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Abstract

The anti-malarial drug, artemisinin, production can be maximized by ratooning, a
cropping practice of reharvesting shoots 2-3 times from the same roots. This project showed that
increasing the amount and type of nitrogen applied to plants, increased artemisinin yieldsin
subsequent ratoon crops. Thisisalow cost method for increasing yields of an important drug

needed to treat malariain developing countries.
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1.0: Introduction

Malaria affects over 200 million people around the world each year (Martinez and Staba,
1988). It is caused by an infection of the parasite Plasmodium falciparum, for which the most
common treatment had been quinoline, or one of its derivatives (Martinez and Staba, 1988).
After many years of treatment, the parasite devel oped a resistance to the quinoline and a new
drug was needed (Dhingraet al., 2000). It was found in the plant Artemisia annua, which had
been used by the Chinese asamedicina aid for over 2000 years (Dhingra et al., 2000). The drug
artemisinin (Figure 1.0.1) can be extracted from the leafy tissues of the plant (Dhingraet al.,
2000). Itisapromising drug, asit hasalack of cross resistance with other anti-malarial drugs,
no known adverse effects to humans, and the ability to clear the blood of parasites more rapidly

than other available drugs (Meshnick et al., 1992).
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Figure 1.0.1: Chemical structure of artemisinin.



Artemisia can be found all over the world, but particularly in Europe, Asia, North
America, and Africa. There are nearly 400 species of the same genus, but only A. annua has
been shown to produce artemisinin. Most of the plants in the genus are odorous perennials that
either grow tall or in arosette pattern. A. annua is an annual, however, and rangesin height from

0.5 metersto 2 meters (Martinez and Staba, 1988).

1.1 Artemisinin

Artemisinin is an anti-malarial drug extracted from the annual wormwood, Artemisia
annua. It is an effective trestment for all forms of malariaincluding cerebral maariawith no
apparent side effects (Martinez and Staba, 1988). It is aso a potent plant inhibitor and can
function as a natural herbicide (Martinez and Staba, 1988). It has been determined that the most
abundant amount of artemisinin isfound in the leaves of the upper third of the plant and
decreases as you move down the plant (Dhingra et al., 2000). Different compounds in fertilizers
and the soil are known to have an affect on the artemisinin content and overall biomass of the

plant (Srivastava and Sharma, 1990).

1.2 Artemisinin asadrug

Artemisinin and a variety of molecules semi-synthesized from artemisinin are known to
carry out avariety of biological activities, including actions against certain protozoan pathogens
and cancer cell lines (Kumar et al., 2004). Synthetic compounds derived from artemisinin
including arteether, artemether, artesunate, artenulate and dihydro-artemisinin have been found
to be even more potent anti-malarials than artemisinin (Kumar et al., 2004). Artemisininis aso

effective against other diseases besides malaria such as Schistosoma japonicum, S. mansoni, and



S haematobium which combined with malaria affect 200 million people and cause 1.5 million
disabilities (Kumar et al., 2004).

Artemisinin, unfortunately, is only produced in very small quantities, ranging from
0.01% to 0.5% (w/w) by the Artemisia annua plant (Simon et al., 1990). Total synthesis of the
drug is difficult and expensive, and can not be done by inhabitants of devel oping countries with
prevalent malaria and other parasitic diseases. A practice called ratooning is a possible way to
increase artemisinin production while minimizing the number of plants needed (Kumar et al.,

2004).

1.3 Ratoon crops

Ratooning refers to the cropping practice of propagating plants from shoots that develop
after aplant is harvested near its base (Kumar et al., 2004). An agricultural application of this
procedure is the production of sugar cane, which is often harvested using a ratooning method.
Artemisinin is distributed throughout Artemisia annua, mainly in glandular trichomes that are
present in stems, leaves, and inflorescences (Ferreira and Janick, 1996). Thiswide-ranging
distribution implies that Artemisia annua can be harvested at various heights and still render
artemisinin. Therefore, ratooning may greatly improve artemisinin annual production per hectare
while also inducing a bushier growth of the plant, Artemisia annua.

Indeed Kumar et al. (2004) explored ratooning of Artemisia annua to increase
artemisinin production. Their work demonstrated that after ratooning the total artemisinin yield
for the harvest (measured in kilograms per hectare per year) was found to be almost 3 times more
than what was previously considered the maximum yield for a non-ratooned A. annua harvest.
However, they did not investigate whether or not subsequent ratoon crops exhibited changesin

yield of artemisinin for individual plants.



1.4 Plant nutrition

Increasing the production of artemisinin in whole plants has been the subject of many
studies, including mineral nutrition (Figueira, 1996). Artemisia annua requires weekly
fertilization to ensure that it generates significant foliage where the drug is produced and
localized. Asfertilizer increases plant growth and development, it can be assumed that an
increase in the frequency of fertilization would benefit the plant.

Addition of certain nutrients to the soil can lead to more fruit, faster growth, better color,
and increased overall biomass. For example, excess nitrogen is known to stimulate abundant
vegetative growth and favors a high shoot to root ratio (Hopkins and Hiner, 2004). Fertilizers
are used as an insurance against plant nutrient deficiencies. The most important minerals
(macronutrients) for plant growth are potassium (K), magnesium (Mg), phosphorus (P), calcium
(Ca), sulfur (S), and nitrogen (N). A few others are needed in smaller doses (the micronutrients),
and include zinc (Zn), copper (Cu), and boron (B). A typical well balanced fertilizer for whole
plantsis Hoagland’ s nutrient solution (Jones, 1999). Hoagland’ s nutrient solution contains all of
the 18 essential elements for plant growth and development. These include: oxygen, carbon,
hydrogen, nitrogen, potassium, calcium, phosphorus, magnesium, sulfur, chlorine, iron,
manganese, copper, boron, zinc, nickel, molybdenum, and sodium (Karimaei et al., 2004).

Potassium is required in large doses by most plants. It is difficult to alter the amount of
potassium in a plant as deficiency symptoms are easily triggered. It isaso nearly impossible to
give too much potassium. Plants react similarly with magnesium. Magnesium deficiencies can

lead to chlorosis and necrosis of leaves, and defoliation (Hopkins and Hiiner, 2004).



Another important mineral is phosphorus. Phosphorusis very soluble under acid
conditions and is easily lost in acidic soils. The most common form of phosphorus (H3POy,) is
highly influenced by the pH levels of the soil. In higher pH soils, the phosphorus tends to form
POs*, which is unusable by the plant. Even at neutral pHs, large quantities of phosphorus are
bound in organic forms which reduce the available amount given to a plant. Phosphorusis not
often experimented with because plants prefer to absorb nutrients in slightly acidic soil, which
leads to phosphorus flowing out of the soil without being absorbed (Hopkins and Hiiner, 2004).

Calcium is highly abundant in most soils. Plants need calcium to continue normal
function of their membranes and to send signals in response to internal and external cues.
Calciumissimpleto ater in afertilizer solution; however, it is difficult to reach the higher limits
of aplant’stolerance for the element and thus has not been shown to have a great effect on plant
growth and overall biomass (Hopkins and Hiner, 2004).

The most abundant form of sulfur used by plantsis SO,%. Sulfur deficiencies are not
common as there are so many microorganisms that can produce sulfur. Thisisimportant as
sulfur isacrucia component of photosynthesis, as well as the nitrogen cycle (Hopkins and
Huner, 2004). Sulfur is difficult to work with in whole plants, however, becauseit is not readily
mobilized within the plant. Sulfur tends to remain localized, so changesin levels only affect
younger leaves and not the rest of the plant (Hopkins and Hiiner, 2004).

Nitrogen is extremely important to the growth of plants. Most plants absorb nitrogen
from the soil, whereit is usually in the form of nitrate (NO3). Once absorbed by the plant,
nitrate is reduced to ammonia (NH4"), which is easier for the plant to use (Hopkins and Hiner,
2004). Theratio of nitrate to anmmonium is an interesting aspect of nitrogen usage in a plant.

Since nitrogen has been known to stimulate the growth of leafy tissue and delay flowering,
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changing the nitrate to ammonium ratio may affect the plant in a similar manner (Hopkins and
Huner, 2004). Thiswould be important as the highest concentration of artemisinin isfound in
the leaves of A. annua just prior to flowering (Simon et al., 1990). In astudy done on A. annua
hairy roots, the alteration of the nitrate to ammonium ratio led to increased biomass, dry weight,
and artemisinin content (Wang and Tan, 2002). It would beinteresting to seeif altering the ratio

of nitrate to ammonium has asimilar effect on whole plants, especially after ratooning.

1.5 Effect of nitrogen and the nitrate: ammonium ratio on artemisinin production in
Artemisia annua

Nitrogen is the element that plants require in the greatest amount, most often in the forms
of nitrate (NOs) and ammonium (NH,"). Ammonium is tolerated by plantsin small amounts,
but can be toxic when plants are exposed to increased quantities. On the other hand, increased
nitrate is not toxic to plants and is associated with increases in biomass and artemisinin
production in Artemisia annua (Liu et al., 2003).

Liu et al. (2003) investigated the sensitivity of Artemisia annua shoot cultures to
variations in the amount of total nitrogen present in the culture media. In addition to studying
variations in the amount of total nitrogen, they studied the sensitivity of the shoots to different
nitrate/ammonium ratios. It was found that aratio of higher nitrate to ammonium and alow total
nitrogen concentration in the shoot media led to increased artemisinin content. The optimum
ratio for artemisinin accumulation and biomass was 3:1, nitrate to ammonium, at atotal nitrogen
concentration of 45mM. Increasesin ammonium resulted in decreased biomass and artemisinin
content (Liu et al., 2003). Although they reported an increase in artemisinin, it is not clear if
their methods for measuring artemisinin content are correct, as they did not assay artemsinin via

HPLC using the Q260 analysis which is very specific for artemisinin.
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1.6 Micronutrients and their effects on artemisinin production in Artemisia annua

Of the 8 micronutrient minerals essential to plant growth, only two have been reported to
affect artemisinin content in Artemisia annua plants. These are zinc and boron (Zhang et al.,
2004). Zinc is needed by plants to activate several important enzymes, such as alcohol
dehydrogenase, carbonic anhydrase, and superoxide dismutase. Although much is still unknown
about the function of zinc in plants, toxicity can occur at low levels (Hopkins and Hiner, 2004).

Zinc induces changes in morpho-physiological and biochemical parameters (Khudsar et
al., 2004). Zinc toxicity causes wilting, necrosis of old leaves, inhibits chlorophyll formation in
young leaves and reduces plant growth. Reduction of growth is due to Zn interference with
nutrient uptake and certain enzyme activities (Khudsar et al., 2004). Zinc decreases al of the
following in Artemisia annua: total leaf area, leaf dry mass, shoot length, shoot dry mass, foot
length, root dry mass, total biomass, nitrate reductase activity, protein control (roots become
more stressed than shoots), net photosynthetic rate, intercellular CO2 concentration, stomatal
conductance, carotenoid content, and chlorophyll aand b content (Khudsar et al., 2004). There
was a significant difference between the control and treated plants for each of the conditions
mentioned above (Khudsar et al., 2004). At extremely low levels, however, zinc apparently
increases the artemisinin yield, but not as significantly as boron (Zhang et al., 2004).

Boron is amember of the mettaloid group of elements which also includes silicon and
germanium. These elements contain intermediate properties between metals and non metal's, and
share many features in common in plants (Marschner, 1995). The role of boron in plant nutrition
isstill not very well known. Postulated roles of boron include: sugar transport, cell wall synthesis,
lignification, cell wall structure, carbohydrate metabolism, RNA metabolism, respiration, indole

acetic acid metabolism, and phenol metabolism (Marschner, 1995). Boronisasoinvolvedina
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number of metabolic pathways. It playsarolein cell division and elongation and could possibly
contribute to overall plant growth, particularly asit can be found in shoot meristems. However, it
is not known how thisoccurs. It is easily altered within Hoagland’ s nutrient solution asit is
provided as H3BO3; (Hopkins and Hiiner, 2004).

Boron is accessible to plants at a pH <8, and deficiency in boron gives the plant
shortened internodes, a busy or rosette appearance and enlarged stems (Hopkins and Hiiner
2004). Primary effects of boron deficiency include: change in chemical composition and ultra-
structure of cell walls, change in phenol metabolism, change in plasma membrane integrity,
inhibited lignin synthesis, enhanced IAA oxidase activity, decreased level of diffusible IAA, and
morphological and physiological changes at cell wall-plasma membrane interface (Marschner,
1995). These deficiencies occur by increasing soil pH or exposing plants to drought conditions
(Marschner, 1995). Symptoms of boron deficiency are most noticeable in the younger leaves
which become discolored and may die (Marschner, 1995).

According to Srivastava and Sharma (1990), Artemisia annua plants fertilized with either
very high [2.50 mg/L] or very low [0.05 mg/L] boron levels showed that Artemisia annua is
highly sensitive to boron deficiency, which significantly decreases growth and artemisinin
content. Plants that received very low boron concentrations exhibit characteristics of necrosisin
growing tips, resulting in delayed or absent flowering. Increased boron levels, however,
significantly increased shoot mass and total artemisinin yield. Indeed, there was alinear
relationship between shoot fresh weight with shoot dry weight, plant height and artemisinin

content (Srivastava and Sharma, 1990).
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Zhang et al. (2004) tested the effects of boric acid in Hoagland’ s nutrient solution on the
mass fraction of artemisinin in Artemisia annua plants. Normal Hoagland’ s nutrient solution
contains 2.86 mg/L boric acid. This produced approximately 3.25 mg/g dry weight of artemisinin
(Zhang et al., 2004). When half of the normal amount of boron was used, approximately 3.0
mg/g dry weight of artemisinin was produced. The artemisinin level decreased further when no
boron was present in the medium (Zhang et al., 2004). However, when boron was doubled
approximately 4.75 mg/g dry weight of artemisinin was produced, nearly twice that of plants
grown in regular Hoagland’ s nutrient solution. Although a4X boron concentration was also
tested, artemisinin content did not increase. Rather, it decreased to about 3.25 mg/g dry weight of

artemisinin (Zhang et al., 2004).

2.0 Hypotheses and Objectives

Since increased boron concentrations increase the production of artemisinin in other
studies, we hypothesized that increased boron would produce an increase in artemisinin in plants
after being ratooned.

Since increased nitrate to ammonium ratios increased the production of artemisininin
other studies, we hypothesized that a higher nitrate to ammonium ratio would produce an
increase in artemisinin in plants after being ratooned.

Since increased nitrogen concentrations increased the overall biomass of A. annuain
other studies, we hypothesized that increased applications of fertilizer would produce an increase
in artemisinin in plants and biomass after being ratooned.

Our specific objectives were:

To measure artemisinin content and biomass in response to altered boron

concentrations.
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To measure artemisinin content and biomass in response to altered nitrate to

ammonium ratios.

To measure artemisinin content and biomass in response to increased frequency

of fertilization.

3.0 Materialsand Methods

3.1 Prepar ation of plants

The Y ugoslavian strain of A. annua seeds from a 2004 crop grown in the WP
greenhouse were planted in Premier Pro-Mix HP soil in August of 2005. Once the seedlings
produced their first 1-2 sets of leaves they were transplanted to pots and then were fertilized once
aweek using standard Miracle-Gro plant fertilizer. Plants were watered as needed using an
automated watering system. Neither the mineral content of the soil, nor the content and
consistency of the fertilizer were measured prior to the first ratoon in order to mimic low
maintenance field conditions in developing countries. The plants for this experiment were grown
in a25° C warm room operating on alight schedule of 16 hourslight and 8 hours dark to inhibit
flowering. The lights were cool white fluorescent bulbs. Light readings within the growth room
indicated uneven light distribution (Figure 3.1.1). Readings were taken from 18" above the
tabletop within the warm room. This height was approximately equal to the level at which the
plants were ratooned. In this room the plants were in three large bins which allowed for excess
water from the watering system to freely collect at the bottom of the bin to be taken up by the
plantsin each bin. Due to the inconsistency in light intensity, plants were rotated weekly. Plants
were moved from the front of the bins to the rear of the bins to average out the incident light

intensity.
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Prior to thefirst ratoon, the drips used for the automated watering system were removed
from the plant pots. The 32 most uniform plants were selected and randomized in the
experiment according to height with one each of the eight tallest and eight shortest plantsin the
eight test groups. Plants were labeled using color-coded Popsicle sticks placed in each pot. To
avoid cross-contamination of fertilizers between plants within the three large bins plastic catches

were placed under each pot.

Light Meter Readings

micro-Einsteins m”-

2snh-1 @ Front

B Middle
0O Back

Back
Middle

Orientation of
Readings

Front

Middle
Right
Bins (Titled by location on
bench)

Figure 3.1.1: Light meter readings within growth room.

3.2 Ratoons

Before an experimental ratoon crop could be obtained, a baseline harvest of each plant
was taken to provide a measurement of artemisinin in each plant. This baseline crop was
harvested when each of the 32 A. annua plants reached a height that could sustain aratooning
height of 6 inches from the soil (Figure 3.2.1). The ratooned plants were immediately |abeled
according to their fertilizing group and were laid out flat on paper toweled shelves and air dried

at about 25° C in the light (cool white fluorescent, about 4.4 micro-Einsteins m? sec™). Once the
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plants were dry, stems were removed and the total dry weight of all the harvested leaves from
each plant was obtai ned.

The baseline harvest was cut according to the method seen in Figure 3.2.2. Plantswere
only cut at the stem, 6 inches above soil level. The ratoon harvest plants were cut alittle
differently because the plants began to expand laterally forming a candelabra pattern and no

longer grew upward from the ratooned stems.

Figure 3.2.1: Before and after baseline harvest.

When cutting the ratoon harvest plants, all branches and offshoots of the stem were
gathered together in hand and cut as a unit 6 inches above the soil to mimic ratooning in afield

using less specialized farm equipment (Figure 3.2.2).
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Baseline Harvest Ratoon Harvest
Figure 3.2.2: Ratooning methods.

3.3 Experimental treatments and corresponding controls

Following the baseline harvest the plants underwent a change in watering and fertilization
procedures. A form of fertilization that combines irrigation and the application of chemical
nutrientsis called “fertigation” (Silber et al., 2003). For this, afertilizer is applied to the soil
surrounding the plant and water is added on top to help it penetrate into the soil (Silber et al.,
2003). Eight groups of four plants were fertigated using one of several modified Hoagland's
nutrient solutions (Table 3.3.1). Thefirst control group (C1) was fertilized with 100mL of the
basic Hoagland' s nutrient solution (Hoagland and Arnon, 1953) (Table 3.3.2) once per week. C1
acted as the control group for the boron (B) groups and al so the frequency of fertilization groups
F.

The second control group (C2) was the control for the nitrate:ammonium groups (N:A)
and consisted of a modified Hoagland’ s recipe containing three times more nitrogen than regular
Hoagland’ s nutrient solution. The C2 group was given 100mL of fertilizer once per week. The

composition of C2 isshown in Table 3.3.3.
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Table 3.3.1: Nutrient solutions delivered to each plant group.

GROUP IDS PLANT TREATMENT SOLUTION FERTILIZER CONTENT
Basic Hoagland’'s
C1' (1P, 1B®, Given 1x weekly
INY) Control group for B, F (Final M of N: 0.015)
Basic Hoagland’s + NH,CI + NaNOs
Given 1x weekly
C2° (3N) Control group for N:A (Final M of N: 0.045)
Basic Hoagland’s + 2 H;BOs
Given 1x weekly
2B 2x Boron Plant Group (Final M of N: 0.015)
Basic Hoagland’s + 3 H;BOs
Given 1x weekly
3B 3x Boron Plant Group (Fina M of N: 0.015)
Basic Hoagland’'s
Given 2x weekly
2F 2x Fertilization Plant Group (Final M of N: 0.030)
Basic Hoagland’'s
Given 3x weekly
3F 3x Fertilization Plant Group (Final M of N: 0.045)
Basic Hoagland’s + NH,CI + NaNOs
Greater Ammonium:Nitrate Ratio | Given 1x weekly
AN® Group (Final M of N: 0.045)
Basic Hoagland’s + NH,CI + NaNOs
Greater Nitrate:Ammonium Ratio | Given 1x weekly
NA’ Group (Final M of N: 0.045)

! C1isthe symbol for the control group for frequency of fertilization treatment, boron treatment, and total nitrate
comparison. Contains 15mM nitrate.

2 Fisthe symbol for the group fertilized 1, 2, or 3 times per week with basic Hoagland' s solution. e.g. 1F isthe
group fertilized once per week.

% B isthe symbol for the group fertilized with 1, 2, or 3x boron in modified Hoagland’s solution once per week. e.g.
2B isthe group fertilized with 2x the boron concentration in C1.

* N isthe symbol for the groups compared by nitrate concentration. N groups received basic or modified
Hoagland’ s solution containing 15mM-45mM nitrate. e.g. 3N isthe group containing 3x the nitrate found in C1.
® C2 isthe symbol for the control group for altering nitrate: ammonium ratios. C2 received modified Hoagland's
solution containing 3x the nitrate concentration in C1. Contains 45mM nitrate.

® AN isthe symbol for the group treated with modified Hoagland’s solution containing 30mM ammonium and
15mM nitrate.

" NA isthe symbol for the group treated with modified Hoagland’s solution containing 30mM nitrate and 15mM
ammonium.
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Table 3.3.2: Basic Hoagland’ s nutrient solution preparation.

Component | Chemical Stock Concentration Added to 985mL H,O
ID
A 1M KNOs 10.1 g/0.1L SmL
B 1M Ca(NO;), 4H,O | 23.6 ¢/0.1L 5mL
C 1M KH,PO, 13.6 g/0.1L ImL
D 1M MgSO, 12.0 g/0.1L 2mL
E 0.1 M NaoFeEDTA 3.67 g/0.1L ImL
9.6 MM MnCl, 4H,0 | 1.90 g/L
0.765 mM ZnSO,
7H,0 0.220 g/L
" [0320mM CusO; 1ml. tota
5H,0 0.080 g/L
0.112 mM H,M004
H.O 0.020 g/L

Table 3.3.3: Additional components of modified Hoagland’ s nutrient solution for
nitratezammonium plant groups.

CONTROL (C2)
(45/0mM Nitrate:Ammonium ratio)
Chemical Stock Concentration Added to 980mL H,O
OM NH,4CI 0g/0.1L OmL
6M NaNOs 51.0 g/0.1L 5mL
NITRATESAMMONIUM (N:A)
(30/15mM Nitrate: Ammonium ratio)
Chemical Stock Concentration Added to 975mL H,O
3M NH,4CI 15.9 ¢/0.1L 5mL
3M NaNOs 25.5 g/0.1L 5mL
AMMONIUM>NITRATE (A:N)
(15/30mM Nitrate:Ammonium ratio)
Chemical Stock Concentration Added to 980mL H,O
6M NH,4CI 31.9¢/0.1L 5mL
OM NaNO; 0g/0.1L OmL

20



Each boron group was given 100mL of modified Hoagland' s nutrient solution once per
week. The boron group called 2B received a Hoagland' s nutrient solution containing twice the
amount of boron than isfound in basic Hoagland' s nutrient solution, and the boron group labeled
3B received a Hoagland' s nutrient solution containing three times the amount of boron found in
basic Hoagland’ s nutrient solution (Table 3.3.1).

The frequency of fertilization groups received 100mL of basic Hoagland’ s nutrient
solution (C1) two and three times per week. The 2F fertilization group received 100mL of C1
twice weekly and the 3F fertilization group received 100mL of C1 three times weekly.

Standard Hoagland’ s solution has no ammonium, thus, to alter the nitrate:ammonium
ratio, the overall amount of nitrogen in Hoagland' s solution had to be increased three-fold and
ammonium added. The nitrate:zammonium groups (NA, AN) received 100ml of modified
Hoagland’ s nutrient solution once per week. The nitrate:ammonium group (NA) received a
Hoagland’ s nutrient solution that contained twice as much nitrate as ammonium, while
maintaining an equal amount of total nitrogen to that in the C2 control. The ammonium:nitrate
group (AN) received a Hoagland' s nutrient solution that contained twice as much ammonium as
nitrate, while keeping the total amount of nitrogen present constant to that in C2 control. The
contents of Hoagland' s nutrient solutions NA and AN can be seenin Table 3.3.3. The
Hoagland' s nutrient solutions and fertilization frequency for each plant group can be seenin
Table 3.3.1. See Appendix 8.0.2 for table that provides both g/L concentrations and final molar

amounts of all nutrients used in each of the test nutrient solutions.
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3.4 Extraction of artemisinin

After the dry weight of each ratooned plant was obtained, the samples were ground and
homogenized and a 0.1g dry weight sample was taken for the extraction of artemisinin, and
placed in atest tube to which 1mL of toluene was added. The samples were then sonicated for
thirty minutes in an ice bath, centrifuged to pellet plant debris, and the supernatant decanted into
anew test tube. The samples were extracted twice again with 1mL of toluene. Thethree
supernatant extracts were pooled and dried at 30° C under a nitrogen stream. The dried extracts

were stored at -20 ° C until HPLC analysis.

3.5 HPL C analysis of artemisinin

Extracted samples were analyzed by HPL C using the Q260 Assay for artemisinin
described by Smith et al., (1997). Thetotal artemisinin in each sample was calcul ated after
HPLC and based on standard artemisinin injections. Percent change between baseline harvest
and ratoon was calculated for each plant and averaged, and the average percentage change per

group was calculated along with the standard deviation from the mean.

3.6 Statistical analysis

There were four test plants in each experimental treatment group. The statistical methods
used in this experiment were the Kruskal-Wallis test and the Mann-Whitney test. These tests
were used within the program SPSS 14.0 for Windows (SPSS Inc.) to determine the significant
difference in artemisinin between plant groups. Artemisinin production data were analyzed
using the Mann-Whitney test. Thistests the difference between two group means without
assuming that data are from a normally distributed population (Glantz, 2001). Datawere also

analyzed using the Kruskal-Wallistest. Thisteststhe hypothesis that three or more group means
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are not different without the assumption that data are from a normally distributed population
(Glantz, 2001). Unlike the Mann-Whitney test, the Kruskal-Wallis test finds Q values and not P
values to determine significant difference. Using the Kruskal-Wallistest a Q value must be

greater than 2.394 for three independent samplesin order to be considered significant.

4.0 Results and Discussion

The objectives of this experiment were to measure artemisinin content and biomassin A.
annua in response to increased boron concentrations, increased fertilization, and modified nitrate
and ammonium content. The plants were ten weeks old at the time of the baseline harvest. The
experiment continued for fourteen weeks after the date of the baseline harvest after which the
experimental harvest (second ratoon) was taken. After the experimental ratoon, athird ratoon
was planned, however, about two weeks later 47% of the plants were dead, and the surviving
plants were in poor condition. Thisoccurred as aresult of amalfunction of both the heating and
lighting systems in the warm room. Data were still obtained from the baseline harvest and
experimental ratoon. All biomass data are in Appendix 8.0.3. Only the artemisinin results are

presented here as they were the mgjor focus of this study.

4.1 Freguency of fertilization does not alter artemisinin level

To determine if increased overall application of fertilizer affected artemisinin content of
the ratoon, we measured artemisinin levelsin plants fed Hoagland’ s solution one, two, or three
times per week. Although there was an upward trend in artemisinin yield from 1F to 3F, the
change was not significant (Table 4.1). The Q valuesfor 1F, 2F, and 3F were 0.0, -0.8825, and -

0.8825 respectively.
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This study of the effects of fertilizing A. annua plants at increasing frequencies was not
based on previous research, and therefore cannot be compared to the results of other studies. At
the time of the experimental ratoon, both 1F and 2F plants appeared to be healthy. The 3F plants
exhibited poor growth after the baseline harvest and continued to deteriorate throughout the rest
of the experiment. It was assumed that an increase in the nutrients within the Hoagland' solution
would benefit the plants as they grew, however this was not supported by our results. The
observed upward trend in artemisinin yield from 1F to 3F might be attributed to the three-fold
weekly increase in any or al of the nutrients in Hoagland’ s solution. Despite the plants physical
condition, 3F still produced a noteworthy yield of artemisinin compared to the healthier

appearing plants.

Table4.1: Percent change in artemisinin content for baseline and ratoon for 1F, 2F, 3F.

Baseline Ratoon
Sample' | AN (ug/g)? | AN (ug/g) | % Change® | % Avag.
1F-1 212.4 575.9 165.870
1F-2 709.8 331.8 -54.17 | 64.528 +
1F-3 650.8 1347.2 102.98 | 93.6004
1F-4 433.6 634.2 43.43
2F-1 611.5 467.4 -25.05
2F-2 555.4 952.9 68.24 | 59.95+
2F-3 365.2 652.9 75.3 | 61.3613
2F-4 330.7 746.4 121.32
3F-1 338.2 1327.2 248.8
3F-2 384.7 833.8 112,53 | 11550 4
3F-3 340.7 322.7 -7.13 | 104571
3F-4 207.4 433.9 114.61

! Number of fertilizations per week 1F, 2F, 3F followed by plant number within each fertilization group e.g. 1F-1is
plant number 1 of the once per week fertilization group.

2 AN, artemisinin.

3 Percent Change = [(AN of ratoons) — (AN of baseline)] / [(AN of baseline) * 100]

Statistical analyses done using Kruskal-Wallis test.
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Figure 4.1: Percent change in artemisinin for 1, 2, or 3 applications of Hoagland' s solution per
week.

4.2 I ncreased boron appearsto decrease artemisinin levels

To determine if increased boron concentration affected artemisinin content of the ratoon,
artemisinin was measured in plants that were fed modified Hoagland' s sol ution once per week
containing one, two, or three times standard boron concentrations. Although there was a
downward trend in artemisinin yield as boron was increased, the change was not significant
(Table4.2). The Q valuesfor 1B, 2B, and 3B were 0.0981, 0.7845, and 0.6864 respectively.

The results of this study werein direct contrast to that of Zhang et al. (2004). This
unexpected result suggested that A. annua is much more sensitive to boron concentration than
previously believed. Compared to the control plants, the plants exposed to the higher

concentrations of boron appeared unhealthy as the experiment progressed. The poor growth and
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performance of the 2B and 3B plants suggested that boron may in fact be toxic to A. annua at

concentrations exceeding that in standard Hoagland' s solution.

Table 4.2: Percent change in artemisinin content for baseline and ratoon for 1B, 2B, 3B.

Baseline Ratoon
Sample' | AN (ug/g)®> | AN (ug/g) | % Change® | % Avag.
1B-1 212.4 575.9 165.870
1B-2 709.8 331.8 -54.17 | 64.528+
1B-3 650.8 1347.2 102.98 93.6
1B-4 433.6 634.2 43.43
2B-1 392.1 1069.9 167.56
2B-2 1098.8 690.3 384 | 4296+
2B-3 616.6 482.3 -23.29 94.978
2B-4 543.7 920.2 65.96
3B-1 912.9 591 -36.52
3B-2 968.7 756.9 -23.38 535+
3B-3 461.1 606.3 28.93 42.215
3B-4 543.7 844.9 52.38

! Concentration of boron given once per week 1B, 2B, 3B followed by plant number within each fertilization group
e.g. 2B-1 isplant number 1 of the two times boron plant group.

2 AN, artemisinin.

3 Percent Change = [(AN of ratoons) — (AN of baseline)] / [(AN of baseline) * 100]

Statistical analyses done using Kruskal-Wallis test.
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Figure4.2: Percent change in artemisinin for 1, 2, or 3 times boron concentrations.

4.3 Nitrate increases artemisinin mor e than ammonium

To determine if increased nitrate concentration affected artemisinin content of the ratoon

more than ammonium, artemisinin levels were measured in plants fed modified Hoagland' s
solution once per week containing various ratios of nitrate to ammonium (Table 4.3). There was
not a significant change in artemisinin content for comparisons between 30:15mM nitrate to
ammonium to 45:0mM nitrate to ammonium, or between 45:0mM nitrate to ammonium and
15:30mM nitrate to ammonium (Q values 1.7651, -0.8825). There was, however, a significant
difference in artemisinin content for plants grown in 30:15mM nitrate to ammonium compared to
those grown in 15:30mM nitrate to ammonium. (Q value for 30:15mM nitrate to ammonium to

15:30mM nitrate to ammonium: 2.6476) (Figure 4.3).
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The total nitrogen content and nitrate:ammonium ratios used in this experiment were
taken from the study by Liu et al. (2003) where the effects of total nitrogen content and nitrate to
ammonium ratios were compared on A. annua shoots. Although that study used shoots, and this
study used whole plants, the results were similar; both experiments found that a higher ratio of

nitrate:ammonium at atotal nitrogen concentration of 45mM increased artemisinin content.

Table 4.3: Percent change in artemisinin content for baseline and ratoon for C2, AN, NA.

Basdline Ratoon

Sample' | AN (ug/g)®> | AN (ug/g) % Change® % Avg.

NA-1 340.1 1094.1 215.47

NA-2 375.8 1794.2 368.15

NA-3 841.3 1711.2 99.44 | 216.84+112.16
NA-4 114 330.6 184.3

AN-1 237.1 358.7 48.38

AN-2 565 461.2 -19.96 | 13954 41033
AN-3 672 516.9 -24.58

AN-4 750.3 1140.7 49.07

C2-1 360.9 894.1 142.92

C2-2 649.3 842.3 27.2

C2-3 452.2 719.4 55.99 | 60.20+ 57.792
C2-4 542.2 634.2 14.7

! C2isthe symbol for the Control group containing 45mM nitrogen in a45mM to OmM nitrate to ammonium ratio.
AN symbolizes the group containing 45mM nitrogen in a 30mM to 15mM ammonium to nitrate ratio. NA
symbolizes the group containing 45mM nitrogen in a 30mM to 15mM nitrate to ammonium ratio. The number
denotes the plant number within the group.

2 AN, artemisinin.

3 Percent Change = [(AN of ratoons) — (AN of baseline)] / [(AN of baseline) * 100]

Statistical analyses done using Kruskal-Wallis test.
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Figure 4.3: Percent change in artemisinin for 30:15 mM nitrate:ammonium, 15:30 mM
nitrate:ammonium, and 45:0 mM nitrate:ammonium.

4.4 | ncreased total nitrogen does not increase artemisinin levels, but added ammonium

does

In addition to the nitrate to ammonium variations, two other variations in nitrogen content
were built into the combined set of experiments described here:
INO;3vs. 3 NOswith no other changesin Hoagland' s nutrients.
INOsvs. 3 NOzwith 3x al other Hoagland’ s nutrients.
To determine if increased overall nitrogen affected artemisinin content of the ratoon, we
measured artemisinin levelsin plants fed standard Hoagland’ s solution or a modified Hoagland’' s
solution containing three times more nitrogen, as nitrate, once per week. No significant

difference was observed in artemisinin levels (Figure 4.4). When ammonium, however, was
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added to the medium, the artemisinin level increased >200 percent (Figure 4.3). In each of these
experiments the remainder of the Hoagland' s nutrients was kept constant. When three times as
much total Hoagland' s solution was fed to plants, there was about a 100 percent increasein
artemisinin (Figure 4.1). Thiswas not significantly more than the standard Hoagland’ s solution
and not statistically different from the Hoagland' s solution with added ammonium. Taken
together, these data suggest that tri-fold increases in total nitrogen and total nutrients do not
strongly affect artemisinin levels until ammonium is present. Clearly additional experiments are
needed to definitively show the importance of total nitrate and ammonium in artemisinin
production. Although there was an upward trend in artemisinin yield from 1N to 3N, the change

was not significant (Table 4.4).

Table 4.4: Percent change in artemisinin content for baseline and ratoon for controls.

Baseline Ratoon
Sample' | AN (ug/g)®> | AN (ug/g) | % Change® % Avg.
IN-1 212.4 575.9 165.870
1N-2 709.8 331.8 -54.17 | 64528+
IN-3 650.8 1347.2 102.98 93.6
IN-4 433.6 634.2 43.43
3N-1 360.9 894.1 142.92
3N-2 649.3 842.3 27.2 60.90 +
3N-3 452.2 719.4 55.99 57 792
3N-4 542.2 634.2 14.7

! Concentration of nitrogen given once per week 1N, 3N followed by plant number within each fertilization group
e.g. 3N-1isplant number 1 of the three times nitrogen plant group.

2 AN, artemisinin.

% Percent Change = [(AN of ratoons) — (AN of baseline)] / [(AN of baseling) * 100]

Statistical analyses done using Mann-Whitney U-test.
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IN 3N
Figure 4.4: Percent change in artemisinin for controls in Hoagland’ s medium with 1 or 3 times
the total nitrate level fed once per week.

5.0: Overall Conclusions

It can be concluded that the frequency of fertilization and the amount of boron supplied
to plants do not statistically significantly change the amount of artemisinin produced. Thereis,
however, adownward trend in artemisinin production when boron isincreased. Increased total
nitrogen does not increase artemisinin levels in absence of ammonium, but an increased ratio of
ammonium to nitrate statistically significantly decreased artemisinin production. Thereisnot a

statistically significant change in artemisinin content when total nitrateis tripled.
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6.0: Future Experiments

The results obtained in this study can serve as abasis for future studies on altered
fertilizers and/or ratooning as ways to increase artemisinin yield. For example, phosphorus can
be examined based on the design of the boron experiment. The role of boron in plant nutrition is
still not very well known, although boron can be found participating in numerous metabolic
pathways aswell asin cell wall structure and synthesis. The results of the 1B, 2B, and 3B boron
experiment suggest that A. annua is much more sensitive to boron concentrations than previously
believed, and that a concentration of boron greater than that in Hoagland’ s solution may be toxic.
Figueira (1996) found that omission of phosphate drastically affected plant growth and dry
matter production in A. annua. Artemisinin was found to be most sensitive to the exclusion of
phosphate when compared to the exclusion of potassium, calcium, magnesium, or sulfur.
Phosphorus is an important mineral that is very soluble under acid conditions and iseasily lost in
acidic soils. The most common form of phosphorus (H3PO,) is highly influenced by the pH
levels of the soil (Hopkins and Hiner, 2004). Future experiments could be done monitoring and
altering both phosphorus concentrations and soil pH. Soil pH may affect the artemisinin
production and yield in A. annua. Strom et al, (2005), studied other species of Artemisia and
found that soil pH is essential for determining the effectiveness of phosphorous. It was found
that phosphorous is most effective at high pH, which encourages future studies.

According to Figure 4.4, increasing the nitrate level three-fold does not increase
artemisininyield. However, it isapparent in Figure 4.3 that adjusting ammonium levelsin
addition to an increase in total nitrogen drastically changes artemisinin yield. Future
experiments could further explore nitrate: ammonium ratios to determine an optimal

concentration.
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Fleury et al.(2004) studied the effects on secondary metabolites of modified nutrient
solutions. It was found that changes in the nutrient regime when the solution contains nitrogen
or phosphorous influenced the concentrations of secondary metabolites. Asartemisininisa
secondary metabolite of A. annua, future studies focused on the effects of nitrogen and

phosphorus on artemisinin levels could be beneficial.
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8.0 Appendices

8.0.1 0260 Assay for AN/AT

Mobile Phase (v/v): 55% 0.22 m filtered 0.01M sodium phosphate buffer, pH 7.0
45% methanol, HPLC grade ONLY'!!

Preparation Instructions:
Solution A: dissolve 2.76g monobasic sodium phosphate monohydrate (NaH,PO4H20) in 100 ml
di H,O

Solution B: dissolve 2.84g dibasic sodium phosphate (NaH,PO,) in 100 ml di H,O

Combine 21.0 ml of solution A with 29.0 ml of solution B and 950 ml of di H,O. The pH will be
very closeto 7.0. Filter through a0.22 m aqueous filter (cellulose acetate membrane).

Filter 819 ml of HPLC grade methanol (solvents membrane) then add 1 L of the 0.01 M buffer.
Then adjust pH to 7.0 with 1.0 M HCI.

Addition of the methanol to the buffer raises the pH substantially. The mobile phase MUST be at
pH 7.0 because the column we use is Si-based and a pH greater that 8 will solubilize the
stationary phase. Also, AN isonly stable at pH 7.0.

All mobile phases must be degassed. Our BREEZE HPL C system does this automatically.

Column: 15 cm Microsorb-MV C18 column from Varian (formally sourced from Rainin), 4.6
mmi.d.,5 mbeadswith 100 poresize.

Q260 conversion; done BEFORE sampleis placed in the injector carousel:

1) Resuspend dried toluene extract samplein 100 | methanol.

2) Add400 [ 0.2% NaOH (1 g/500ml di H,O) and vortex.

3) Heat for at least 35 min at 50 °C in heating block.

4) After time has elapsed, set tube in abeaker of ice water followed immediately by the
addition of 400 10.2 M acetic acid (5.735 ml + 494.265 ml H,O) and 100 | methanol.

5) Vortex and filter (FP-200 Vericel, 0.22 m) and the small Swinnex holder.

6) Sample should befiltered right into a clean injector vial and capped. To get all of the
sampleinto the vial be sureto filter at least 2 ml of air into the syringe filter to push out
the sample volume hung up on the filter.

HPLC Run: Q260 assay for AN/AT
1) Besurethe mobile phaseisat 7.0. A higher pH will dissolve the column!
2) Set theflow rateto 1.0 ml/min

3) Detector: 260 nm
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4) Equilibriate the system for at least 30 minutes before using **,

** | mportant! The HPLC system and column are usually stored in 100% MeOH. There must
be a step of at least 65:35 MeOH:H,0 before using the MeOH:Buffer mobile phase. Failure
to do thiswill cause salt to precipitate in the lines, column, and machine, and will shut down
operation while everything is repaired! A MeOH:H,O mobile phase should be run for at least
30 minutes, both when starting up and shutting down the machine.

5) Check your retention times by using standards. Usually, you should run first standard for
at least 15 minutes to see when it comes off the column. AT comes off before AN.

6) When the last sample has been run, alow the MeOH:Buffer mobile phase to flush the
system for at least 30 minutes (longer is better).

7) Shut down the flow rate and switch into the MeOH:H,O mobile phase. Restart the flow
rate at 1 ml/min and allow to run for at least 30 minutes (again, longer is better).

8) Shut down the flow rate again and switch into MeOH. Restart the flow rate and flush for

at least 30 minutes (longer is better). Turn off everything when done and clean up your
stuff.
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8.0.2 Complete nutrient table

Chemical Stock mL/L Fina Molar
Conc. media Conc.
C1 (1F, 2F, 3F, 1B, 1IN)
1M KNO3 101.0 g/L 5mL 5mM
1M Ca(NO3)2 4H20 236.0 g/L 5mL 5mM
1M KH2PO4 136.0 g/L ImL 1ImM
1 M MgSO4 120.0 g/L 2mL 2mM
0.1 M Na2FeEDTA 36.7 g/L ImL 0.1mM
46 mM H3BO3 2.86 g/L 9.2 x 10-4mM
9.6 MM MnCI2 4H20 1.90g/L 1.9 x 10-4mM
0.765 mM ZnSO4 7H20 0.220 g/L ImL total | 1.5x 10-5mM
0.320 MM CuSO4 5H20 0.080 g/L 6.4 x 10-6mM
0.112 mM H2MoO4 H20 | 0.020 g/L 2.2 x 10-6mM
2B
1M KNO3 101.0 g/L 5mL 5mM
1M Ca(NO3)2 4H20 236.0 g/L 5mL 5mM
1M KH2PO4 136.0 g/L ImL 1ImM
1 M MgSO4 120.0 g/L 2mL 2mM
0.1 M Na2FeEDTA 36.7 g/L ImL 0.1mM
92 mM H3BO3 5.72 g/L 1.8 x 10-3mM
9.6 MM MnCI2 4H20 1.90 g/L 1.9 x 10-4mM
0.765 mM ZnSO4 7H20 0.220 g/L 1mL total 1.5 x 10-5mM
0.320 MM CuSO4 5H20 0.080 g/L 6.4 x 10-6mM
0.112 mM H2MoO4 H20 0.020 g/L 2.2 x 10-6mM
3B

1M KNO3 101.0 g/L 5mL 5mM
1M Ca(NO3)2 4H20 236.0 g/L 5mL 5mM
1M KH2PO4 136.0 g/L ImL 1mM
1M MgSO4 120.0g/L | 2mL 2mM
0.1 M Na2FeEDTA 36.7 g/L ImL 0.1mM
138 mM H3BO3 8.58 g/L 2.8 x 10-3mM
9.6 MM MnCI2 4H20 1.90 g/L 1.9 x 10-4mM
0.765 mM ZnSO4 7H20 0.220 g/L 1mL total 1.5 x 10-5mM
0.320 MM CuSO4 5H20 0.080 g/L 6.4 x 10-6mM
0.112 mM H2MoO4 H20 0.020 g/L 2.2 x 10-6mM
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Chemical Stock Conc. | mL/L media| Fina Molar
Conc.
C2 (3N)
6M NaNO3 510.0g/L | 5mL 30mM
1M KNO3 101.0g/L | 5mL 5mM
1M Ca(NO3)2 4H20 236.0g/L | 5mL 5mM
1M KH2PO4 136.0g/L | ImL 1mM
1 M MgSO4 120.0g/L | 2mL 2mM
0.1 M Na2FeEDTA 36.7 g/L 1mL 0.1mM
46 mM H3BO3 2.86 g/L 9.2 X 10-4mM
9.6 MM MnCI2 4H20 1.90g/L 1.9 x 10-4mM
0.765 mM ZnSO4 7H20 0.220 g/L | 1mL total 1.5 x 10-5mM
0.320 mM CuS0O4 5H20 0.080 g/L 6.4 X 10-6mM
0.112 mM H2MoO4 H20 0.020 g/L 2.2 x 10-6mM
NA
3M NHA4CI 159.0¢g/L | 5mL 15mM
3M NaNO3 255.0g/L | 5mL 15mM
1M KNO3 101.0g/L | 5mL 5mM
1M Ca(NO3)2 4H20 236.0g/L | 5mL 5mM
1M KH2PO4 136.0g/L | ImL 1mM
1 M MgSO4 120.0g/L | 2mL 2mM
0.1 M Na2FeEDTA 36.7 g/L 1mL 0.1mM
46 mM H3BO3 2.86 g/L 9.2 X 10-4mM
9.6 MM MnCI2 4H20 1.90g/L 1.9 x 10-4mM
0.765 mM ZnSO4 7H20 0.220 g/L | 1mL total 1.5 x 10-5mM
0.320 mM CuS0O4 5H20 0.080 g/L 6.4 X 10-6mM
0.112 mM H2MoO4 H20 0.020 g/L 2.2 x 10-6mM
AN

6M NH4CI 319.0g/L | 5mL 30mM
1M KNO3 101.0g/L | 5mL 5mM
1M Ca(NO3)2 4H20 236.0g/L | 5mL 5mM
1M KH2PO4 136.0g/L | ImL 1mM
1M MgSO4 120.0g/L | 2mL 2mM
0.1 M Na2FeEDTA 36.7 g/L ImL 0.1mM
46 mM H3BO3 2.86 g/L 9.2 x 10-4mM
9.6 MM MnCI2 4H20 1.90g/L 1.9 x 10-4mM
0.765 mM ZnSO4 7H20 0.220g/L | 1mL tota 1.5 x 10-5mM
0.320 mM CuSO4 5H20 0.080 g/L 6.4 x 10-6mM
0.112 mM H2Mo0O4 H20 0.020 g/L 2.2 X 10-6mM
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8.0.3 Table of biomass data

ID DW Avg. DW DW ratoon (g) | Avg. DW | Avg. Indivi Ave.
baseline (g) | baseline (g) ratoon (Q)

Cl-1 1.0332 0.39181 -62.1%

C1-2 0.66791 1.0383 55.5% 0

C1-3 | 0.23345 0.74859 1.9823 1.3924 749% 86.0%

Cl-4 1.0598 2.1570 104%

NA-1 | 1.5467 2.8349 83.3%

NA-2 | 0.55825 2.3627 323% 0

NA-3 | 0.50915 L2t 2.9321 3.1821 476% 84.8%

NA-4 | 2.2568 4.5987 104%

2F-1 1.1138 1.9624 76.2%

2F-2 2.9810 2.0258 -32.0% 0

2F-3 1.6154 1.7214 1.5307 1.9434 -5.24% 12.9%

2F-4 1.1754 2.2547 91.8%

3F-1 0.32679 3.6452 1015%

3F-2 2.9561 2.7121 -8.25% 0

3F-3 1.2419 1.1704 0.10194 20124 -91.8% 71.9%

3F-4 0.15698 1.5904 913%

2B-1 0.48771 1.9884 308%

2B-2 1.6707 0.84364 -49.5% 0

2B-3 1.5384 1.9551 0.65761 0.97676 -57.3% S0.0%

2B-4 | 41234 0.41740 -89.9%

3B-1 1.8053 0.52715 -70.8%

3B-2 1.9246 4.4069 129% 0

3B-3 1.0316 15542 3.8663 3.3092 275% 113%

3B-4 1.4551 4.4365 205%

C2-1 1.9336 1.7573 -9.12%

C2-2 0.42266 2.5394 501% 0

C2-3 1.2423 18120 3.0482 2:5986 145% 43.4%

C2-4 | 3.6496 3.0494 -16.4%

AN-1 | 0.69282 1.9333 179%

AN-2 | 1.6075 0.17727 -88.9% 0

AN-3 | 2.3901 1.3841 0.87541 1.3360 -63.4% 3.48%

AN-4 | 0.84591 2.3581 179%
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