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Abstract

An efficient protocol for mass micropropagation of Artemisia annua L. was developed. The shoots were in vitro
cultivated on a full and half strengths MS supplemented with BAP and IBA for shoot and root induction from stem tip
explants. Maximum number of shoots (19.1) with an average shoot height of 3.6 cm was achieved at full MS medium +
1.0 mg/L BAP, after four weeks of cultivation. The best plant rooting (100%), with 7.4 average roots’ number per explant
and average root length of 15.1 cm, was obtained at %2 MS medium + 0.1 mg/L IBA + 2.0% sucrose, after five weeks of
cultivation. Under these growing conditions, an increase of total phenolic and flavonoid content of A. annua tissues was
registered. The multiplied plants were successfully ex vitro adapted and 65% survival was achieved on the mixture
of soil, perlite and sand (2: 1: 1 v/v/v) used for acclimatization. The amounts of phenols and flavonoids, as well as total
antioxidant activity of ex vitro plants, were significantly higher compared to those in the in vitro plants, but similar to
the levels measured in vivo. The effective protocol for shoot micropropagation that was developed, could enable a large
scale commercial production of A. annua.
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Abbreviations
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1. Introduction

Artemisia (Artemisia annua L., Asteraceae), a native of China, is a medicinally important plant, widely used for the
production of the anti-malarial drug artemisinin [1, 2]. Artemisia has been applied in the traditional medicine, for the
treatment of diabetes, depression, insomnia and stress, to clear the lymphatic system and in the oncotherapy. It is also
used as an antiseptic, antispasmodic, digestive, expectorant, purgative and stimulating agent. The bioactive compounds
isolated from A. annua, such as flavonoids, phenols, sesquiterpene lactones, have been reported to possess antibacterial,
antioxidant, cytotoxic and antiinflammatory properties, and also a potent anticancer influence [3, 4]. The drug
artemisinin has shown some anticancer effect in in vitro and animal cell experiments but there is still insufficient
evidence for human cancer assays [5]. The production of artemisinin was reported by hairy root culture of A. annua in
vitro, where the explants were infected with Agrobacterium rhizogenes to promote hairy root induction [6]. The
conventional propagation of Artemisia by seeds is a constraint for its production due to its tiny seeds. The in vitro
cultivation is a method for producing improved regenerants under controlled condition, especially under conditions
where seeds are scarce and expensive to purchase. Micropropagation enables rapid rate of clonal multiplication of an
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elite plant species, allowing production of disease-free, genetically stable and uniform progenies. Most reports suggest
a strong influence of genotype on the proliferation process [7].

An efficient method for in vitro micropropagation, shoot induction and regeneration of A. annua has been recently
developed [8, 9]. The average shoot and root length of plants regenerated from seeds, was optimal for elongation after
cultivation on medium contained 0.1 mg/L kinetin combined with 0.01 mg/L naphthaleneacetic acid (NAA). Single
shoots formed on auxin free MS medium [10] fortified with 0.025 mg/L BA, gave the highest number of nodes. Callus
formation was evident at concentrations above 0.05 mg/L BA in combination with 0.01 mg/L NAA [11]. Similarly, the
stimulating effect of plant growth regulators on shoot formation was reported for other species from the genus
Artemisia such as A. judicia [12]; A. scorpia [13]; A. vulgaris [14]; A. absinthium [15]; A. sieberi [16] and A. nilagirica var.
nilagirica [17]. Shoot buds developed precociously from tip explants cultured on MS medium supplemented with
different cytokinins. Among the different types of cytokinins that were tested, the maximum shoot induction was
obtained on MS medium supplemented with BAP (0.5 - 1.0 mg/L). The superiority of BAP over other cytokinins in a
tissue culture system has been well demonstrated in our studies on Stevia rebaudiana Bertoni [18, 19].

A. annua is a widely studied species due to the biological effects of its extracts [20]. Phenolic compounds are among the
most important bioactive molecules found in higher amounts in A. annua tissues and flavones, flavone glycosides,
coumarins and phenolic acids are the most representative phenolic compounds [21, 22]. Further, as it is well known,
the radical scavenging capacities of medicinal plants correlates with their phenolic content [23, 24]. The phenolic
extracts of A. annua have shown significant antioxidant and antitumor activity [25] and their antioxidant properties
have been were reported in several in vitro tests and in vivo model systems [26].

Taking into account the role of phenols in plants, it has been emphasized their importance in plant stress responses and
further adaptation to the environmental changes [27]. Flavonoids, in particular, are involved in plants interactions and
response to the environmental stress factors, due to their prominent antioxidant properties [28]. Thus, the synthesis
and accumulation of secondary metabolites could be strongly influenced by varying environmental conditiond, specific
to the different habitats. In this regard, we have suggested that in vitro procedures could change the amounts of natural
antioxidants such as phenols and flavonoids and it is worth them to be analyzed. The aim of the present study was
focused on the development of efficient protocol for mass micropropagation of A. annua plants combined with the
investigation of its antioxidant properties.

2. Material and methods

2.1. Plant material and sterilization of the explants

The experiments were carried out at the Department of Applied Genetics and Plant Biotechnology, Institute of Plant
Physiology and Genetics (IPPG), Bulgarian Academy of Sciences and Department of Plant Physiology, Faculty of Biology,
Sofia University “St. Kliment Ohridski. The healthy mother plants of A. annua were maintained in the greenhouse of IPPG
(Figure 1). One-year-old plants were used as a source of explants. Stem tip explants were surface sterilized with 0.04%
mercuric chloride (HgClz) for 30 minutes, and then rinsed thoroughly three times over 15 minutes with sterile water,
to remove the traces of mercuric chloride.

Figure 1 Mother plants of A. annua
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2.2. Shoot initiation and multiplication

Stem tips of A. annua were cultivated on MS medium supplemented with 7.0 g/L agar, 3.0% sucrose and 0.2 mg/L GA3
for three weeks, for growth and development. Shoots were further transferred on the medium containing BAP at three
different concentrations (0.5, 1.0 and 1.5 mg/L) to study their response on the shoot multiplication (Table 1). The
multiple initiated shoots were subcultured every four weeks on the same medium and maintained under the same
conditions. After four weeks of cultivation, the percentage of formed shoots was determined, as well as the height and
the average number of shoots per explant.

2.3. Induction of roots formation and ex vitro acclimatization

The in vitro shoots were cultivated on half strengths MS medium, supplemented with 7.0 g/L agar, 2.0% and 3.0%
sucrose (control variants), and IBA for rooting of A. annua (Table 2). IBA was used at a concentration of 0.1 mg/L to
study its effect on the root formation. Each treatment included 20 plants. The percentage of root formation, number of
roots per plant and root length was recorded after five weeks of cultivation. For acclimatization under ex vitro
conditions, the rooted plants were carefully taken out from the vessels and washed under running tap water to remove
the adhering gelling agent. They were transplanted to small plastic pots (8 cm diameter) containing soil: sand: perlite
at the volume ratio 2: 1: 1 v/v/v. The potted plants were covered with a transparent polythene membrane to ensure
high humidity (90%) and opened after three weeks. The survival rate of the acclimatized plants was determined after
five weeks. After two months of ex vitro acclimatization, the plants were transferred to greenhouse for further growth
and development.

2.4. Total phenolic and flavonoid content assay

The total phenolic content was determined by the Folin-Ciocalteu method [29] and gallic acid was used the reference
standard compound. The flavonoid content was measured after the aluminium chloride colorimetric method [30], with
quercetin used to create the standard curve. The total antioxidant activity was measured according to Prieto et al. [31].

2.5. Culture conditions

After adding all components, the pH of the medium was adjusted to 5.8 with 1N NaOH or 1N HCI. Sterilization of the
medium was performed in an autoclave at 121 °C for 20 min at a pressure of 1.1 kg cm2. The in vitro cultures were
maintained under growth room conditions at a temperature of 22+2 °C, relative humidity of 70% and a 16/8 h
photoperiod under 40 pmol m-2s-! illumination provided by Philips 36 W cool white fluorescent tubes. The ex vitro
plants were maintained in a growth chamber at a temperature of 24+2 °C under 16/8 h photoperiod and fluorescent
light illuminations of 50 pumol m-2 s-1,

2.6. Statistical analysis

The data were averaged of triplicate measurements. Each treatment involved 20 plants. The data were statistically
analyzed using analysis of variance (ANOVA) for comparison of means, and significant differences were calculated
according to Fisher’s least significance difference test at the 5% significance level using a statistical software package
(Statgraphics Plus, version 5.1 for Windows). All data are presented as means standard error.

3. Results

3.1. Shoot initiation and multiplication

Cultivation of A. annua stem tips in vitro did not show any bacterial contamination due to the successful sterilization
with 0.04% HgCl2 bringing it to aseptic conditions (100%). The frequency of shoot formation depends on the type of
explant and the composition of the medium. Shoot initiation was performed on MS medium supplied by 0.2 mg/L GA3
for growth and development. The shoots of A. annua cultured on MS medium containing different cytokinin
concentrations, BAP at different concentrations (0.5, 1.0 and 1.5 mg/L) for multiplication stage. The maximum
frequency (95%) was observed on MS medium supplemented with 1.0 mg/L BAP, which induced number of shoots
(19.1) with a shoot height (3.6 cm) after four weeks of cultivation (Table 1, Figure 2a, b).

These results showed that micropropagation of Artemisia required higher cytokinin concentration. MS medium fortified
with 1.0 mg/L BAP was very effective in the successful shoot induction and multiplication. The shoots that were cultured
on MS medium with 0.5 mg/L BAP, showed less shoot induction with average number of shoots 8.2 with average shoot
height 2.7 cm. MS medium with 1.5 mg/L BAP produced shoots with average number of shoots 10.5 with average shoot
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height 3.1 cm. The tested cytokinins at a concentration of 0.5 and 1.5 mg/L BAP were less effective at the in vitro
multiplication stage compared with the addition of 1.0 mg/L BAP.

Table 1 Effect of BAP on the micropropagation of A. annua shoots after four weeks of cultivation

BAP (mg/L) Micropropagation rate Average number of Average shoots height
(%) shoots per explant (cm)

0.5 BAP 65 8.2+0.702 2.7+0.232

1.0 BAP 95 19.1 + 0.85¢ 3.6 £0.28

1.5 BAP 80 10.5 + 0.822 3.1+0.26P

The data are presented as means of 20 plants per treatment + standard error. Different letters indicate significant differences assessed by Fisher
test (5%) after performing ANOVA multifactor analysis.

3.2. Induction of root formation and ex vitro acclimatization

For root induction, individual shoots were placed on the % MS medium supplemented with 3.0% and 2.0% surcuse
(controls) and with 0.1 mg/L IBA (Table 2). The controls showed 60-70% rooting, average number of roots 2.6 and 4.2,
respectively, and average root length of 1.6 cm and 2.5 cm, respectively. The second control was proved to be better
than the first one in terms of the plant rooting. The effect of auxin concentration on the root formation of A. annua was
studied. The shoot rooting was observed on %> MS medium with 2.0% sucrose containing 0.1 mg/L IBA - it caused 100%
rooting, average number of roots 7.4, with average root length of 15.1 cm per shoot (Table 2, Figure 2c, d, e).

Table 2 Effect of IBA on the plant root induction of A. annua after five weeks of cultivation

IBA (mg/L) Rooting (%) Average number of Averagerootlength
roots plant (cm)

Control, ¥2 MS+3.0% sucrose 60 2.6 £0.21b 1.6 £0.122

Control, %2 MS+2.0% sucrose 70 4.2 +0.383b 2.5 +0.24b

% MS+0.1 IBA+3.0% sucrose 85 5.1+ 0.462 3.9+0.32¢c

% MS+0.1 IBA+2.0% sucrose 100 7.4 +0.67¢ 15.1 £ 0.932b

The data are presented as means of 20 plants per treatment * standard error. Different letters indicate significant differences assessed by Fisher
test (5%) after performing ANOVA multifactor analysis.

In that study we established that the %2 MS medium induced more effectively roots than full MS medium (the results not
shown). The root induction observed on % MS with 0.1 mg/L of IBA with 3.0% surcuse was characterized by average
number of roots 5.1 and average root length of 3.9 cm. The %2 MS medium supplemented with 0.1 mg/L IBA + 2.0%
sucrose demonstrated a better response - the highest rooting percentage (100%), as well as the longest root formation
(15.1 cm) than %2 MS + 0.1 mg/L IBA + 3.0% sucrose, within five weeks of cultivation.

The survival of A. annua plants after two months under ex vitro conditions was evaluated (Figure 2f). In vitro developed
shoots (from %2 MS medium with 2.0% sucrose and 0.1 mg/L IBA) were harvested and washed with running tap water.
The plants revealed good ex vitro adaptability on potting mixture consisted of soil, perlite and sand (2: 1: 1 v/v/v), which
was found to be most appropriate for ex vitro adaptation. Initially, the rooted plants were transferred to plastic pots
with mixture substrate and kept covered with polyethylene membranes for three weeks. The high levels of relative
humidity enhanced the initial survival of the potted plants. Positive effect of this mixture on plant growth and
development was observed during the first week after planting. At the acclimatization stage, the survival percentage of
the microplants was 65%. The plants were successfully hardened and transferred to greenhouse conditions. In vitro
propagation is often restricted by high percentage of plant loss when transferred from in vitro to ex vitro conditions.
Both factors are of great importance for the success of ex vitro adaptation: availability of well-developed roots and
controlled reduction of humidity. Well-developed root system of the micropropagated plants and the appropriate
substrate provides rapid acclimatization at ex vitro conditions.
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d

Figure 2 Micropropagation of A. annua: a) Shoot formation on MS medium supplemented with 1.0 mg/L BAP after
two weeks of cultivation; b) Shoot formation on MS medium supplemented with 1.0 mg/L BAP after four week of
cultivation; c) Rooted plants on %2 MS medium supplemented with 0.1 mg/L IBA + 2.0% sucrose after two weeks of
cultivation; d) and e) Rooted plants on %2 MS with 0.1 mg/L + 2.0% sucrose after five weeks of cultivation; f) Ex vitro
acclimatized plants in soil: sand: perlite (2: 1: 1 v/v/v) after two months.

3.3. Antioxidant activity

The evaluation of secondary metabolites’ content in the shoots of in vitro cultivated A. annua showed that both, total
phenols and flavonoids accumulated in a higher extent in the plants grown on the medium % MS + 0.1 mg/L IBA + 2.0%
sucrose, as compared to the other two growth media (Table 3). The phenolic content was particularly increased - it was
23% above the variant with 1.0 mg/L BAP. These changes in the metabolic composition were accompanied by an
increase of the total antioxidant activity (TAA), as well. TAA in the tissues of A. annua grown on % MS + 0.1 mg/L IBA +
2.0% sucrose, was nearly 30% increased as compared to the plants grown on 1.0 mg/L BAP (Table 3).

The next step of our research was to reveal the potential changes in the metabolic composition of the plants, that were
ex vitro adapted to soil substrate after in vitro cultivation on % MS + 0.1 mg/L IBA + 2.0% sucrose. Ex vitro A. annua
plants were very similar to the parental plants, in fact they did not differ from the in vivo plants in regards to secondary
metabolites’ content and total antioxidant activity (Figure 3, 4). It was measured only an insignificant increase of the
TAA level in the ex vitro plants. However, the values of the parameters that were examined, proved to be significantly
lower during in vitro cultivation - 66% decrease of phenolic content and 36% decrease of the level of flavonoids were
measured (Figure 3). TAA was also affected even in a lesser extent - it was 25% lower in the shhots of in vitro A. annua
plants (Figure 4).
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Table 3 Content of total phenols, flavonoids and antioxidant activity of A. annua

Variant Phenols Flavonoids Total antioxidant activity
(mggiDW) (mggibw) (TAA) (mMg'DW)
MS+1.0 mg/L BAP 3992 £ 1.66 7.03 £0.28 65.34 + 2.53
100% 100% 100%
% MS+3.0% sucrose+0.1 mg/LIBA  44.03 +2.13 6.67 £0.29 72.53 £ 3.40
110.3% 94.9% 111%
1 MS+2.0% sucrose+0.1 mg/LIBA  49.05+ 2.01 7.70 £ 0.31 79.75 + 3.27
122.9% 109.5% 127.9%
140 mtotal phenols
120 Hflavonoids
5
2 100
bo
2 g0
T 60
2
2
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F 20
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Figure 3 Total phenol (mg g1 DW) and flavonoid content (mg g1 DW) in the shoots of A. annua grown at different
cultivation conditions
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Figure 4 Total antioxidant activity (mM g DW) in the shoots of A. annua grown at different cultivation conditions

4. Discussion

In the present study, an efficient protocol for micropropagation of the medicinal plant A. annua using stem tip explants,
was described. It was reported that treatment by 0.1% mercuric cloride for three minutes was effective enough to
remove the microbe contaminants from shoot tip and nodal explants, aiming to initiate an in vitro aseptic culture [32].
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However, in our experiments, surface sterilization with 0.04% HgCl> for 30 minutes was successful in providing
completely contamination-free shoots.

It was established that when the BAP concentration was gradually increased, the multiplication rate of A. annua was
reduced to a greater extent [33]. The MS medium supplied with BAP provided shoots with no vitrification features and
stimulated growth rate of A. annua stem tip explants. There have been some successful reports on tissue culture and
micropropagation of A. annua [16, 34, 9]. Meanwhile, the potential combination of BAP and NAA for in vitro shoot
induction and multiplication has been reported [35]. The investigations showed that the shoot formation occurred on
MS medium supplied with BAP and thidiazuron (TDZ) at different concentrations, were effective enough to induce
micropropagation of A. annua. A maximal response was observed on a MS medium containing 1.0 mg/L TDZ, where the
highest number of shoots per explant was formed [9]. Highest micropropagation percent of A. annua leaf primordial
was observed when full strength MS media supplemented with a combination of 1.5 pm/L GAzand 0.5 pum/L BAP, was
used [36]. The highest percentage (98.75) of shoot induction was observed in the case when nodal explants cultured on
MS supplemented with 0.8 mg/L BAP + 0.1 mg/L IBA. MS supplemented with 0.8 mg/L BAP or 0.8 mg/L TDZ, used alone
or in combination with 0.1 mg/L IBA, was found to be the most appropriate medium for in vitro shoot initiation of A.
annua, derived from shoot tip and from nodal explants [37]. The nodal segments with axillary bud cultured on MS basal
medium fortified with 1.5 mg/L BAP + 0.5 mg/L NAA facilitated favorable shoot induction [38]. High percentages of
direct regeneration of A. annua were obtained from leaf and stem explants on a medium supplemented by 1.5 mg/L BAP
and 0.05 mg/L NAA [39].

IBA is now recognized as the most suitable plant growth regulator for root induction of A. annua. Our expeiments
showed that the %2 MS medium supplemented with 0.1 mg/L IBA + 2.0% sucrose resulted in the highest percentage and
the longest root formation, in comparison with the medium containing 0.1 mg/L IBA + 3.0% sucrose (Table 2). The
shoots of A. annua transferred to rooting medium containing 1.0 mg/L of IBA showed satisfactory rooting percentage
(75%) and good root quality [9]. Maximum number of A. annua roots (12 roots/shoot) was noted to be obtained in the
medium containing 0.9 mg/L IBA [33]. Best rooting with average values of 18.25 explant root number and root length
6.35 cm was recorded on %2 MS + 0.5 mg/L IBA. The medium supplemented with also 1.0 mg/L of IBA, showed efficient
root induction and further development of healthy roots [38]. In our studies, the effect of 0.1 mg/L IBA in %2 MS medium
on rooting have been reported for some other medicinal plants, such as Stevia rebaudiana Bertoni [18, 19]. Further, the
in vitro plants of A. annua were successfully ex vitro acclimated and, it was important to emphasize, that no phenotypic
variations were observed in the propagated plants which remained morphologically similar. Several researchers [9, 30,
34, 35] also reported that rooted A. annua shoots growed normally after their transfer to greenhouse.

Nowadays, the increased interest in medicinal plants is also a result of understanding the phytochemicals as new natural
antioxidants. Their application in food and pharmaceutical industry is considered very promising to replace synthetic
antioxidants, which are being restricted for potential health risks and toxicity [40, 41]. To determine the antioxidative
properties of A. annua, we preferred methanol as the most favorable extractant because of the highest radical
scavenging and lowest lipid peroxidation observed in methanolic extracts [42, 43]. It is established that A. annua is
among the medicinal plants with the highest oxygen radical absorbance capacity [44, 45] and the high antioxidant
activity of the extracts is probably due to the high phenolic content. Over 50 different phenolic compounds belonging to
five major groups have been reported from A. annua [23].

Although artemisinin is considered as a major bioactive component present in this Chinese herb, the flavonoids have
shown a variety of biological activities [26]. A. annua is also a rich source of antioxidant flavonoids that are thought to
play an important role in potentiating the effects of artemisnin drugs against cancer and parasitic diseases [23]. A. annua
is currently the only commercial source of the sesquiterpene lactone artemisinin. As it cannot be synthesized chemically
in an economically feasible way, most of artemisinin-related interests have focused on A. annua which actually contains
low amounts of artemisinin [46, 47] far from enough in the international markets.

We have found that during in vitro cultivation, in the stems of A. annua grown on %2 MS + 0.1 mg/L IBA + 2.0% sucrose,
along with the best plant rooting, a maximum amounts of phenols and flavonoid were observed. Moreover, the phenolic
content was increased to a greater extent than flavonoids (Table 3). Total antioxidant activity in the stems and leaves
of A. annua changed in a similar way and that enhancement could be an indication of the possible oxidative stress
occurred under these cultivating conditions. The high positive correlation between antioxidant capacities and total
phenolic content could imply that phenolic compounds are a major contributor to the antioxidant activity of A. annua
plants.

In comparisons with the in vivo plants, it was seen that ex vitro A. annua shoots did not change their levels of total
phenolic and flavonid contents (Figure 3), and only a slight increase of TAA was observed (Figure 4). As might be
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expected, the parameters that were studied, were significantly lower in the in vitro cultivated plants - it was found 66%
decrease of total phenols and 36% decrease of flavonoids, while TAA remained less affected (Figure 3, 4). It was
reported [48, 49] that extracts of some in vitro cultivated medicinal plants contained less amounts and less variety of
secondary metabolites. Thus, the alterations observed in bioactive substances under different growth conditions, could
suggest their possible involvement in the processes of adaptation and surviving in changing environments.

5. Conclusion

The relatively low yield of artemisinin in A. annua L. limits the commercialization of the drug worldwide. Therefore, the
researchers’ efforts are aimed at increasing the yield of biomasss and its antioxidant properties. In our study, we were
able to develop an effective protocol for mass micropropagation of A. annua. To achieve the highest multiplication of
the stem tips, MS medium supplemented by 1.0 mg/L BAP was recommended. The highest level of rooting was obtained
after cultivation on % MS + 0.1 mg/L IBA + 2.0% sucrose and the rooted plants were further successfully ex vitro
acclimated. There were not observed any differences between the parental, in vitro and ex vitro adapted plants,
regarding their morphological and growth characteristics. The contents of total phenols and flavonoids were lowered
during in vitro cultivation, but after ex situ acclimatization restored to the levels of in vivo plants. Generally, our research
indicated that the in vitro technique described here, provided a promising method for rapid propagation of A. annua as
a source of biomass containing valuable bio-active compounds for medicinal and pharmaceutical needs.
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