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ABSTRACT

Despite the importance of Arfemisia annua L. as the only source of the anti-parasitic drug artemisinin, little is known on the effects of
biotic and abiotic stress on artemisinin accumulation. Water deficit is the most limiting factor on plant growth, however it can trigger
secondary metabolite accumulation, depending on the plant growth stage and intensity. A. annua cultivated in growth chambers
was submitted to five water deficit treatments (watered, 14, 38, 62 e 86 hours without irrigation). Water deficits of 38 and 62 hours
(Pw = -1.39 and -2.51 MPa, respectively) increased leaf artemisinin content, but only 38 hours led to a significant increase in
both leaf and plant artemisinin (29%), with no detriment to plant biomass production. The other treatments had no effect on, or
decreased artemisinin accumulation. A. annua plants tolerated well water deficit treatments, including the most severe water deficit
applied (¥w -3.97 MPa or 86 hs without irrigation) and recovered their turgor pressure after rehydration. These results suggest
that moderate water deficit prior to harvesting the crop may not only reduce time and costs in drying the crop, but can also induce
artemisinin accumulation, both of which increase crop profit margins. Results also suggest that artemisinin could be part of A.
annua chemical system of defense against water deficit.
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RESUMO

A despeito da importancia da Artemisia annua L. como a Unica fonte da droga anti-parasitaria artemisinina, muito pouco é
sabido sobre o papel dessa molécula em plantas sob estresses bidtico e abidtico. A deficiéncia hidrica é o principal fator limitante
no crescimento vegetal, mas pode induzir a acumulacdo de metabolitos secundarios, dependendo da intensidade e fase de
desenvolvimento da planta. Plantas de A. annua cultivadas em camaras de crescimento foram submetidas a cinco tratamentos
(plantas irrigadas e com 14, 38, 62 e 86 horas sem irrigacéo). Deficiéncias hidricas de 38 e 62 horas (¥w = -1.39 e -2.51
MPa, respectivamente) aumentaram o conteddo foliar de artemisinina, mas somente a deficiéncia hidrica de 38 horas induziu um
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aumento significativo da molécula em folhas (29%) e planta inteira, sem afetar o acimulo de biomassa. Os outros tratamentos
ndo afetaram significativamente o contetido de artemisinina. As plantas de A. annua apresentaram uma boa tolerancia a deficiéncia
hidrica, incluindo o tratamento mais severo (Yw -3.97 MPa ou 86 h sem irrigagao) e recuperaram a presséo de turgor apos a
reidratagao. Estes resultados sugerem que uma deficiéncia hidrica moderada imediatamente antes da colheita de A. annua pode
nao somente reduzir o tempo e 0s custos de secagem da cultura, mas também induzir a0 acimulo de artemisinina, condicoes que,
conjuntamente, sdo benéficas para o cultivo commercial da espécie. Finalmente, estes resultados sugerem que a artemisinina pode
ser parte do sistema quimico de defesa da A. annua contra a deficiéncia hidrica.

Palavras-chave: Malaria; metabolismo secundario; terpenos; estiagem, estresse hidrico.

Abbreviations: DAS, days after sowing; PAR, photosynthetic active radiation; WD, water deficit; ¥w, water potential.

INTRODUCTION

Plants have evolved while constantly adapting to
environmental stresses. They have adapted through their
morphology, physiology, and biochemistry. Recently, there has
been an increased interest in understanding the mechanisms
of adaptation of plants to their adverse ecosystems. These
adaptations may include both primary and secondary
metabolism (Dey and Harborne, 1997). Plants have evolved
a wide range of secondary metabolites that deter herbivores,
pathogens, competing species, attract pollinators, and protect
them from abiotic stress such as water deficit (Harborne,
1993; Baldwin et al., 2001; Oostendorp et al., 2001; Heath
and Boller, 2002; Wittstock and Ghershenzon, 2002; Danner
etal., 2008).

Some secondary metabolites are now seen as desirable
commodities, and no longer as “waste compounds” (Briskin,
2000; Laird and Kate, 2002). Recent advances in the
understanding of secondary metabolism in plants resulted
from the attempt to increase the production of their bioactive
compounds desired for their medicinal, aromatic, and culinary
uses (Marchese et al., 2009). Advances in understanding
the influences of the environment in the regulation of such
compounds may lead to their advantageous manipulation in
plants (Ghershenzon, 1984).

The stresses proved to alter the secondary metabolite
accumulation include water deficit, UV irradiation, nutritional
deficiency, salinity, heavy metals, temperature extremes, insect
and pathogen attacks, and mechanical damage (Ghershenzon,
1984; Mann, 1987; Harborne, 1993; Dixon and Paiva, 1995;
Dey and Harborne, 1997; Danner et al., 2008).
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When conditions and resources are favorable, the
priority is growth and development, decreasing the availability
of carbon to support secondary metabolism. When conditions
and resources for growth and development are scarce,
photosynthesis and growth are affected, but carbon at low
levels can still be directed to support vital plant functions
(Herms and Mattson, 1992; Kramer and Boyer, 1995; Larcher,
2003), leading to a decrease in the production of secondary
metabolites (Herms and Mattson, 1992; Marchese and
Figueira, 2005).

At moderate stresses, there is a limit on the translocation
of carbon to its sinks, with the remaining carbon accumulating
as carbohydrates. Thus, factors that limit growth more
than photosynthesis, such as moderate water-deficit, low
temperatures, and moderate nutrient deficiency can actually
increase the carbon pool allocated to secondary metabolism,
with little or no competition with growth and development
(Herms and Mattson, 1992; Harborne, 1993; Marchese and
Figueira, 2005). Consequently, quantitative variations on
secondary metabolism are directly linked to variations on the
plant growth rate (Herms and Mattson, 1992; Marchese and
Figueira, 2005).

Terpenesare agroup of compounds thatare extraordinarily
diverse in terms of chemistry, structure, and function. Despite
the fact that the terpenes biosynthetic pathway has been
characterized in some detail at the molecular level over the last
two decades, its regulation during plant responses to drought
stress is still poorly understood (Rodriguez-Concepcion and
Boronat, 2002; Liu et al., 2005). According to Franz (1983),
Palevitch (1987) and Marchese and Figueira (2005) one of
the most important factors affecting secondary metabolism
is water availability. Usually, limited availability of water has a
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negative effect on plant growth and development. However, a
moderate water deficit has sometimes proved beneficial for the
accumulation of biologically-active compounds in medicinal
and aromatic plants (Ghershenzon, 1984; Palevitch, 1987).
According to Ghershenzon (1984), in herbaceous plants and
shrubs, terpenes tend to increase under stress, mainly under
moderate water deficit.

The leaves of Artemisia annua (L.) are a rich source of
artemisinin, a sesquiterpene lactone used as the raw material
for the production of semi-synthetic derivatives that are more
stable, bioavailable, and effective against chloroquine-resistant
strains of Plasmodium falciparum (Klayman, 1985; Luo
and Shen, 1987; Balint, 2001; Marchese and Rehder, 2001;
Enserink, 2005; WHO 2005, Marchese et al., 2005). Besides
its antimalarial activity, artemisinin has proved effective against
cancer (Posner et al., 1999; Singh and Lai, 2004; Efferth,
2005), Eimeria spp., Babesia spp., Leishmania spp., Neospora
caninum, Trypanosoma brucei rhodesiense (Mishina et al.,
2007), and Schistosoma spp. (Utzinger et al., 2001; Xiao
et al., 2004), the latter living in the circulatory system of the
host. Also, ethanolic extract of aerial parts of A. annua and
artemisinin exhibited effect against Epilachna paenulata and
Spodoptera eridania (Maggi et al., 2005). A. annua oils are used
in the perfume and cosmetic industry (Galambosi, 1980; Jain
et al., 1996). Finally, A. annua also exhibited allelopathic effect
on the germination and initial development of lettuce and wild
poinsettia seedlings (Magiero et al., 2009).

Artemisinin production in A. annua is affected mainly by
its genetic potential, but also by environmental conditions to
which the plants are subjected to (Singh et al., 1986; Chen
and Zhang, 1987; Ferreira et al., 1995b; Marchese and Rehder,
2001, Marchese et al., 2002), such as a moderate potassium
deficiency (Ferreira, 2007).

Our main objective was to evaluate the effect of water
deficit on biomass and artemisinin accumulation in A. annua.

MATERIAL AND METHODS

The experiment was conducted in growth chambers
(model CMP 4030 - Conviron, Manitoba, Canada) at the
National Wheat Research Center (CNPT/EMBRAPA) in Passo
Fundo, RS, Brazil (28°15” S, 52°24’ W e 689 m above sea
level). We utilized seeds of the A. annua hybrid 2/39x1V,

developed by the breeding program conducted by CPQBA/
UNICAMP (Campinas, S&o Paulo, Brazil).

Experimental Design and Statistical Analysis: The
experiment was set in a complete randomized design with five
treatments: four levels of water deficit — WD, plus the irrigated
control (control plants paired to each WD treatments) and
six replicates per treatment. Each replicate was constituted
of a single plant. The four WD treatments were 14, 38, 62,
and 86 hr of drought after the last irrigation. The treatment
averages were compared with control by the Student t-test
using SYSTAT 5.0 (Systat Software Inc. - San Jose, California,
USA).

Growth Condition: Plants were grown in a uniform mixture
of soil with high levels of organic matter and a dystrophic
latosol with a pH = 6.8, organic matter of 25.5 mg/kg, and
the following nutrient concentration (in mg/kg): A** 0.0; Ca®*
1,480; Mg?* 718.8; P 65,9; K* 183.3; S 2,217.6; Cu 4.8; Zn
5.2; and Fe 140.

Seeds were sown directly in plastic pots (700-ml
capacity) containing 630 g of the substrate mixture described
above. Each pot received approximately 10 seeds. The pots
were maintained in a greenhouse set at + 25 °C, and placed
inside aluminum trays to allow a water film 2-cm deep to
saturate the substrate pores through capillary action.

Plants were transferred 36 days after sowing (DAS) to
growth chambers under the following conditions: temperature
set between 21 e 24 °C, relative humidity of approximately
70%, and PAR (photosynthetic active radiation) of 220
umol m2 s Plants received 10.5 hours of light per day to
induce flowering after the juvenile stage, which simulates the
physiological stage found at harvest.

At 67 DAS, plants were randomly divided and allocated
into two growth chambers. One contained the control plants
(irrigated frequently) and the other contained plants that were
submitted to water deficit. Each chamber contained 104
uniformly sized plants. The only parameter that changed in the
growth chambers was the PAR (350 umol m?s™).

Xilem Water Potential (¥w) and Biomass Measurement:
When plants in all treatments were at the B developmental stage
(elongated internodes) described by (Delabays, 1997), at 84
DAS and with an average height of 37.3 cm, irrigation was
suspended and plants were submitted to WD treatments.
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After 14, 38, 62, and 86 hours without irrigation, the plant
water potential (¥w) was measured in the xylem. Plants that
survived the treatment of 86 hours of WD were rehydrated and
transferred to the greenhouse (set at a maximal temperature of
31°C and a minimal temperature of 11°C) and had their Ww
measured after the 3rd and 14th days after rehydration. The
Yw was determined from the leaves at the middle section
of the plants at 6:00 AM using a pressure chamber (Model
3005, Soilmoisture Equipment Corporation, Sta. Barbara, CA,
USA) according to the methods described by Turner (1981)
and Boyer (1995).

Besides the ¥w, we also recorded the dry biomass of
leaves and stems, and the leaf-to-stem ratio. After the ¥Pw
was recorded, plants were cut close to the soil surface and
dried in a forced-air oven at 34 °C = 1 °C for 96 hours.

Artemisinin Analysis: Artemisinin was analyzed by
HPLC-UV after derivatization to Q260. The original method,
used to quantify artemisinin in rat plasma (Zhao and Zeng
1986) was modified for plant extracts (Delabays, 1997) and
ratified by Marchese et al. (2001) as follows: 100 mg of leaves
dried in a forced-air oven (34 °C for 48 h) were extracted in
5.0 mL of a solution containing acetonitrile and acetophenone
(4.5:0.5, respectively), using an overhead stirrer (Polytron
homogenizer PT300, Brinkmann Instruments Inc., Westbury,
NY) for 30 sec at 20,000 rpm, followed by six minutes at
3,200 rpm. After extraction, each 1.0 mL aliquot was added
of 1.0 mL of EtOH 95% and 4.0 m of an aqueous solution of
NaOH (0.2%). The tubes were sealed with PTFE lids and the
mixture was heated to 40 °C for 15 minutes, with magnetic
stirring. The solution was then quickly cooled in an ice bath
while being neutralized by the addition of 4.0 mL of acetic acid
at 0.1 M. A calibration curve for artemisinin was established
with standards dissolved in 95% EtOH, at the concentrations
of 0.04, 0.2, 0.5, and 1.0 mg of artemisinin mL" of EtOH
95%. After this derivatization reaction, Q260 was detected
by high-performance liquid chromatography using a Waters
(model M45, Waters Corporation, Milford, MA) coupled to a
UV detector (model 481 - Waters Corporation, Milford, MA),

Braz. J. Plant Physiol., 22(1): 1-9, 2010

using a Waters/Novapak® reverse phase C18 (3.9 x 150 mm
X 4.0um pore size) maintained at 47 °C. The mobile phase
was isocratic, and composed of phosphate buffer (10.0
mM) mixed with acetonitrile (80:20) with a flow rate of 1.0
mL min™'. The retention time for Q260 was 3.0 min and was
8.5 min for acetophenone (internal standard). Detection was
performed at 260 nm. Sample volumes of 20 uL were injected
manually. This method was linear in the range tested and had
a high linear regression coefficient of R? = 0.9998 between
concentrations and peak areas.

RESULTS

After 14, 38, 62, and 86 hours of water deficit (WD),
the leaf water potential (W¥'w) measured in the xylem of the
stressed plants were, respectively, -0.54 MPa, -1.39 MPa,
-2.51 MPa and -3.97 MPa (Figure 1A4).

Only the treatment of 38 hours of WD, considered
moderate, resulted in a significant increase in the leaf
artemisinin content (Figure 1B). The treatment under 14 hours
without irrigation, with no noticed WD (Figure 14), and the
treatments with more intense WD of 62 and 86 hours were
statistically similar to the control in artemisinin content (Figure
1B). The treatments of 38-hr WD (¥w -1.39 MPa) and 62-
hr WD (Pw -2.51 MPa) presented, respectively, 29% and
13.3% more artemisinin than the irrigated control, while the
treatments 14-h WD (¥w -0.54 MPa) and 86-hr WD (¥w
-3.97 MPa) presented, respectively, 6% and 11.7% less
artemisinin than the watered control plants (Figure 2).

The treatment of 38-hr WD induced the highest foliar
biomass accumulation and artemisinin content per plant, on a
dry weight basis, compared to the control (Figure 1C-D). We
also recorded the dry biomass of stems and the leaf-to-stem
ratio (Table 1). No significant differences were found for most
treatments for dry stem biomass or for leaf-to-stem ratio.
However, the 38-h WD treatment had a dry stem biomass
higher than the control.
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Figure 1. Effect of different levels of water deficit (hours without irrigation) on the leaf water potential - ¥w (A), dry leaves artemisinin content (B), leaf dry weight (C)
and plant artemisinin content (D) in A. annua plants of 84-day old cultivated in growth chambers. The irrigation was stopped 84 days after sowing to the treatments
with water deficit. Means = SE, n = 6, values significantly different at Student ¢ test. * (p = 0.084), *** (p = 0.007) and ** (p = 0.023).

Plants submitted to an 86-hr WD (¥'w -3.97 MPa) slowly rehydrated, we noticed the death of the apical meristem of the
recovered their turgor pressure (Pw -1.8 MPa) 64 hours after main stem, resulting on the expanded growth of lateral stems
they were rehydrated. Fourteen days after the plants were due to the loss of apical dominance, but the plants survived.
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Figure 2. Variation in artemisinin concentration in 84-day old A. annua plants
grown in growth chambers and submitted to treatments with water deficit
when compared to the irrigated control (represented by concentration “0”
on the Y axis).

Table 1. Effect of different levels of water deficit (hours without irrigation) on
the dry stem biomass accumulation and on the leaf-to-stem ratio in 84-day
old A. annua plants grown in growth chambers.

Hours after Leaf water .
irrigation potential Dry[smr;"bt'_TFaSS Leafr-at:)ijlem
stopped® - Pw [MPa] gp
- -0.59 = 0.10c 1.37 £ 0.90 1.69 + 0.50
L4 054008 127082 168+ 047
- -0.62 = 0.07¢c 1.07 = 0.41 1.93 + 0.45
L8 188 =057 1.83 2055 1.54+0.28
- -0.57 = 0.12¢ 1.50 + 0.57 1.66 + 0.43
B2 .25 =081 134+069 164063
- -0.61 = 0.06¢ 2.02 +£0.99 1.62 + 0.45
86 -3.97 = 0.05 1.37 £ 0.30 1.74 + 0.24

2 |rrigation was suspended 84 days after sowing; ® Average + SD of 6
replicates; ° Irrigated control; ** Significant (p = 0.022) by the Student t test

DISCUSSION

To date, very little has been published about artemisinin
accumulationinA. annuatriggered by stress. To our knowledge,
artemisinin responded to lead and salt-induced oxidative
stress by increasing or decreasing according to the doses of
the stressors in the soil (Qureshi et al., 2005) or planting in soil
with high salinity (Qian et al., 2007); increased in response
to a frost (Wallaart et al., 2000); and significantly increased
in response to a mild potassium deficiency (Ferreira, 2007).
These authors attributed artemisinin accumulation to the
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generation of active oxygen species in the plant in response to
stress, based on the report that high levels of peroxide can be
formed in plants under stress triggered by limited water, high
UV-B levels, chilling conditions or tissue damage caused by
pathogens or frost (Knox and Dodge, 1985).

In our study, a moderate 38-hour water deficiency (WD)
was the only treatment to result in significant increase in
artemisinin content (29%), which agrees with Ghershenzon
(1984) and with Herms and Mattson (1992), who reported
that terpenes tend to accumulate under moderate WD. Staudt
and Chuine (2005) studying the effects of an experimental
increase in temperature and water deficit on terpenes
emissions found Arternisia spp. plants to emit significantly
more mono and sesquiterpenes under those experimental
conditions. However, Hansen and Seufert (1999) and Duhl et
al. (2007) reported that while a severe drought reduced the
emissions of sesquiterpenes, emissions were unaffected by
a mild drought.

Regarding artemisinin, Charles et al. (1993) found no
significant correlation between artemisinin concentration
and the WD applied for two weeks before harvest, although
there was a trend for artemisinin concentration to decrease
with increased negative water potential. However, one has
to consider that plants under stress accumulate secondary
metabolites very quickly (Kuc, 1995) and that prolonged
stress could lead to a reduction in both artemisinin content
and in biomass accumulation, rather than to an increase in
artemisinin. In addition, Charles et al. (1993) measured ¥w
in the soil and not in the plants. According to Boyer (1995),
in water deficit experiments the WYw should be measured from
the plants and not from the soil, eliminating errors caused by
environmental changes that would affect the ¥Pw.

The significant increase in the leaf artemisinin content
resulting from the treatment with moderate water deficit (38-hr
WD) can be attributed to the fact that growth decreases under
moderate WD, while photosynthesis is still ocurring. Thus, the
excess photoassimilates, used in small quantity for growth,
would be redirected towards secondary metabolism (Herms
and Mattson, 1992; Marchese and Figueira, 2005), such
as artemisinin biosynthesis. Similar results were found by
Munné-Bosch et al. (2008) studying a drought-resistant shrub,
Cistus creticus. Drought-induced changes in gene expression
were observed at early stages of drought and were strongly
correlated with levels of the corresponding metabolites,
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with simultaneous increases in some terpenes. Drought led
to reductions in the relative leaf water content by 25%, but
did not alter the maximum efficiency of PSII, indicating the
absence of damage to the photosynthetic apparatus.

Regarding the role of artemisinin in A. annua, previous
works with hairy root cultures report the increase of artemisinin
content in plants under biotic stress induced by fungal elicitors
(Liu et al., 1999; Wang at al., 2002; Putalun et al., 2007; Baldi
and Dixit, 2008) and abiotic stress (Qian et al., 2007; Yin et al.,
2008). Ferreira (2007) used cloned Artemis® plants and found
that the stress provided by potassium deficiency resulted in a
75% increase in artemisinin concentration and a 21% increase
in artemisinin yield. These reports, associated with our result
indicate that moderate WD can increase significantly the leaf
artemisinin content, supporting the hypothesis that artemisinin
is part of A. annua chemical system of defense against biotic
and abiotic stress.

The treatment of 38-hr WD induced the highest foliar
biomass accumulation and artemisinin content per plant, on
a dry weight basis, compared to the control (figs. 1C and
1D). This increase in leaf biomass was unexpected because
water deficit in general stops or reduces growth and biomass
accumulation. The increased biomass was probably caused
by the genotypic variation that occurs in seeds derived from
cross pollinated plants of this hybrid. The parents used to
obtain the hybrid 2/39X1V used in this study were not pure
homozygous (as a pure hybrid parents would be) for biomass
accumulation, but rather superior clones that were selected
for those traits (Magalhdes, 1996). However, artemisinin
concentration in the plant is highly regulated by genetic factors
with broad-sense heritability varying from 0.91 10 0.98 (Ferreira
et al., 1995b) and narrow-sense heritability higher than 0.95
(Delabays, 1997). Thus, the increase in artemisinin content
found in plants under the 38-hr WD (¥w -1.39 MPa) was
attributed to the treatment rather than to the genetic variability
encountered in plants generated from seeds of this hybrid.

The dry biomass of stems and the leaf-to-stem ratio
(Table 1) are important parameters influencing the industrial
processing of A. annua. The stem has waxes that make
difficult the isolation and purification of artemisinin. No
significant differences were found for most treatments for
dry stem biomass or for leaf-to-stem ratio. However, the 38-
hr WD treatment (Ww -1.39 MPa) had a dry stem biomass

higher than the control (Table 1), again attributed to genetical
variability of the hybrid as discussed above.

Plants submitted to an 86-hr WD (¥w -3.97 MPa)
recuperated the turgor pressure (‘Ww -1.8 MPa) 64 hours
after they were rehydrated. Fourteen days after the plants
were rehydrated, we noticed the death of the apical meristem
of the main stem, resulting on the expanded growth of lateral
stems due to the loss of apical dominance, but the plants
survived. This tolerance of A. annua to such a water deficit
indicates the plant is somewhat resilient to a short drought
under the conditions used in this experiment. Our experience
growing A. annua under field conditions is that, during short
water shortages (10-14 days) the plants will show a loss
in turgor pressure, the top of the plant will become droopy,
but the plants regain turgor pressure after the first rain and
survive, although with a decreased leaf biomass accumulation
at the end of the season.

In conclusion, our results suggest that artemisinin could
be part of A. annua chemical system of defense against water-
deficit. Also, the results suggest that the lack of irrigation (or
absence of rain) one to two days before the A. annua crop
is harvested can induce a moderate water deficit and lead
to a significant increase in artemisinin without detriment to
biomass accumulation. The lack of irrigation or rain will also
be beneficial to hasten the drying process before industrial
processing.
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