatal conductance and pho-
tosynthetic efficiency as compared to non-GR24-pretreated
cucumber seedlings under salinity stress (Zhang et al. 2022).
The positive influence of exogenous strigolactone treatment
on chlorophyll content and photosynthetic rate is also in con-
formity with Sedaghat et al. (2017), Zheng et al. (2021), and
Sattar et al. (2021) as observed in wheat, apple, and maize,
respectively. Therefore, the regulation of photosynthesis and
chlorophyll pigments in a positive direction could be one of
the strategies for GR24 to improve growth and other physio-
biochemical characteristics of A. annua, which may be even
more important under stressful growth conditions.

Out of the total light energy absorbed by the leaves, only
50% is transferred to the photosystems, and this energy con-
version occurs via a series of electron carriers on the thyla-
koid membrane and finally to NADP* in stroma (Ralph and
Gademann. 2005; Yamori et al. 2011). Chlorophyll fluores-
cence (Fv/Fm) is an important technique used to get detailed
information of the state of PSII and is generally used as
an indicator of photonic energy conversion by PSII, which
is used in photochemical processes (Murchie and Lawson.
2013; Shu et al. 2016). During the current study, the Fv/Fm
increased upon the application of GR24, which suggests an
increase in conversion of absorbed photons into chemical
energy and thus less loss of quanta as heat and fluorescence.
These results may be due to the ability of GR24 in maintain-
ing PSII complex stability and improving electron transport
for assimilatory power (ATP and NADPH) (Lu et al. 2017,
2019). In an earlier study conducted on tomato by Lu et al.
(2019), the expression analysis of genes psbA, psbB, psbD,
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«Fig. 1 Effects of different concentrations of GR24 on net photosyn-
thetic rate, stomatal conductance, internal CO,, total chlorophyll
content, total carotenoid content, and RuBisCO activity of Artemi-
sia annua. Bars (n=>5) showing the different letters are significantly
different at p<0.05 as determined by Duncan’s multiple range test.
Error bars show SE

psbP, and cab associated with PSII showed that these genes
were significantly up-regulated upon GR24 application,
suggesting that PSII proteins are protected effectively at
the transcriptional level. Moreover, they also reported the
enhanced expression of psaA and psbB genes of PSI upon
GR24 application, indicating the positive impact of strigo-
lactones on PSI reaction center proteins in preventing PSI
photo-inhibition and maintaining its stability (Florian et al.,
2009; Mayzlish-Gati et al. 2010; Lu et al. 2019). In the pre-
sent study, the RuBisCO activity was also enhanced with
increased concentration of GR24 (Fig. 1), which was also
reported earlier by Mayzlish-Gati et al. (2010), who also
showed that exogenous GR24 spray on leaves of tomato also
up-regulates transcription of certain other light harvesting-
related genes. These results show the positive impact of
exogenous GR24 on electron transport chain, energy dis-
tribution, and gene expression, which enhances the light
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harvesting potential of plants, thereby improving the overall
growth of plants.

In A. annua, glandular secretory trichomes are the biofac-
tories of artemisinin and produce other secondary metabo-
lites as well, which defend the plants from biotic agents by
acting as protective barriers (Wang et al. 2009; Xiao et al.
2016). The glandular secretory trichomes are 10 celled
structures consisting of stalk cells, basal cells, sub-apical
cells, and apical cells and a sub-cuticular space in which
artemisinin is stored after being produced in apical and sub-
apical cells (Olsson et al. 2009; Xiao et al. 2016). The mor-
phology and population of these trichomes in A. annua are
often correlated with artemisinin, with more glandular secre-
tory trichomes related to more artemisinin (Nguyen et al.
2013). In the present investigation, the exogenous applica-
tion of GR24 resulted in the increased length, width, as well
as density of trichomes (Table 3). As increased glandular
trichome size and density are associated with increased arte-
misinin production, likewise increased artemisinin was also
detected upon GR24 application. These results suggest that
GR24 could be used for glandular trichome protection and
increased artemisinin production in A. annua plans under
normal and stress conditions as well.
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Fig. 2 Effects of different concentrations of GR24 on glandular trichomes as observed under scanning electron microscopy. a Control, b 0.5 pM,

cluM,d2uM, e4 uM, and f 8 uM
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Table 3 Effects of different concentrations of GR24 on glandular trichome attributes, artemisinin content, and yield in Artemisia annua

Treatments/  Average length of ~ Average width of  Average trichome Trichome density Artemisinin con-  Artemisinin yield (g
Parameters  trichomes (pm) trichomes (pm) area (pmz) (mm™?) tent (ug g_l DW) plant‘l DW)
Control 51.11+0.19° 30.14+0.16° 1540.73+12.8° 31.12+0.60° 560.84 +1.88° 0.045+0.001¢

0.5 uM 52.64+0.37¢ 31.31+0.44%¢ 1648.15+16.5¢ 33.20+0.71° 677.23 £2.46 0.047 +0.003¢

1 uM 53.52+0.58%4 32.14+0.53%¢ 1720.13 +47.4%4 34.93+0.95° 694.54 +2.84¢ 0.054 +0.005°

2 uM 54.36+0.51°° 32,76 +£0.27° 1780.83 +31.3%¢ 35.86+1.05° 711.67£3.66° 0.058 +0.005°

4 uM 55.75+0.40° 34.52+0.57* 1924.49 +28.3* 37.84+1.22* 728.96 +6.02° 0.068 +0.007*

8 uM 55.18 +0.38%° 33.25+0.52%° 1834.73 +36.4%° 36.46+0.76%° 727.19£3.72 0.060 +0.004°

Data represent the mean value+ SE from five replicates (n=5). The different lower case letters represent statistically significant differences
between treatments (p < 0.05) according to the Duncan’s multiple range test

Conclusion

Exogenous strigolactone-mediated regulation of different
growth and physio-biochemical attributes have not been
investigated in A. annua, and considering the immense
medicinal value of these plants mainly in the treatment of
malaria, this study was carried out to elucidate the impact
of strigolactone (GR24) on A. annua plants. This study
revealed that exogenous GR24 application had a positive
impact on various morphological and physio-biochemical
processes in A. annua. The exogenous GR24 also improved
various attributes related to glandular trichomes resulting
in improved artemisinin production. Further studies need
to be carried out to elucidate the role of GR24 in regulat-
ing various aspects of growth and development in A. annua
under normal as well as stressful conditions, with a focus
on strigolactone-mediated gene regulation and its crosstalk
with other signaling molecules especially karrikins as they
have structural similarity.
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