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Abstract 

Artemisia annua L. is an aromatic annual plant native in Asia, proba-
bly in China, and is widespread in all temperate regions. Aerial parts
contain aromatic volatile oils and non-volatile sesquiterpenes used in
pharmacopoeia. The most important sesquiterpene is artemisinin and
its derivatives, which are used as a remedy against malaria. In the
Mediterranean region, interest in cultivating Artemisia resulted in
emerging industrial activities demanding local biomass with high con-
tent of artemisinin to start new production chains. The goal of this paper
was to find out appropriate agro-techniques for semi-arid climate
regions to be followed by local growers in order to get convenient yield
in terms of biomass and artemisinin content. The specific research
objectives were to test germplasm and to develop a pilot model for A.
annua, including the main agro-techniques (plant density, nitrogen sup-
ply and irrigation requirements). Results were obtained after a two-year
field study carried out in an area of Salento region. The effects of the
season and of the tested cultivars were not significant. The highest bio-
mass production (36 t ha–1 of dry biomass), associated with a high per-
centage of artemisinin (0.97 % on dry weight), was achieved by using
7.3 plant m–2, and by supplying 60 Kg N ha–1 and 150 mm of irrigation
water. 

Introduction

Artemisia annua L. (Asteraceae) is an aromatic, annual plant listed in
the Chinese pharmacopoeia, as a remedy for various diseases (Hall and
Clements, 1923). It has potential value as a source of artemisinin and
essential oils (Simon et al., 1990). The essential oils of A. annua contain
at least 40 volatile compounds and several non volatile sesquiterpenes
(Charles et al., 1991; Woerdenbag et al., 1994; Gupta et al., 2002; Ferreira
et al., 2005). Artemisinin was firstly isolated in China in 1972 and
showed strong anti-malarial properties with little or no side effects
(Schmid and Hofheinz, 1983; Klayman et al., 1984; Klayman, 1985; Xu et
al., 1986; Balint, 2001; Efferth, 2007). For this reason in many countries
the local legislation has therefore approved the use of artemisinin or
extracts of A. annua to treat malaria. Artemisinin was also reported to be
a plant inhibitor with potential as a natural herbicide (Duke et al., 1987;
Chen et al., 1987; Bagchi et al., 1997). Other uses of A. annua have also
been suggested, which would make this species attractive for the gener-
al public. In fact, the leaves of A. annua can be used to treat Candida
infection in the mouth and its decoction has been found to be useful to
treat haemorrhoids, and because of its positive effect on the immune
system has been recommended for patients affected by AIDS. In addi-
tion, suffumigations can be used against colds and coughs, and seeds for
the treatment of flatulence, indigestion and night sweats. The plant has
become domesticated in many countries and is widely spread through-
out the temperate regions (Gray, 1884; Bailey and Bailey, 1976; Simon et
al., 1984; Klayman, 1993). The plant is usually single-stemmed reaching
sometimes more than 2 m in height (Ferreira et al., 1997) (Figure 1). 
Tiny yellow capitula, only 2 or 3 mm across, are displayed in loose pan-

icles (Ferreira and Janick, 1995) (Figure 2). 
The plant is naturally cross-pollinated by insects and wind action,

which is unusual in the Asteraceae (McVaugh, 1984). Artemisinin is
contained in glandular trichomes (Duke and Paul, 1993), which occur in
leaves (up to 13%), inflorescences (up to 82%) with low levels in stems
(up to 4.5%) and none in pollen or roots (Duke et al., 1994; Ferreira and
Janick, 1996). Some authors reported artemisinin being highest during
pre-flowering stages (Acton et al., 1985; Liersch et al., 1986; El-Sohly,
1990; Woerdenbag et al., 1991), whereas other results showed that
artemisinin reaching its peak during flowering (Singh et al., 1988; Pras
et al., 1991; Morales et al., 1993; Ferreira et al., 1995; Laughlin, 1995). A
wide variation in artemisinin content has been found in different geno-
types (Charles et al., 1990) in the amount of 0.6-1.4% on dry weight
(Delabays et al., 2001). Most of the available scientific literature on
Artemisia is addressed to the characterization, isolation, synthesis and
pharmacology of artemisinin and its derivatives. While artemisinin can
be synthesized, it is unlikely to be economically competitive with the one
naturally produced (Schmid and Hofheinz, 1983; Xu et al., 1986). As
chemical studies on artemisinin and derivatives started to show
advanced results about anti-malarial effect, the agronomists began to
research techniques in order to improve biomass yield and artemisinin
content in the cultivated plants. In particular, agronomic works started
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since 1985 and considered genotypic screening (Singh et al., 1988; Pras
et al., 1991; Delabays et al., 1993; Jain et al., 1996), the response of A.
annua to plant spacing (Shock and Stieber, 1987; Simon et al., 1990; Ram
et al., 1997; Greco et al., 2006), nitrogen fertilization (Simon et al., 1990;
Greco et al., 2007; Davies et al., 2009), harvest time (Liersch et al., 1986;
Morales et al., 1993; Laughlin, 1995; Wallaart et al., 2000; Kumar et al.,
2004), and water requirement (Charles et al., 1993; Marchese, 2010).  In
Italy, A. annua is marginally cited in the most recent review on officinal
plants (Marzi and De Mastro, 2008; Basso, 2009) as well as it has been
moderately studied from the agronomic point of view, limited to a few

data reported in technical bulletins (Greco et al., 2006; Interlandi et al.,
2007). The aim of this work was to achieve a better knowledge of cultiva-
tion techniques of A. annua in the Mediterranean region. The interest in
cultivating A. annua in this area derives from emerging industrial activ-
ities, which demand local biomass of Artemisia with high content of
artemisinin. This paper reports the main results of a 2-year field study
carried out in semi-arid environments of southern Italy in connection
with a local pharmaceutical industry (Lachifarma, Zollino, in the Salento
region). Since agronomic knowledge on Artemisia is lacking in the
Mediterranean areas, the main agro-techniques (irrigation, N fertiliza-
tion and plant density) will be studied independently from the other. The
analysis of the interactions between agro-techniques will be the object of
a further step of the research on Artemisia growing under
Mediterranean climate.

Materials and Methods

The field trials were carried out in Monteroni di Lecce (Southern Italy,
lat. N = 40° 33' 20''; long. E = 18° 10' 27''; 35 m above the sea level) on a
sandy-loam soil, previously cultivated with tobacco. The main physical-
chemical properties of the soil are reported in Table 1. The following
agronomical features such as nitrogen rate, plant density and irrigation
volumes (Table 2) were analysed for two years (2005 and 2006) and for
two F1 genotypes (Pericle and Krono, patented material provided by
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Figure 1. Artemisia at three development stages in the experimental set-up.

Figure 2. Floral morphology of Artemisia annua, capitula (A and B). The image shows glandular trichomes on hermaphroditic florets
(from Ferreira and Janick, 1996).

Table 1. Chemical-physical characteristics and soil classification
according to USDA.

Coarse sand, % 6.4
Fine sand, % 55.6
Silt, % 19.0
Clay, % 15.6
Water content at field capacity  (-0.03 MPa), % on dry weight 17.1
Water content at wilting point  (-1.50 MPa), % on dry weight 7.1
Bulk density, Kg dm–3 1.20
Organic matter (Walkley and Black), % 0.7
N total (Kieldhal), % 0.08
Assimilable phosphorus (Olsen), ppm 4.35
Exchangeable potassium (ammonium acetate), ppm 281.5
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Lachifarma s.r.l., Zollino, LE, Italy). 
Irrigations were scheduled whenever the sum (Σ) of the daily-calcu-

lated evapotranspiration (ETc) reached certain threshold values.
Through each irrigation an amount of 30 mm of water was supplied to
the crop. The thresholds for irrigating were: 40 (Vt40), 80 (Vt80) and 120
(Vt120) mm of ΣETc. A fourth irrigation treatment (V0) consisted in sup-
plying 30 mm of water only once at the transplanting stage. 
Each parameter was studied by adopting a randomized block design

with 3 replications. Each elementary plot had an area of 24 m² and plants
were arranged in rows 0.55 m apart. In order to study each agronomic
parameter independently from the other ones, the effect of the other
agronomical inputs were neutralized as indicated in Table 2.
For each trial, soil was tilled before transplanting and ground fertilized

with P2O5 (130 Kg ha–1) and K2O (100 Kg ha–1).
Nitrogen fertilization amount was supplied at two times: half dose in

pre-planting (as ammonium sulphate, 21%) and half dose 45 days after
the transplanting (as ammonium nitrate, 26%). Plants germinated in
greenhouse in seedling tray pot at the beginning of April using one seed
(seeds are very small: 11000 - 13000 seed g–1) for each hole. 
When seedlings under greenhouse reached 20 cm in high (half of May

in both years) they were transplanted into the field and immediately irri-
gated with 30 mm of water. Water was supplied through a micro dripping
system lying on each row. An irrigation amount of 30 mm was scheduled
whenever the sum of calculated evapotranspiration (Σ ETc) reached the
threshold, which varied depending on the experimental treatment (Table
2). Evapotranspiration was calculated through the evaporation-measured
daily from a class A pan, and adjusted by the pan factor (Kp =0.8) and the
crop coefficient (Kc). 
Since for Artemisia Kc values are not provided by the specific litera-

ture, they were estimated according to the ground covering of canopy as
follows:
From transplanting to 20 days Kc = 0.4
From 21 days to 45 days Kc = 0.6
From 46 days to 75 days Kc = 0.8
From 76 days till harvest Kc = 1.0
Weeds were controlled mechanically (between rows) and manually

(on rows) after 30 and 60 days from transplanting. No pest or disease
occurred. During the growing period the phenological stage and the plant
height were surveyed weekly on the same plants (three plants per each
plot). Starting from the 45th day after transplanting, plants were weekly
sampled in order to follow the variation of artemisinin content within

each crop season. Samples were obtained from each elementary plot by
collecting 100 grams of plant from the upper layer of canopy. The samples
were air-dried and then the artemisinin content was measured in a spe-
cialized pharmaceutical laboratory (Lachifarma, Lecce, Italy), using
HPLC.

Results

Meteorological trend
The meteorological trend observed (Table 3) during the crop cycles in

two years was almost similar and did not influence agronomic and bio-
metric characteristics. After transplanting the seedlings in the field, the
average air temperature was always over 15°C, and growth was not con-
strained by the thermal regime, while monthly rainfall (with the excep-
tion of May and September 2005) was under 30 mm. Hence the soil water
deficit was balanced by supplying irrigation during the crop cycle, accord-
ing to the different water regimes, fixed by the experimental protocol. 

Year and genotype effects
The final (at harvest time: beginning of October, both 2005 and 2006)

plant height of Artemisia (irrigated with 150 mm during the crop season,
at a density of 5.5 plant m-² and fertilized with 60 kg N ha–1) is reported
in Figure 3. It shows an example of the influence of the year and geno-
type on plant morphology. The variance analysis (at P<0.05) does not
show any significant effect (year, genotype and their interaction) on the
plant height. Similarly, the observed data on biomass yield and
artemisinin content are not significantly affected by year and genotype.
As a consequence, in analyzing the effects of the agronomical features
on yield and artemisinin, data were pooled for the two years and two
genotypes. 

Artemisinin content during the crop cycle
Weekly samples of plants during the flowering stage, allowed following

the variation in artemisinin content in the cultivated plants. The
artemisinin content increases until the full flowering and thereafter
starting to decline (Figure 4). Artemisinin is contained in special glands,
which are present since the early stage of development, and it accumu-
lates as the glands reach physiological maturity. When the glands
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Table 2. The agronomic parameters tested in two years (2005 and 2006) and on two genotypes (Pericle and Krono).

Studied parameter Number of treatments Planting density Nitrogen level Irrigation volume
(plant m–2) (Kg N ha–¹) (mm)

Planting density 6 2.8, 3.3, 4.5, 5.5, 7.3 and 11.1  60 150 
Nitrogen level 4 7.3 0, 30, 60, and 120 150 
Irrigation volume  4 7.3 60 (V0), at thresholds of 40 (Vt40), 80 (Vt80), 

and 120 (Vt120) of Σ ETc

Table 3. Monthly values of mean air temperature and rain during the Artemisia crop cycle. Long term averages are also reported.

Month 2005 2006 Average (1960 - 2004)
T (°C) Rain (mm) T (°C) Rain (mm) T (°C) Rain (mm)

March 14.5 37.4 10.7 47.8 11.2 61.9
April 13.7 25.8 14.3 18.6 14.5 44.5
May 19.5 41.0 19.2 12.0 18.8 29.2
June 22.9 6.4 22.7 30.0 22.6 19.8
July 26.1 11.6 25.7 21.4 26.7 11.7
August 24.4 6.2 24.9 15.2 25.9 28.8
September 21.7 79.4 21.9 26.8 23.7 41.7
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approach maturity they start to burst and the content is spread over the
epidermis. After anthesis, the number of intact glands decreases in
plants, and consequently artemisinin content does as well. We underline
here that the data in Tables 4, 5 and 6 on artemisinin content refer to the
seasonal peaks obtained at the full flowering stage.

Plant density
The growth of Artemisia plant in height was favoured by a density

ranging from 3.3 to 7.3 plant m–2 whereas its full development was not
achieved with the highest (11.1) and the lowest (2.8 plant m–2) tested
densities (Table 4). At a lower density, due to the greater space between
plants, Artemisia develops in width and produces more lateral branches.
While at the highest densities, less light inside the canopy increases the
height development but it reduces the number of lateral branches. 
Plant density affected yield (fresh and dry matter) and quality. The

fresh biomass produced by the Artemisia increased significantly till a
density of 7.3 plant m–2 and then declined. The decrease was even more
evident in terms of dry biomass. In this case the statistical analysis
revealed a clear difference between the treatments 7.3 and 11.1 plant
m–2. Peak of artemisinin content showed higher values when the plant
density was not higher than 4.5 plants m–2. 

Nitrogen rates
Plant growth in height was favoured by nitrogen supply ranging from

30 to 60 Kg ha–1 while a higher rate reduced the plant heights (Table 5).
The results obtained by the nitrogen (N) fertilization experiments
showed that there was a slight increase on fresh and dry biomass produc-
tions as N doses increased till 60 Kg ha–1, whereas further applications
of mineral N did not produce any increment in biomass weight. On the
contrary, higher N rates resulted in lower artemisinin content. 

Article

Table 4. Biometric and productive response to planting density.

Density N Irrigation Plant height Fresh biomass Dry biomass Maximum artemisinin content
(p m–2) (Kg ha–1) (mm) (cm) (t ha–1) (t ha–1) (% on dry weight)

2.8 60 150 153.4±28.5 c 33.6 ±7.6 d 14.4±5.6 d 0.76±0.1 c
3.3 189.4±18.3 a 34.4±8.1cd 14.4±5.5 d 0.94±0.05 a
4.5 187.6±20.0 a 40.8±7.3 c 17.7±3.8 cd 0.98 ±0.04 a
5.5 162.7±17.0 ab 54.7±4.8 b 22.1±2.6 c 0.79±0.8 bc
7.3 201.3± 17.8 a 66.7±3.3 a 28.4±1.7 a 0.89±0.6 b
11.1 161.4±23.6 b 64.9±3.6 ab 26.1±2.2 b 0.76±0.9 c
Within column, numbers followed by the same letter are not significantly different at P≤0.05.

Table 5. Biometric and productive response to nitrogen application.

Density N Irrigation Plant height Fresh biomass Dry biomass Maximum artemisinin content
(p m–2) (Kg ha–1) (mm) (cm) (t ha–1) (t ha–1) (% on dry weight)

7.3 0 150 171.5±20.6 b 37.2±6.1 b 16.5±3.6 b 0.89±0.08 ab
30 184.6±30.2 a 35.8±5.8 b 16.3±3.9 b 0.96±0.03 a
60 184.0±23.8 a 47.5±4.0 a 20.4±2.2 a 0.86±0.09 ab
120 163.9±17.6 b 47.3±3.7 a 19.7±2.4 a 0.76±1.0 b

Within column, numbers followed by the same letter are not significantly different at P≤0.05.

Table 6. Biometric and productive response at different irrigation volume. 

Density N Irrigation Plant height Fresh biomass Dry biomass Maximum artemisinin content
(p m–2) (Kg ha–1) (mm) (cm) (t ha–1) (t ha–1) (% on dry weight)

7.3 60 V0 150.0±24.6 b 38.4±5.2 b 20.7±4.7 c 0.83±0.06 b
Vt120 184.4±14.9 a 64.9±7.0 a 36.1±2.4 a 0.97±0.02 a
Vt80 169.1±17.4 ab 48.9±6.1ab 28.2±3.6b 0.82±0.09 b
Vt40 166.9±18.3 ab 48.6±5.8 ab 26.4±3.9 b 0.75±1.1 c

Within column, numbers followed by the same letter are not significantly different at P≤0.05.

Figure 3. Plant height as affected by year and genotype. Numbers
represent the standard deviations. Factors: Year, not significant;
Genotype, not significant; Year x Genotype, not significant.

Figure 4. Evolution artemisinin content during the flowering
stage. Vertical bars stand for stand deviations. Numbers represent
the standard deviations.
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Irrigation scheduling and management
The amount of seasonal irrigation volume was in both years 30, 150,

240 and 480 mm for Vt0, Vt120, Vt80 and Vt40, respectively.
The development in height of the Artemisia plants was constrained by

the rain-fed regime: 150 cm in height if crop received only one irrigation
at transplanting, while plants irrigated more frequently showed a taller
canopy.  Significant differences in fresh biomass resulted only between
the rain-fed (Vt0) and the irrigated treatments, while the different irriga-
tion strategies (Vt40, Vt80 and Vt120) did not provide significant differences
(Table 6). In terms of dry matter, the highest production was obtained by
supplying 150 mm of irrigation water during crop cycle, whereas higher
amounts of irrigation water resulted in lowered dry biomass (Table 6).
The artemisinin content increased from 30 to 150 mm of irrigation then
decreased with higher values of irrigation.

Discussion

This research has been realized for ascertained interest of some
Italian pharmaceutical industries on local biomass of A. annua with high
artemisinin content, in order to start a production chain of anti-malarial
medicine that has a large request in undeveloped country, where malar-
ia is still a serious problem to face. Lacking of information about suitabil-
ity of A. annua in southern Italy areas bring Italian agronomic research
institutes to start field trials in order to find out and perform a pilot model
for A. annua that could be followed by local growers. Farmers, in the last
years, are facing a large agricultural crisis and therefore this Artemisia
cultivation could be a possible alternative to obtain higher incomes
through diversification of the traditional agricultural productions. 
It should be underlined that Artemisia crop can be easily introduced in

the semi-arid cropping system environment, if supplementary irrigation
is possible. Unfortunately, the lack of A. annua breeding specific for
Mediterranean countries is a major problem to solve, in order to maxi-
mize biomass and artemisinin production in this particular area.
Furthermore, the genotypes suitable for cultivation are patented by
Pharmaceutical industries, and this event could limit the beginning and
the development of Artemisia cultivation.
Several research have been performed, principally on the properties of

artemisinin and its derivatives while not as much of studies were per-
formed on agro-techniques, especially in Italy were only a few reports
have been published. In United States (Simon et al., 1990) reports yield
values ranging from 21 to 35 t ha–1 of fresh matter, according to density
(from 2.8 to 11.1 plants m–2), while the N supply did not show evident
increases in production, and so was observed in the Salento experiment
here described. In India, (Kumar et al., 2003) report maximum values of
yield analogous to U.S.A. trial for a crop receiving supplemental irriga-
tion, at a density of 7.0 plant m–2 and supplied with 80 Kg of N ha–1. 
The data published in the agronomic literature, obtained with differ-

ent genotypes, confirm our results in which Artemisia production is
largely affected by plant density than by nitrogen rate. 
It is out of doubt that in the semi-arid environments of the Mediter-

ranean regions the yield levels of Artemisia are strongly dependent on
the soil water regime. 
An appropriate irrigation scheduling, and at a less extent the plant

density, allow to double the biomass. Here more than 65 t ha–1 were har-
vested from well watered and properly spaced crops, while at low density
and with low water supply harvest was about the half of the maximum
yield that coincides with the highest productions reported in literature. 
Nevertheless, it is still an unsolved question whether the higher pro-

ductivity levels reported in this study, and those reported in technical
local reports (Interlandi et al., 2007; Greco et al., 2007), are due to the
improved genotypes or to better crop management. 

Conclusions 

The analysis of the observations collected by this research indicates
that in the Mediterranean environment Artemisia meets the favourable
condition to grow and produce. The industry expectation was also satis-
fied.
Results from this two-year field study allow indicating the basic agro-

techniques to start Artemisia cultivation in Mediterranean areas.
Irrigation water availability is a pre-requisite for its cultivation. Full irri-
gation do not seem necessary, however supplemental irrigation appears
to be the best strategy in order to overcome period of soil water drought.
Moderate irrigation volumes, not less than 150 mm season–1, should be
available for growing this species in semi-arid environments. Low
Nitrogen application (not higher than 60 Kg ha–1) is enough, however
the exact N amount to supply depends on the soil availability and the
place of the Artemisia within the crop rotation. A planting density of 7-8
plant m–2 allows good results in term of biomass and artemisinin con-
tent.
In these two years of trials, Artemisia denoted an excellent adaptabil-

ity in southern Italy climate areas, revealing to be quite easy to grow,
with no pest or disease occurring during cultivation. The adoption of this
species in organic farming systems seems highly possible.
Future agronomic research should be focused on the mechanization

(such as transplanting, weed control and harvest) and on the test of a
wider range of genotypes and their interactions with the main agro-tech-
niques examined here.
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