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Abstract
The role of sugars as regulatory signals has mainly focused on their effects on plant
growth, development, gene expression, and metabolism. Little, however, is known about
their role in controlling secondary metabolism. Previous work in our lab showed that
sugars affect the production of the sesquiterpene antimalarial drug, artemisinin, in hairy
roots of Artemisia annua. In this study, sugars alone or in combination with their
analogues were used to investigate if sugars control artemisinin production in Artemisia
annua seedlings. Compared to sucrose, a 200% increase in artemisinin by glucose was
observed. When the glucose analog, 3-O-methylglucose, which is not phosphorylated
effectively by hexokinase, was added with glucose, artemisinin production was
dramatically decreased but hexokinase activity was significantly increased compared to
glucose. In contrast, neither mannose, which can be phosphorylated by hexokinase, nor
mannitol, which can not be transported into cells had any significant effect on artemisinin
yield. When different ratios of fructose to glucose were added to seedlings, artemisinin
yield was directly proportional to glucose concentration. Although addition of sucrose
with glucose gave inconclusive results, sucrose analogues decreased artemisinin
production compared to sucrose. These results suggested that both monosaccharide and
disaccharide sugars may be acting as signal molecules thereby affecting the downstream
production of artemisinin. Taken together, these experiments showed that sugars clearly
affect terpenoid production, but that the mechanism of their effects appears to be complex.
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1. Introduction
1.1 Artemisinin
1.1.1 Artemisinin Chemistry and Function
Artemisinin (Figure 1) is the most
efficacious antimalarial drug in the world to
date (Abdin et al., 2003) and it is only
produced in Artemisia annua L. plants in
very low amounts. Chinese scientists first
isolated artemisinin from A. annua plants
and the structure was later characterized by
others as a sesquiterpene lactone with an

Figure 1 Structure of artemisinin.

endoperoxide linkage (Abdin et al., 2003). This endoperoxide bridge rarely exists in
natural products but is essential for the medical function of artemisinin (Balint, 2001;
Woerdenbag et al., 1990).
Artemisinin based drugs are the only antimalarials recommended by the World
Health Organization (WHO) because of their safety and efficacy against all kind of
malaria including cerebral malaria. Antitumor and antimicrobial functions have also been
reported (Meshnick et al., 1996; Singh and Lai, 2004; WHO, 2005a; Galal et al., 2005).
1.1.2 Artemisia. annua L.
Artemisia. annua, is also known as sweet wormwood in the United States, and Qing
Hao (Chinese: 青蒿) in China. As a Chinese annual herb, the pharmaceutical value of A.
annua has been recognized since 168 B.C. and it has been used to treat fevers,
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hemorrhoids, and malaria in China for centuries (Abdin et al., 2003).
A. annua is a qualitative short day plant (Ferreira and Janick, 1995). The mature plant
with a single stem can reach about 2m in height. Aromatic leaves are about 2.5-5.0 cm
long, deeply dissected and alternately branched around the stem (Figure 2). Two weeks
after receiving an inductive stimulus, vegetative shoots develop into inflorescent shoots
(Ferreira and Janick, 1995). The 2-3mm yellow nodding capitula are in lose panicles
composed of many greenish or yellowish central florets which are bisexual and with little
nectar and pistillate marginal florets. The central flowers which can be fertile or
sterile are perfect and the anemophilous pollen is trifoliate and smooth, and may or may
not have spines (Ferreira and Janick, 1996). Both non-glandular filamentous, 5-celled Tshaped, and biseriate 10-celled glandular trichomes have been found on the surfaces of
leaves, stems, and flowers. At least 40
volatile

compounds

nonvolatile

and

compounds

a
have

lot

of

been

extracted from A. annua and identified
(Ferreira and Janick, 1995 and 1996).
Artemisinin

and

other

artemisinic

compounds are the most important
compounds isolated from this plant due
to their pharmaceutical value (Ferreira

Figure 2 Vegetative (A) and flowering (B)
shoots of A. annua.
Bar size = 1cm (Taken from Ferreira et al., 1995)

and Janick, 1995 and 1996).

Artemisinin production in whole A. annua plant ranges from 0.01 to 0.8% (w/w)
(Abdin et al, 2003). In whole plants, the artemisinin level in leaves and inflorescences are
much higher than in stems, but in pollen or roots artemisinin is undetectable (Ferreira and
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Janick, 1996). Although some have reported that in a single plant, artemisinin production
was higher in the upper leaves than the lower leaves (Simon et al., 1990; Duke et al.,
1994). Others have found that artemisinin content was evenly distributed (Ferreira and
Janick, 1996). At different development stages, artemisinin production in A. annua has
been reported to be variable but, again, the reports on changes were inconsistent
(Woerdenbag et al., 1990; Ferreira and Janick, 1996). Artemisinin is apparently stored in
the glandular trichomes of A. annua and the glands of old leaves normally rupture open
and release their stored materials and, thus, the artemisinin level in older leaves on whole
plants is lower (Duke et al., 1994; Ferreira and Janick, 1996).
1.1.3 Malaria
Malaria is characterized by fever, headache, nausea, and muscle pain and caused by
the parasite Plasmodium (van Agtmael et al., 1999). It is a very serious and even fatal
infectious disease and transmitted mainly through female anopheles mosquito. There are
four species of Plasmodium resulting in malaria including P. falciparum, P. ovale, P.
vivax, and P. malariae (WHO, 1998). P. falciparum accounts for the most serious version
of the disease and death due to its high levels of death rate and spread of antimalarial
drug- resistance (Mendis et al., 2001). Every year, about 2 to 3 million deaths (Moorthy
et al., 2004) are caused by malaria, of which at least a million deaths are from P.
falciparum infection (WHO, 2005a); and 40% of the world population is at risk of
malaria (Simooya, 2005). P. falciparum infects as many as 400 million people a year
(WHO, 2005a).
To treat malaria, quinine and quinoline-based drugs such as chloroquine,
mefloquine, and primaquine were widely used before the early sixties (Woerdenbag et al.,
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1990). Some P. falciparum strains, however, became resistant to those antimalarial drugs
and multiple side effects also exhibited (Abdin et al., 2003). Artemisinin and its
derivatives have attracted more and more attention and in 2001, WHO recommended that
Artemisinin-based Combination Therapies (ACTs) should be adopted to treat malaria
(Mandelbaum-Schmid, 2005) due to little or no cross-resistance with other antimalarial
drugs, rapid reduction of the parasite, and efficacious activity against P. falciparum stains
(Meshnick et al., 1996).
1.1.4 Low production but high demand for artemisinin
Unfortunately, the level of the production of artemisinin in A. annua plants is
relatively low, only about 0.01 to 0.8% (DW) (Abdin et al., 2003). A minimum of six
months is required for cultivating A. annua (WHO, 2004). Due to its unique and complex
structure, it is not economically practical to chemically synthesize artemisinin (Abdin et
al., 2003). To meet the therapeutic demand, enhanced production of artemisinin is highly
desirable. To treat malaria, the treatment courses needed increased dramatically from 2
million treatment courses in 2003 to 30 million courses in 2004 and 70 million treatment
courses for 2005. This has, thus, already led to a shortage of artemisinin for ACTs. At
least 130 million treatment courses of ACTs in 2006 will be required (WHO, 2005a).
Usually, 0.6g artesunate or, for the combination artemether/lumefantrine, 0.48g
artemether is needed for one ACT adult treatment course (WHO, 2005b). Because
artesunate and artemether are semisynthesized from artemisinin, at least 330 tons
artemisinin are needed for just treating malaria infected patients in 2005 and at least
12,000 hectares are required to produce 70 million adult ACT treatments (WHO, 2005b).
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1.1.5 Approaches for improving artemisinin production
Although artemisinin production can be increased through larger scale field
cultivation of A. annua, the length of cultivation and manufacturing time, the need for a
large amount of land and labor, and the expense of extraction are still problems. Hence,
alternative approaches are being studied to enhance artemisinin production using in vitro
methods.
Transformed hairy roots of A. annua have been studied for improving artemisinin
production. Compared to suspension cultures, hairy roots are more stable, grow faster,
and may be easier to scale-up. Many different culture conditions including light, elicitors,
and culture in bioreactors have been investigated (see reviews by Towler et al., 2006;
Weathers et al., 2006a, 2006b). However, artemisinin yields in hairy roots are not yet
high enough to be economically attractive.
Alternatively, shoot cultures of A. annua are also being studied. Different culture
conditions such as carbon sources, sugar concentration, NH4+/NO3- ratio, phosphate
concentration, phytohormones (Basile et al., 1993; Woerdenbag et al., 1993; Liu et al.,
1998), addition of precursors, such as mevalonic acid (Abdin et al., 2003), elicitors, or
addition of metabolic inhibitors have been studied (Abdin et al., 2003). Shoots cultured in
bioreactors (Liu et al., 1998) have also been studied. Unfortunately, artemisinin
production in shoot cultures, although greater than in hairy roots, is also still much less
than in whole plants (Abdin et al., 2003).
More recently, Martin et al. (2003) have introduced a portion of the artemisinin
pathway into E. coli. If this effort succeeds, then E. coli may be used to produce highyield terpenoid-based drugs including artemisinin in large-scale fermentations with
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expected costs of extraction also largely decreased (Martin et al., 2003).
1.2 Sugars alter A. annua hairy root growth and artemisinin production
Earlier work in this lab was all done using A. annua hairy roots; however, the root
clone used for all those studies no longer produces adequate amounts of artemisinin even
for lab studies. Consequently, studies are now focused on A. annua shoot cultures and
whole plants. One of the earlier studies with A. annua hairy roots, however, showed that
compared to sucrose, glucose significantly increased the level of artemisinin (Weathers et
al., 2004). Growth, however, was repressed. Fructose, on the other hand, inhibited
artemisinin production but did not affect growth. Further, in the presence of sucrose,
growth was strikingly increased by glucose but decreased by fructose. No significant
difference was observed in artemisinin production between sucrose and sucrose plus
glucose. Fructose plus sucrose, however, dramatically inhibited artemisinin production
compared to sucrose. These results suggested that sugars may, in addition to being carbon
sources, also be acting as regulator or signal molecules affecting the production of
artemisinin in A. annua hairy roots. The effect of sugars as signal molecules on A. annua
hairy roots growth and artemisinin production were further investigated by Kast (2005,
unpublished results) by using several sugar analogs and his study suggested that sugars
may have a regulatory effect on artemisinin production in A. annua hairy roots.
It is the focus of this study to determine how sugars affect growth and especially
artemisinin production in shoots of A. annua seedlings grown in vitro.
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1.3 Sugars
1.3.1 Sugars as carbon and energy source
Through photosynthesis, plants conserve the energy of light and carbon in the form
of sugars. Sugars as carbon and energy entities in plants have long been recognized. The
skeletons of nucleic acids, lipids, and proteins, which together with sugars are thought of
as the basic building blocks of all cells and organisms, are made up of carbons that are
metabolized from sugars through cellular respiration. Through respiration, the energy and
reducing potential that are necessary for cellular reactions come from stored sugars.
Therefore, the supply and consumption of sugars strongly influence plant growth and
development.
1.3.2 Sugars as signaling molecules
Sugars also have recently been recognized as molecules that can be sensed in plants
thereby inducing signals that affect metabolism and development. The interaction
between sugar molecules and the sensor molecules, usually proteins, is defined as sugar
sensing (Smeekens, 2000). Although the concept of sugars as signal molecules is rather
new, the validity, the importance, and the complexity of sugars as signal molecules have
been supported by a lot of molecular and genetic analyses (see reviews by Smeekens,
2000; Rolland et al., 2002; Frommer et al., 2003; Halford and Paul, 2003).
1.3.2.1 Sugar molecules regulate growth, development, and gene expression
Sugar signals are involved in almost all physiological activities during the life of a
plant including cell cycle, cell differentiation, metabolism, nutrient mobilization, seed
germination, hypocotyl elongation, cotyledon development, leaf formation, flowering,
adult organ and tissue formation, and leaf senescence (See reviews by Rolland et al.,
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2002; Gibson, 2005; Table 1). Gene expression also can be regulated by sugar molecules
(Rolland et al., 2002; Gibson, 2005; Table 2). Some examples of sugar signals regulating
the growth, development, and gene expression are summarized in Table 1 and Table 2.
1.3.2.2 Sugar molecules regulate the production of secondary metabolites in plants
Relatively little is known about sugars acting as signals to control production of plant
secondary metabolites. Larronde et al. (1998) reported that in cell suspension cultures of
Vitis vinifer, sucrose dramatically stimulated the production of anthocyanins. Stilbene
level, however, was only slightly affected. They further showed that mannose, a glucose
analog that can be transported into plants and phosphorylated by hexokinase, can mimic
the effect of sucrose on the production of anthocyanins, while another glucose analog, 3O-methylglucose, which can be taken up into plant cells but very slowly phosphorylated
by hexokinase, can not. Also, a specific inhibitor of hexokinase, mannoheptulose,
inhibited sucrose stimulation of anthocyanins production. These results suggested that
hexokinase appeared to be involved in a sugar signal transduction pathway related to
anthocyanin production (Vitrac et al., 2000). In A. annua hairy roots, Weathers et al.
(2004) showed that artemisinin production was stimulated by glucose but inhibited by
fructose in comparison to sucrose at the same carbon level. Significant differences were
observed in artemisinin production between sucrose and sucrose plus fructose but not
between sucrose and sucrose plus glucose although the same carbon amount was supplied
in each sugar condition. These results suggested that sugars may also be acting as signal
molecules affecting the production of artemisinin. In another study using Arabidopsis
seedlings, DNA microarray analysis revealed that gene expression related to secondary
metabolism was also regulated by glucose, thereby maybe affecting the production of
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Table 1 Selected examples of growth and developmental processes regulated by sugars.
Sugar
Effects
Sucrose represses the inhibition of hypocotyl elongation in continuous far-red light in wild-type
Arabidopsis seedlings.
Sucrose can accelerate flowering in late-flowering Arabidopsis ecotypes and facilitate the leaf
morphogenesis and flower in several Arabidopsis late-flowering mutants.
Sucrose

9

Glucose

Sucrose
&
Glucose

Exogenous sucrose can inhibit sucrose symporter activity in membrane vesicles from sugar beet
leaves but cannot affect glucose transporter and alanine symporter. Also equimolar hexose did
not elicit the response. This response is reversible.
Sucrose distribution is different in the stage of embryogenesis, growth and starch accumulation
in Vicia faba cotyledons. This suggests that sucrose plays an important role in storage cell
differentiation.
Sucrose can mitigate the negative effects of nitrate on the growth rates of soybean nodules.
Glucose can delay the rate of germination in wild-type Arabidopsis seeds.
High levels of glucose delay the flowering and increase the rosette leaf number in wild-type
Arabidopsis plant.

Related Processes
Hypocotyl elongation

Reference
Dijkwel et al. (1997)

Flowering

Roldan et al. (1999)

Nutrient mobilization

Chiou and Bush
(1998)

Cell differentiation

Borisjuk et al.
(2002); Gibson
(2004)
Gibson 2005
Price et al. (2003)
Zhou et al. (1998)

Nodule growth
Germination
Leaf formation and
flowering

Glucose stimulates leaf senescence.

Leaf senescence

Gibson 2005

Glucose can retard seed lipid mobilization in germinating seeds from wild-type Arabidopsis.

Nutrient mobilization

To et al. (2002)

4-6% glucose represses hypocotyl elongation and suppresses light-inducible cotyledon
development in wild-type Arabidopsis seedlings.

Hypocotyl elongation
and cotyledon
development
Cell cycle

Jang et al. (1997)

Metabolism

Sinha et al. (2002)

Growth and
differentiation

Rolland et al. (2002)

Low concentrations of sucrose and glucose induce CyclinD2 and CyclinD3 expression in
Arabidopsis cells and intact seedlings. The induction by sugars is independent of cell cycle
progression.
Sucrose and glucose adversely regulate source and sink metabolism in photo-autotrophic
suspension culture cells of tomato.
In developing seeds, sucrose regulates differentiation and storage, whereas hexoses control
growth and metabolism.

Riou-Khamlichi et al.
(2000)

Table 2 Selected examples of gene expression and protein activity regulated by sugars.
Sugar
Sucrose

Glucose
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Glucose
&
Sucrose
Glucose
&
Fructose
Glucose
&
Fructose
&
Sucrose

Effects
Sucrose regulates the Arabidopsis D-type cyclins gene expression.

Related Process
Cell cycle

References
Riou-Khamlichi et
al. (2000)
Cheng et al.(1992)

Sucrose induces Arabidopsis nitrate reductase gene transcription.

Nitrate assimilation

Glucose represses the expression of photosynthetic genes.

Photosynthesis

DNA microarray revealed that glucose regulates the expression of a large number of genes
related to metabolism of carbohydrate, nitrogen, lipid, inositol, stress response, cell growth,
signal transduction, transcription factors, and secondary metabolism in whole Arabidopsis
seedlings.
Glucose can regulate many related starch biosynthesis genes in dark-adapted Arabidopsis
seedlings.

A lot of processes
involved
Starch metabolism

Price et al. (2004)

Glucose significantly represses photosynthetic gene expression in transfected greening maize
protoplasts at physiological concentration; while sucrose can inhibit photosynthetic gene
expression twofold.

Photosynthesis

Jang and Sheen
(1994)

Glucose and fructose inhibit glyoxylate cycle genes in cucumber cell culture.

Glyoxylate cycle

Graham et al. (1994)

Glucose, fructose, and sucrose repress α-amylase induction in barley embryos caused by GA3.

Starch hydrolysis

Loreti et al. (2000)

Jang and Sheen
(1994); Xiao et al.
(2000); Price et al.
(2004)
Price et al. (2004)

secondary metabolites (Price et al., 2004).
1.3.3 Current models for sugar signal transduction pathways
Both monosaccharide and disaccharide sugars can act as signal molecules in plants.
The main monosaccharide that functions as a signal is glucose, but fructose and other
monosaccharides can also affect glucose signaling (Figure 3). The main disaccharide
signal is sucrose; however, trehalose, maltose, and other disaccharides can affect sucrose
signals (Figure 4). Sugar signaling can be further confounded when, as is mainly the case,
both monosaccharide and disaccharide sugars are present in plant cells and tissues. What
follows is a summary of the known effects.
1.3.3.1 Glucose signal transduction pathways
Based on analysis of growth and development data, and gene expression and
enzyme activity, three possible glucose signal transduction pathways are currently
proposed:
[1] Hexokinase-dependent pathway. In this pathway, a glucose induced response
depends on the phosphorylation of glucose by hexokinase (HXK). Jang and Sheen (1994)
showed that glucose and 2-deoxyglucose (2DOG), which is an analog of glucose, can be
transported into plant cells and phosphorylated by hexokinase into 2-deoxyglucose-6phosphate which cannot be metabolized further. The 2DOG, however, can cause
repression of photosynthetic genes in a maize protoplast transient expression system. This
severe repression can be restored by adding mannoheptulose, a specific hexokinase
inhibitor. Also using glucose analogs, 6-deoxyglucose and 3-O-methylglucose, which can
be efficiently taken up by plant cells but can at best be slowly phosphorylated by
hexokinase showed that the glucose transporter located on the plasma membrane cannot
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Plasma Membrane

Cell Wall Space

Glucose

Glucose

Hexokinase

G-6-P

Further Metabolism

Very slowly
3-O-methylglucose

3-O-methylglucose

Hexokinase

3OMG-6-P

6-deoxyglucose

6-deoxyglucose

12

Mannose

Mannose

2-deoxyglucose

2-deoxyglucose

Hexokinase

Man-6-P

Hexokinase

2-deoxyglucose-6-P

Fructokinase

F-6-P

Further Metabolism
at very slow rate
Further Metabolism
at very slow rate

Mannitol

Fructose

Fructose

Tagatose

?

Cytoplasm

Figure 3 Monosaccharide metabolism and role of monosaccharide analogs in plant cells.
Key: monosaccharide transporter

Further Metabolism

G

G
Sucrose

Enzymes

CWIN

S
F

F

Vacuole

Enzymes

CIN

G

G

F

F

UDPG
S

Sucrose

SUS
F
VIN

Palatinose
13

S
Tonoplast

Trehalose
Maltose
(Possibly)
Cellobiose
(Species specific?)
Lactose
(Species specific?)

Trehalose

Trehalase

?

Maltose

?

Cellobiose

Enzymes

?

Lactose

Enzymes

G

Sucrose

Plasma
Membrane

Glucose

Cell Wall

Enzymes

Fructose
Cytoplasm

Cell Wall Space

Figure 4 Disaccharide metabolism and role of disaccharide analogs in plant cells.
Key: CWIN, cell wall intertase; CIN, cytoplasmic invertase; SUS, sucrose synthase; UDPG, UDP-glucose; VIN, vacuolar invertase; S, sucrose; G,
glucose; F, Fructose; monosaccharide transporter; sucrose transporter; unknown transporter

sense the glucose signal (Jang and Sheen, 1994). Taken together, these results suggested
that hexokinase is the first and key sensor in the glucose signal transduction pathway.
This hexokinase-dependent pathway also exists in other plants (Graham, et al., 1994;
Jang, et al., 1997; Umemura, et al., 1998; Pego, et al., 1999; Xiao, et al., 2000).
[2] Glycolysis-dependent pathway. Some metabolite(s) in the glycolytic pathway
downstream of glucose-6-phosphate is (are) the sensors via this pathway. Transgenic
plants

overexpressing

Arabidopsis

hexokinase1

(AtHXK1)

gene

are

glucose

hypersensitive, whereas plants overexpressing yeast hexokinase2 (YHXK2) gene are
glucose hyposensitive in spite of having an elevated HXK catalytic activity. Expression
of two pathogenesis-related (PR) genes by glucose in AtHXK1 plants was higher than in
wild-type plants, but less than in YHXK2 plants. This suggested that a glycolysisdependent sensing pathway post glucose-6-phosphate may exist in plants (Xiao et al.,
2000).
[3] Hexokinase-independent pathway. The response induced by glucose in the HXKindependent pathway is not related to glycolysis or hexokinase. Evidence for this
mechanism is as follows: Class I patatin genes were induced by 3-O-methylglucose, a
glucose analog, in Arabidopsis (Martin, et al., 1997). Further, the activities of
extracellular sucrose invertase and the corresponding gene expression were enhanced by
glucose and another glucose analog, 6-deoxyglucose (Roitsch, et al., 1995). Because both
3-O-methylglucose and 6-deoxyglucose can be transported into plant cells but are not
effective substrates for hexokinase, these results suggested that hexokinase may not be a
sensor in these cases and the sensor could be upstream of glycolysis.
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1.3.3.2 Disaccharide signal transduction pathways
Because disaccharides consist of two monosaccharides and there is a shortage of
good tools such as mutants and clearly understood disaccharide analogs, the disaccharide
signal transduction pathway is not fully understood. Experimental results are, thus, more
complicated and difficult to interpret. Based on what is known so far, the disaccharide
signal transduction pathway can also be classified into three groups according to
specificity:
[1] Sucrose-specific signaling pathway. This pathway is specifically induced by sucrose
and supported by the result that equal molar concentrations of hexoses cannot repress the
sucrose symporter activity (Chiou and Bush 1998). Since the signal is specifically
induced by sucrose, sucrose is probably sensed by specific sensor(s) to sucrose such as
sucrose synthase, sucrose invertase, or sucrose transporters located on the plasma
membrane (Chiou and Bush 1998; Lalonde, et al., 1999; Sturm, 1999; Stum and Tang,
1999)
[2] Metabolizable disaccharide-specific signaling pathway. The existence of this pathway
was verified using non-metabolizable disaccharides. Feeding disaccharides that are not
metabolized by plant cells, palatinose, lactulose, or turanose, to barley embryos did not
affect the destabilization of α–amylase mRNA that can be induced by glucose and
metabolizable disaccharides (Loreti et al., 2000). These results suggested that in this case,
a metabolizable disaccharide is sensed differently from a non-metabolizable disaccharide
and that a signaling pathway is present in plants that are sensitive to a specific
metabolizable disaccharides (Loreti et al., 2000). Because non-metabolizable
disaccharides which cannot be transported into plant cells can not mimic the responses
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induced by metabolizable disaccharides, transporters or monosaccharides degraded from
metabolizable disaccharides or hydrolytic enzymes may, thus, be the actual sensors.
[3] Trehalose-specific signaling pathway. Exogenous trehalose strongly repressed the
elongation of roots and altered the carbon distribution between shoots and roots of
Arabidopsis seedlings resulting in the accumulation of significant amounts of starch in
the shoots (Wingler et al., 2000). Root elongation was restored when sucrose was
provided along with trehalose; however starch still accumulated in shoots (Wingler et al.,
2000). Compared to sucrose, trehalose induced higher expression of ApL3, one of the
ADP-glucose-pyrophosphorylase genes, in Arabidopsis seedling (Wingler et al., 2000).
These results suggested the existence of a trehalose-specific signaling pathway (Wingler
et al., 2000).
1.3.3.3 Sugar signals can crosstalk with each other
More than one type of sugar is present in plants. Indeed a diversity of sugars
cooperates to modulate plant life. Consequently, it is not surprising that multiple sugar
signals coexist in plants. In some cases, each sugar may perform its function
independently. For example, in developing Arabidopsis seedlings, sucrose is more
involved in differentiation and carbon storage than hexoses which are more responsible
for growth and metabolism (Rolland et al., 2002). Sucrose alone, or in combination
separately with glucose, fructose, maltose, 3OMG, or lactose showed an efficient
repression of ATB2 expression which encodes a light-regulated bZIP transcription factor
in Arabidopsis seedlings (Rook et al., 1998). Furthermore, trehalose alone or in the
presence of sucrose was reported to upregulate ApL3 expression, which encodes the large
subunit of the first enzyme in starch biosynthesis (Wingler et al., 2000). Sugars may also
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act antagonistically to each other (Halford and Paul, 2003). For example, sucrose can
override the inhibition of root elongation produced by trehalose (Wingler et al., 2000). In
Vicia faba cotyledons, the increase of sucrose synthase activity and the beginning of
starch biosynthesis is accompanied by a rise in the sucrose to glucose ratio (Halford and
Paul, 2003). These data also suggested that the plants were able to sense the sucrose to
glucose ratio (Halford and Paul, 2003). In this situation, the specific enzymes, genes, or
factors appear to be regulated antagonistically by sensors of both sugars.
1.3.4 Approaches for discerning between sugars as carbon sources and sugars as
signals
1.3.4.1 Sugar analogs
Sucrose, glucose, and fructose are the most common sugars present in plants. Since
they act not only as carbon sources but also as signals for regulating the growth,
development, differentiation, gene expression, and metabolism, it is important to be able
to distinguish between these metabolic and signal functions when studying sugar signal
transduction pathways. Use of sugar analogs is one approach. Because they are similar to
one of the commonly metabolized sugars in structure but seldom used in plant culture or
seldom found to exist in vivo, these non-metabolizable or partially metabolizable sugars
were termed analogs of the corresponding sugar. There are several prominent advantages
in using sugar analogs. Sugar analogs do not usually interconvert to other sugars that
may also be involved in the signal pathway. In contrast, sucrose, glucose, and fructose
can be easily interconverted to each other in vivo, making it difficult to discern which
sugar is responsible for a specific response. Use of sugar analogs readily overcomes this
problem. Furthermore, the metabolism of the analogs may be interrupted at various points
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throughout the catabolic pathway which can also aid in identifying regulatory steps. One
of the drawbacks of using sugar analogs, however, is that they may inhibit some plant
growth or not be sensed as sugars. The uptake and metabolism of sugar analogs may also
vary in different plants. For example, the sucrose analog, lactose, can support the growth
of calli of Atropa belladonna and Papaver somniferum, or suspension cells of Medicago
sativa but cannot be used as a carbon source in suspension cells of Catharanthus roesus,
calli of Acer pseudoplatanus, or Nicotiana tabacum calli (Hérouart et al., 1991). Because
sugar analogs can be readily obtained and used in sugar studies, they provide a useful tool
for doing at least preliminary studies related to sugar signaling. The disadvantages of
using analogs can also be avoided by careful design of experiments, thus sugar analogs
are still widely used in the investigation of sugar signaling in plants.
1.3.4.2 Transgenic plants
Transgenic plants are another important tool used in plant signaling studies because
specific enzymes or pathways can be targeted and altered. Moore et al. (2003) used
targeted mutagenesis to obtain HXK1 (hexokinase 1) mutants in which glucose can be
sensed but cannot be phosphorylated by hexokinase. Despite lacking catalytic function of
an important metabolic enzyme, these mutants still showed various signaling responses in
gene expression, cell proliferation, root, and inflorescence growth. These results provided
a compelling demonstration that a sugar signaling function can be separated from its
metabolism (Moore et al., 2003). As another example, sucrose specific signal regulation
of ATB2 expression was also found through use of a transgenic Arabidopsis which
encoded a light-regulated bZIP transcription factor in seedlings (Loreti et al., 2001, Rook
et al., 1998).

Although use of transgenics provides a more powerful approach for
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studying sugar signals in plants, it is more difficult and takes more time to develop and
validate a desirable transgenic plant model.
1.3.4.3 Genetic screens
Through the use of genetic screens, some sugar-signaling mutants and corresponding
genes involved in sugar signaling have been isolated. For example, a series of
Arabidopsis gin mutants (glucose-insensitive) have been identified and then were further
used to study the physiological function of glucose sensing and signaling (Rolland et al.,
2002; Smeekens, 2000). DNA microarray analysis has also been used to study the effects
of exogenous sugars on gene expression on a global scale in Arabidopsis. Through
genetic means, a large number of genes with diverse functions regulated by glucose have,
thus, been identified (Price et al., 2004).
Genetic screening is a high throughput approach which can also provide a global
profiling of gene expression at a specific developmental stage (Price et al., 2004).
Usually genetic screens are used on seedlings but not on mature plants because the latter
require more growth space, more processing, and more analytical effort. As a result,
mutants and genes that are involved in seedling development will be identified, but genes
predominantly related to mature plants will very likely be missed in seedling-based
screens (Rook et al., 2003).
1.3.5 Interpretation and cautions when using sugar analogs
1.3.5.1 Sucrose and its analogs
Sucrose
There are two ways for exogenous sucrose (Suc; Table 3) to be transported into cells
(Figure 4). One is extracellular and occurs after sucrose is hydrolyzed to glucose and
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fructose via cell-wall invertase. The two hexoses then are taken up by monosaccharide
transporters located on the plasma membrane (Williams et al., 2000). The other transport
method is via plasma membrane sucrose transporters. Once in the cytoplasm, sucrose can
be inverted into glucose and fructose through the action of cytoplasmic invertase or
converted into UDP-glucose and fructose by sucrose synthase in the presence of UDP
(Sturm and Tang, 1999). UDP-glucose is involved in the synthesis of starch or sucrose.
Cytoplasmic sucrose can also enter the vacuole and be inverted to glucose and fructose
via vacuolar invertase (Koch, 2004). Intracellular sucrose also can be metabolized and
then eventually stored as starch, triacyl glycerides, polypeptides, or as secondary
metabolites in some cells for plant growth, development, and protection (Sturm, 1999).
Palatinose
Palatinose (Pal; Table 3) is not biosynthesized in higher plants and cannot be
recognized and transported by sucrose transporters, so it is used to discern signals that
might be perceived by the sucrose transporters (Figure 4; Bouteau et al., 1999; Fernie et
al., 2001; Börnke et al., 2002; Sinha et al., 2002). Although some have reported that
palatinose does not compete with sucrose for the sucrose transporter (Börnke et al., 2002),
a slight inhibition of sucrose uptake rate and an increase in sucrose metabolism rate were

Table 3 Structures of disaccharides used in this study.
Name

Structure

Name

Structure

Name

Structure

Sucrose

glc α [1→2] β fru

Trehalose

glc α [1→1] α glc

Lactose

gal β [1→4] α glc

Palatinose

glc α [1→6] α fru

Maltose

glc α [1→4] β glc

Cellobiose

glc β [1→4] β glc
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found when freshly cut discs of growing potato tubers were incubated in the presence of
palatinose, which increased the absolute rate of starch synthesis (Fernie et al., 2001). This
response suggested at least some interaction probably occurs between palatinose and the
sucrose transporter. In contrast, glycolytic and Krebs cycle intermediates were not altered
in potato tuber cells when only palatinose was fed (Fernie et al., 2001). Thus, it is
possible that some plants or plant organs may respond differently to palatinose.
Trehalose
Trehalose (Tre; Table 3) can be taken up by some plants (Müller, et al., 2001) and
hydrolyzed into two glucose monomers via trehalase (Figure 4; Wingler, 2002; Eastmond
and Graham, 2003; Eastmond et al., 2003; Schluepmann et al., 2003). Trehalose appears
to be present in all plants (Müller et al., 2001). Induction of sucrose synthase and alkaline
invertase activity in soybean roots by trehalose has also been reported (Smeekens, 2000).
It is not clear, however, how trehalose effects in analog studies are to be interpreted.
Maltose
Maltose (Mal; Table 3) is the major intermediate degraded at night in the
chloroplast from transitory starch. It is then exported across the chloroplast membrane via
maltose transporters and into the cytoplasm (Weise et al., 2005). Maltose is metabolized
in the cytoplasm via a series of enzymes and possibly converted into sucrose (Figure 4;
Lu and Sharkey, 2004; Yan et al., 2005), but the metabolic pathway is not fully
understood. Maltose is often used in plant culture media and it has been shown to support
plant, plantlet, and plant cell growth (Jang and Sheen, 1994; Rook et al., 1998; Yen et al.,
1999). For example, maltose is absorbed by Vicia faba L. leaf tissues, developing
soybean cotyledons, and laticifer protoplasts of Hevea (Bouteau et al., 1999). In spinach
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leaves (Bouteau et al., 1999), Beta vulgaris leaf tissues (Maynard and Lucas, 1982), and
plasma membrane vesicles from sugar beet (Beta vulgaris L) (Sakr et al., 1993), however,
sucrose uptake was inhibited by maltose. Thus, in some cases maltose may compete with
sucrose for the sucrose transporter and, thus, entry into cells.
Cellobiose
Although little is known about the metabolism of cellobiose (Cel; Table 3) in plants,
it has been reported to induce depolarization of laticifer protoplast membranes from
Hevea indicating that laticifers can actively absorb cellobiose (Figure 4; Bouteau et al.,
1999). A significant increase in dry weight and in the endogenous glucose, fructose and
sucrose content were also observed after feeding cellobiose to barley embryos (Loreti et
al, 2000). However, some (Bouteau et al, 1999) also reported that cellobiose cannot be
transported across the plasma membrane suggesting again that any cellobiose effects may
be species specific.
Lactose
Lactose (Lac; Table 3) can be used as a carbon source in plant cell cultures, but that
largely depends on the plant species and type of cultures (Hérouart et al, 1991). For
example, lactose either does not support or very slowly supports growth of suspension
cells of Catharanthus roesus, calli of Acer pseudoplatanus, and Nicotiana tabacum calli.
On the other hand, calli of Atropa belladonna and Papaver somniferum, and suspension
cells of Medicago sativa readily metabolize and use lactose as a carbon source (Hérouart
et al., 1991). Lactose has also been reported to support the growth of transgenic
Arabidopsis seedlings that contain an ATB2 (Arabidopsis bZIP transcription factor gene)
promoter –GUS reporter gene construct (Rook et al., 1998).
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1.3.5.2 Glucose and its analogs
Glucose
Extracellular glucose (Glc; Figure 5) can be taken up via plasma membrane
monosaccharide transporters into the plant cell (Figure 3; Lalonde et al., 1999; Williams
et al., 2000; Etxeberria et al., 2005). The intracellular glucose is then phosphorylated into
glucose-6-phosphate via a rather non specific hexokinase that has a higher affinity for
glucose than for fructose. There are a number of glucose analogs that can be used for
studies focused on glucose sensing mechanisms and they are discussed in the following
sections.
3-O-methylglucose
The glucose analog, 3-O-methylglucose (3OMG; Figure 5), can be effectively
transported into the cytoplasm via plasma membrane monosaccharide transporters
(Figure 3; Lalonde et al., 1999; Gibson, 2000; Ho et al., 2001; Loreti et al., 2001) and
then phosphorylated to 3-O-methylglucose-6-phosphate via HXK at a very slow rate
about five orders of magnitude lower than for glucose or mannose (Cortès et al., 2003).
Because 3OMG also yields a 600 times lower respiration rate than glucose, it is not
considered to be a metabolizable sugar (Cortès et al., 2003). Since 3OMG appears to
have no influence on hexokinase activity (Gonzali et al., 2002), it has often been used to
investigate whether hexokinase is a sensor in sugar signaling. Inhibition by 3OMG of a
metabolic process would suggest that hexokinase is involved in regulation of that process.
Glucose and 3OMG can, however, reciprocally inhibit the uptake of each other (Gogarten
and Bentrup F-W., 1983; Getz et al., 1987), thus, demonstrating that 3OMG also acts as a
competitive inhibitor of the glucose transporter.
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A. Glucose and its analogs.

Glucose

3-O-methylglucose

6-deoxyglucose

Mannose

Mannitol

2-deoxyglucose

B. Fructose and its analog.

Fructose

Tagatose

Figure 5 Structures of glucose and fructose and their analogs.

Mannose
Mannose (Man; Figure 5) usually does not exist in plants (Pego et al., 1999). It can be
effectively transported into the plant cell via the plasma membrane monosaccharide
transporters (Figure 3; Lalonde et al., 1999; Gibson 2000; Ho et al., 2001; Loreti et al.,
2001) and then phosphorylated by HXK to mannose-6-phosphate (Man-6-P) (Baskin et
al., 2001) at the expense of ATP (Pego et al., 1999). Mannose is then very slowly
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metabolized further (Pego et al., 1999; Baskin et al., 2001) due to the absence or very
low concentrations of mannose phosphate isomerase that is necessary for subsequent
metabolic steps (Pego et al., 1999; Brouquisse et al., 2001). Because of the accumulation
of Man-6-P, there is a shortage of Pi in the cytoplasm, thereby causing a decreased
synthesis of ATP and an imbalance in metabolism (Brouquisse et al., 2001), which can
be seen as reduced growth. Mannose alteration in specific metabolic responses would
suggest that some step downstream of hexokinase might be a regulator.
6-deoxyglucose and 2-deoxyglucose
Two other glucose analogs are 6-deoxyglucose (6DOG; Figure 5) and 2deoxyglucose (2DOG; Figure 5). Like 3OMG, 6-deoxyglucose can be transported into
plant cells but can not act as a substrate for hexokinase (Figure 3; Loreti et al., 2001;
Gibson, 2000). On the other hand, 2-deoxyglucose, like mannose, can enter plant cells
and be phosphorylated by hexokinase into 2-deoxyglucose-6-P which is subsequently
poorly metabolized (Loreti et al., 2001; Gibson, 2000). Responses to 6DOG would
indicate a mechanism similar to that when 3OMG is present, while 2DOG response
indicates a mechanism similar to that of mannose.
Mannitol
Mannitol (Mtl; Figure 5) is not metabolized by most plants, and can not enter plant
cells (Figure 4; Gibson, 2000). It is usually used as an agent to alter osmotic pressure and
is not usually used in sugar analog studies. If Mtl affected some metabolic response, this
would suggest either an osmotic effect, or the participation of a monosaccharide
transporter in the process.
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1.3.5.3 Fructose and its analog
Fructose
Extracellular fructose (Fru; Figure 5) can be taken up via plasma membrane
monosaccharide transporters into the plant cell (Figure 4; Lalonde et al., 1999; Williams
et al., 2000; Etxeberria et al., 2005). Fructose is more specifically phosphorylated by
fructokinase into fructose-6-phosphate which is further metabolized by the cell for energy
and carbon skeletons. In most plant cells, cytoplasmic glucose and fructose can also
easily be converted to sucrose via a series of enzymes in the cytoplasm (Loreti et al.,
2000).
Tagatose
The only really good analog for fructose is tagatose (Tag, Figure 5). Unfortunately,
little is known about how tagatose may work in plants or even if it enters plant cells. Any
alteration in metabolism in the presence of tagatose would merely indicate that fructose is
somehow involved in the response.
1.3.6 Crosstalk between sugar signaling and other signalings
In addition to sugar signaling pathways, other signaling pathways including those
involving phytohormones, nitrogen, light, and stress also exist in plants. Sugar signaling
interacts with all of these. For example, using Arabidopsis glucose insensitive 2 (gin2)
mutants that lose the function of specific hexokinase1 (HXK1) revealed that the HXK1
is a central link between light, sugar, and hormone signaling because these mutants also
displayed different reactions to phytohormones and light compared to wild type plants
(Moore et al., 2003). Other Arabidopsis sugar-signaling mutants also indicated that the
sugar and hormone signals are connected in plants. For example, the gin1 mutant is
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insensitive to glucose and also involved in abscisic acid biosynthesis. The glucose
hypersensitive mutants, ein2, showed insensitivity to ethylene, jasmonate, and paraquat
(León and Sheen, 2003). Further, Ho et al. (2001) found that stress-related genes such as
alcohol dehydrogenase (ADH2), heat shock protein 86 (HSP86), and ubiquitin precursor
(Ubi) were negatively regulated by both sucrose and glucose in rice cell cultures. Use of
DNA microarray analysis revealed that in whole Arabidopsis seedlings (Price et al.,
2004), some genes can be regulated by both glucose and nitrogen, and genes related to
abscisic acid biosynthesis or response, or ethylene perception are also involved in sugar
signaling. The genetic screen also showed that many stress-related genes are induced by
sugars (Price et al., 2004).
1.4 Summary
Sugars as an important nutrient play vital roles in plant life. The importance of the
signaling role of sugars, rather recently recognized, has revealed some possible signal
transduction pathways, and also possible mechanisms about connections between sugars,
and other signaling pathways. Although significant progress has been made, a lot of
questions remain unanswered. For example, how do sugars participate into specific
function? What are the molecules that participate as sensors in specific signaling pathway?
Are sugar signaling pathways also involved in the regulation of secondary metabolite
production? Finally how do sugar signaling pathways interact with other signaling
pathways within the cell regulatory network and cooperate to modulate plant growth and
development?
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2 Objectives
Little is known about the role of sugars as signal molecules in controlling terpenoid
production in plants. In this project, several questions were posed:
1. Do sugars alter the production of the terpenoid, artemisinin, differently?
2.

If they do, what are the possible mechanisms of their signal effects on the production

of artemisinin?
3. Is there crosstalk among these sugar signaling pathways related to artemisinin
production?

28

3 Materials and Methods
3.1 Growth of plant materials in sugars
Artemisia annua L. seeds (YU strain, 2004 WPI crop) were surface sterilized in 10%
(v/v) bleach for 12 minutes followed by 70% (v/v) ethanol for 5 minutes. Then seeds
were washed with 10ml 0.1% (v/v) sterile PPM (Preservative for Plant Tissue Culture
Media, Plant Cell Technology, Inc.), 3 times, 5 minutes each time. The sterilized seeds
were imbibed in 30ml 0.1% sterile PPM in a 125ml Erlenmeyer flask in the dark for 3
days in the refrigerator. After that, seeds were incubated in 30ml Gamborg’s B5 medium
(Gamborg et al., 1968) with 3% (w/v) sucrose at pH5.7 in the dark in the refrigerator for
3 days, then transferred to continuous cool-white fluorescent light (100μEm-2s-1) at 24°C,
and at 140rpm (Lab-line Orbit Shaker, Lab-Line Instruments Inc., Melrose Park IL).
After 5 days, most seeds developed to the two-cotyledon stage. To eliminate exogenous
sugar effects, the seedlings were washed by pipetting out the medium and replacing the
liquid with about 50ml of sugar-free B5 medium. This was done 7 times, after which the
seedlings were then maintained in the dark for 1 day. Ten seedlings at the two-cotyledon
stage were manually selected and then inoculated into a Petri dish containing 20ml
autoclaved B5 medium with 0.23% (w/v) Phytagel to which filter-sterilized sugars were
added. Cultures were maintained at 24°C under continuous cool-white fluorescent light
(100μEm-2s-1) for 14 days. For liquid culture, ten seedlings at the two-cotyledon stage
were inoculated into 125mL Erlenmeyer flasks containing autoclaved 20mL B5 medium
with filter-sterilized sugars.
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All sugars and their respective analogs used in this project are shown in Figure 6 and
Table 3 and were filter sterilized using a separate 0.22μm sterile syringe filter before
addition into B5 medium. Except lactose, which was from Malinkrodt, all other sugars
and analogs were bought from Sigma Aldrich (St. Louis, Mo). All sugars were added to
either Petri dishes or flasks at a constant carbon level equivalent to 3% (w/v) sucrose.
A. Glucose and its analogs

Glucose

3-O-methylglucose

Mannose

Mannitol

B. Fructose and its analog

Fructose

Tagatose

Figure 6 Structures of monosaccharides used in this study.

3.2 Analysis of growth and development
After two-week growth on Petri dishes, seedlings were removed, washed with diH2O
and blotted dry with paper towels. The leaves of each seedling were counted. Each
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seedling was cut at the base of the hypocotyl yielding the shoot and root portions.
Individual shoots and roots were dried at 60°C for at least 16 hours and the dry mass of
each was measured. All dead or contaminated seedlings were discarded.
3.3 Extraction and analysis of artemisinin
The dried shoots of all seedlings harvested from the same Petri dish or Erlenmeyer
flask were pooled together, weighed, and extracted with 1mL toluene in a chilled water
sonicator for 30 minutes. The supernatant was decanted and the sonication was repeated
twice. The 3 supernatants from shoots harvested from the same Petri dish or Erlenmeyer
flask were pooled and dried under nitrogen at 30°C. Samples were stored in the freezer at
-20°C until analysis by high performance liquid chromatography (HPLC). Artemisinin in
each sample was analyzed as the Q260 method by HPLC according to Smith et al. (1997).
3.4 Assay of hexokinase activity
Seedlings grown in Petri dishes for 14 days were harvested, and shoots from 2-3
plates containing same medium were pooled together and frozen using liquid nitrogen,
and then ground using mortar and pestle. The powder was halved. One half of frozen
shoots was dried, extracted and analyzed by HPLC for artemisinin as described above,
and the other half was stored in the freezer at -80°C until hexokinase activity was assayed.
About 0.1g of frozen fresh plant material and liquid nitrogen were added to the
mortar and pestle. After the liquid nitrogen was evaporated, 10% insoluble
Polyvinylpyrrolidone (PVPP) was added and homogenized to powder. Then 1ml ice-cold
extraction buffer containing 50mM HEPES-KOH (pH7.5), 5mM MgCl2, 1mM EDTA
(pH7.0), 15mM KCl, 2.5mM dithiothreitol, 0.1% Triton X-100, 10% glycerol, 1X
protease inhibitor (Roche Diagnostics #1836145) was added and ground thoroughly. The
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extract was centrifuged at 17,400 x g for 3min at 4°C and the crude supernatant was
directly used for assay of hexokinase activity and total protein. The SOP for this assay is
in the Appendix.
Hexokinase activity was measured using a coupled assay with glucose-6-phosphate
dehydrogenase and NAD reduction. The assay mixture contained 50mM Bicine-KOH pH
8.5, 15mM KCl, 5mM MgCl2, 2.5mM ATP, 1mM NAD, and 2 units glucose 6-P
dehydrogenase in 450μl at room temperature. For one assay, 450μl of the assay mixture,
400μl H2O, and 100μl plant extract were added in 1 ml cuvette, mixed, and the
spectrophotometer (Hitachi U2800) was zeroed at 340nm. Then, 50μl of 0.1 M glucose
was added to initiate the reaction and the absorbance at 340nm was monitored for 30min
using the time scan method on the instrument. The protein concentration was determined
according to the method of Bradford (Bradford, 1976) using BSA as standard.
3.5 Statistical analysis
Each sugar experiment was repeated 2-6 times and the results pooled and averaged.
Data were analyzed using SPSS 14.0 for MS Windows (SPSS Inc). Growth data were
analyzed using ANOVA, which tests the hypothesis that three or more group means are
not different based on the assumption that data are from a normally distributed population
(Glantz, 2001). ANOVA was followed by Dunnett’s post hoc test, which tests the
difference among all other groups against a single control group (Glantz, 2001).
Alternatively, the Student-Newman-Keuls post hoc test was used, which tests the
difference among all groups to each other pairwise (Glantz, 2001). An independentsamples T-Test was used in conjunction with different experimental conditions; this tests
the difference between two group means based on the assumption that data are from a
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normally distributed population (Glantz, 2001). When there are multiple groups in an
experiment, ANOVA should be used (Glantz, 2001). Artemisinin production data were
analyzed using Kruskal-Wallis test; this tests the hypothesis that three or more group
means are not different without the assumption that data are from a normally distributed
population (Glantz, 2001). It was followed by Dunn’s post hoc test, when the sample
sizes are different; Dunn’s post hoc test is used to test the difference among pairwise
groups or all other groups against one control group (Glantz, 2001). Alternatively, the
Mann-Whitney U-test was used, which tests the difference between two group means
without assuming that data are from a normally distributed population (Glantz, 2001).
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4 Results
4.1 Effects of single, common sugar metabolites on growth and artemisinin
production
Sucrose, glucose, and fructose are the most common sugars existing in all plants.
They can be easily transported into plant cells, readily converted to each other, and
normally metabolized through glycolysis. Thus, it is necessary to first understand the
effects of these common sugars on A. annua growth and artemisinin production.
Equimolar carbon (equivalent to the amount of carbon in 3% (w/v) sucrose) of sucrose,
glucose, or fructose was added into B5 medium and seedlings were cultured in Petri
dishes for 14 days. The effects of glucose or fructose were compared with sucrose
because sucrose is the common carbon source used for seedling culture. The number of
true leaves was significantly increased by glucose but decreased by fructose; glucose also
inhibited root growth (Figure 7A and Table 4). Furthermore, the shoot to root biomass
ratio of seedlings grown in glucose was statistically higher than in sucrose. Importantly,
seedlings grown in medium with 100% Glc produced nearly two times more artemisinin
Table 4 Summary of growth and artemisinin production responses of glucose and fructose compared
to sucrose.
Compare to Suc

Glc

Fru

# of True Leaves

↑

↓

Shoot Biomass (mg)

nc

nc

Root Biomass (mg)

↓

nc

Total Biomass (mg)

nc

nc

Shoot/Root

↑

nc

AN (μg/g DW)

↑

nc

↑ or ↓ indicates statistically significant increase or decrease; nc indicates no statistically significant change.
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than those grown in sucrose (Figure 7B) while artemisinin production from fructose is
about half of that in sucrose (Figure 7C). A significant difference was only detected,
however, between the artemisinin yields in glucose and sucrose (P = 0.035). These results
showed that glucose stimulated artemisinin production, while fructose inhibited it
compared to sucrose.
A
10

Suc

Glc

Fru

8
***

6
***

4
**

***

2

0
# of True
Leaves

Shoot(mg)

Root(mg)

B

120

Shoot/Root

C

120

100

100

80

AN (μ g/g DW)

AN (μ g/g DW)

Total
Biomass(mg)

*

60
40

80
60
40

20

20

0

0
Sucrose

Glucose

Sucrose

Fructose

Figure 7 Effects of sucrose, glucose, and fructose on growth and artemisinin production.
Data are mean of total replicates + SE. A. Effect on growth. Data were analyzed using ANOVA followed
by Dunnett’s post hoc test comparing each group to the control (sucrose). The total replicates for sucrose:
74; glucose: 73; fructose: 64. B. Effect of sucrose and glucose on artemisinin production. Data were
analyzed using the Mann-Whitney U test. There were 7 replicates for each condition. C. Effect of sucrose
and fructose on artemisinin production. Data were analyzed using the Mann-Whitney U test. The total
replicates for sucrose: 7; fructose: 6. * P<0.05; ** P<0.01; *** P<0.001.
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4.2 Effects of glucose and its analogs on growth and artemisinin production
Three glucose analogs, 3OMG, Man, or Mtl were used to investigate how A. annua
growth and artemisinin production are affected by glucose. To eliminate its possible
“toxicity” to seedlings, each glucose analog accounted for only 10% total carbon in the
medium with glucose comprising the remaining 90% of carbon. The total carbon was
always equivalent to 3% (w/v) sucrose. Glucose at 100% was used as control. In the
presence of 10% 3OMG, the numbers of true leaves, shoot mass, root mass and total
biomass were significantly decreased compare to seedlings grown in 100% Glc (Figure
8A and Table 5). Shoot mass, root mass, and total biomass of seedlings were also
remarkably inhibited by the addition of 10% Mtl (Figure 8A and Table 5). No significant
differences in growth were observed, however, between addition of 10% Man and the
100% Glc control (Figure 8A and Table 5).
Artemisinin production decreased by about 95% compared to the glucose control,
when 10% glucose analog, 3OMG, was added to medium (Figure 8B and Table 5).
Although 3OMG appeared to have inhibited artemisinin production compared to glucose,
neither Man nor Mtl had any significant effect on artemisinin production (Figure 8B and

Table 5 Summary of growth and artemisinin production responses of glucose analogs compared to
100% Glc.
90% Glc + 10%
Man

90% Glc + 10%
3OMG

90% Glc + 10%
Mtl

# of True Leaves

nc

↓

nc

Shoot Biomass (mg)

nc

↓

↓

Root Biomass (mg)

nc

↓

↓

Total Biomass (mg)

nc

↓

↓

Shoot/Root

nc

nc

nc

AN (μg/g DW)

nc

↓

nc

Compare to 100% Glc

↑ or ↓ indicates statistically significant increase or decrease; nc indicates no statistically significant change.
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Figure 8 Effects of glucose and its analogs on growth and artemisinin production.
Data are mean of total replicates + SE. A. Effect on growth. Data were analyzed using ANOVA followed
by Dunnett’s post hoc test comparing each group to the control (100% Glc). The total replicates for 100%
Glc: 66; for 90% Glc + 10% 3OMG: 55; for 90% Glc + 10% Man: 63; for 90% Glc + 10% Mtl: 26. B.
Effect on artemisinin production. Data were analyzed using Kruskal-Wallis test followed by Dunn’s posthoc. There were 8 replicates for each condition except for 90% Glc + 10% Mtl, which only contained 3
replicates. *P<0.05; ** P<0.01.
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Table 5). These results suggested that artemisinin production may be regulated by
glucose at hexokinase.
Although these results with 3OMG appeared to distinguish the metabolic and signal
functions of glucose, it remained to be determined if signaling of glucose could still be
sensed at very low 3OMG concentration. To investigate this, 0%, 1% and 10% 3OMG
were independently added to seedlings with the added remaining carbon provided by
glucose. No significant difference in biomass and shoot to root biomass ratios was
observed between the addition of 1% 3OMG and 100% Glc. On the other hand, 10%
3OMG significantly inhibited shoot mass, root mass, and total biomass, but stimulated
the ratio of shoots to roots (Figure 9A and Table 6). Artemisinin production was also
significantly inhibited by the addition of 10% 3OMG (P = 0.037; Figure 9B and Table 6),
but not by 1% 3OMG (P = 0.310; Figure 9C and Table 6) compared to 100% Glc.
The 3OMG analog cannot be phosphorylated effectively by hexokinase (Cortès et al.,
2003), and artemisinin production was significantly decreased compared to the 100% Glc
control when 10% of it was added (Figure 8B, 9B, and 10). Considering that the glucose
analog, Man, an effective substrate of hexokinase produced a level of artemisinin
Table 6 Summary of growth and artemisinin production responses of combination of 10% or 1%
3OMG compared to 100% Glc.
Compared to 100% Glc

90% Glc + 10% 3OMG

90% Glc + 1% 3OMG

Shoot Biomass (mg)

↓

nc

Root Biomass (mg)

↓

nc

Total Biomass (mg)

↓

nc

Shoot/Root

↑

nc

AN (μg/g DW)

↓

nc

↑ or ↓ indicates statistically significant increase or decrease; nc indicates no statistically significant change.
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Figure 9 Effects of glucose and combination of 10% or 1% 3OMG on growth and artemisinin
production.
Data are mean of total replicates + SE. A. Effect on growth. Data were analyzed using ANOVA followed
by Dunnett’s post hoc test comparing each group to the control (100% Glc). The total replicates for 100%
Glc: 60; for 99% Glc + 1% 3OMG: 58; for 90% Glc + 10% 3OMG: 59. B. Effect of glucose and
combination of 10% 3OMG on artemisinin production. Data were analyzed using the Mann-Whitney U
test. There were 6 replicates for each condition. C. Effect of glucose and combination of 1% 3OMG on
artemisinin production. Data were analyzed using the Mann-Whitney U test. There were 6 replicates for
each condition. *P<0.05; *** P<0.001.
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equivalent to the 100% Glc control, this suggested that hexokinase may play a role in the
control of artemisinin accumulation through a glucose signal transduction pathway. Thus
hexokinase activity was measured in seedlings grown on 100% Glc and on 10% 3OMG
medium. Compared to the control, 100% Glc, hexokinase activity was significantly
increased (P=0.05) when 10% 3OMG was added (Figure 10). Taken together, these
results indicate that glucose may indeed be affecting a downstream control on artemisinin

AN (μ g/g DW)
HXK activity (nmol/min/mg protein)

production possibly through a hexokinase sensor.

12

100% Glc

90% Glc + 10% 3OMG
*

10
8
6
4

*

2
0

AN

HXK

Figure 10 Effects of glucose or combination of 10% 3OMG on artemisinin production and
hexokinase activity.
Data are the mean of three replicates + SE. Data were analyzed using the Mann-Whitney U-test. *P=0.05.
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4.3 Effects of fructose and its analog on growth and artemisinin production.
To investigate the effect of fructose as a signal molecule, 10% Tag, the analog of
fructose was added to 90% Fru (the final carbon amount was equivalent to the amount of
carbon in 3% (w/v) sucrose), and compared to seedlings grown in 100% Fru, the control.
After two weeks growth in Petri dish, the shoots, roots, and total biomass of seedlings
grown on the 10% Tag were about half of those grown on the medium with fructose
alone (Figure 11A), but the ratios of shoot to root biomass were similar between the two
sugar conditions.
Although artemisinin production by seedlings grown on the medium with fructose
alone was about double that by seedlings grown in the presence of 10% Tag (Figure 11B),
it was not statistically different. Consequently, no conclusion can be made about the
effect of Tag and fructose on artemisinin production.
4.4 Effects of sucrose and its analogs on growth and artemisinin production
Although monosaccharides are the main components involved in plant cell
metabolism, disaccharides also have crucial roles. The effect of sucrose and some its
analogs on growth and artemisinin production was also measured.
Sucrose alone or combined with its analogs was added to Petri dishes using the same
method as described for the monosaccharide experiments. In contrast to the shoots of
seedlings, all of the sucrose analogs inhibited root growth (Figure 12A and Table 7).
Total biomass was also decreased by the addition of 10% Pal or 10% Tre when compared
to 100% Suc (Figure 12A and Table 7). Similarly, seedlings grown in sucrose with 10%
Tre or 10% Lac had greatly stimulated shoot to root biomass ratios compared to 100%
Suc (Figure 12A and Table 7).
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Figure 11 Effects of fructose and its analog on growth and artemisinin production.
Data are mean of the total replicates + SE. A. Effect on growth. Data were analyzed using independentsamples T-Test. The total replicates for 100% Fru: 21; for 90% Fru + 10% Tag: 28. B. Effect on
artemisinin production. Data were analyzed using Mann-Whitney U-test. There were three replicates for
each condition. *P<0.05.
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Artemisinin production, however, responded to these five sucrose analogs differently
(Figure 12B, C, and Table 7). Artemisinin production was decreased in presence of Pal,
Cel, and Lac. In contrast, when Tre or Mal, were present, artemisinin production
increased. A statistically significant decrease in artemisinin production was only found
between addition of 10% Cel and 100% Suc control (Figure 12B and Table 7; P = 0.047).
Although the addition of 10% Pal did not statistically decrease the artemisinin
production (P=0.068, Mann-Whitney U-test) when the seedlings were cultured in Petri
dishes, conducting the experiment in shake flasks did give a significant result. There was
significantly more total biomass produced by seedlings exposed to 10% Pal plus 90% Suc
than those grown in 100% Suc (Figure 13A). Artemisinin levels were significantly
reduced by 80% in the presence of 10% Pal (Figure 13B). Both results were significant at
the P= 0.05 level. These results showed that sucrose may also be providing some control
over artemisinin production and possibly at the transporter stage because Pal can not be
transported into cell and some interaction probably occurs between Pal and the sucrose
transporter (Bouteau et al., 1999; Fernie et al., 2001; Börnke et al., 2002; Sinha et al.,
2002).
Table 7 Summary of growth and artemisinin production responses of sucrose analogs compared to
100% Suc.
Compared to
100% Suc

90% Suc +
10% Pal

90% Suc +
10% Tre

90% Suc +
10% Mal

90% Suc +
10% Cel

90% Suc +
10% Lac

# of True Leaves

nc

nc

nc

nc

nc

Shoot Biomass (mg)

nc

nc

nc

nc

nc

Root Biomass (mg)

↓

↓

↓

↓

↓

Total Biomass (mg)

↓

↓

nc

nc

nc

Shoot/Root

nc

↑

nc

nc

↑

AN (μg/g DW)

nc

nc

nc

↓

nc

↑ or ↓ indicates statistically significant increase or decrease; nc indicates no statistically significant change.
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Figure 12 Effects of sucrose and its analogs on growth and artemisinin production.
Data are the mean of total replicates + SE. A. Effect on growth. Data were analyzed using ANOVA
followed by Dunnett’s post hoc test comparing each group to the control (100% Suc). The total replicates
for 100% Suc: 47; for 90% Suc + 10% Pal: 47; for 90% Suc + 10% Tre: 50; for 90% Suc + 10% Mal: 51;
90% Suc + 10% Cel: 46; 90% Suc + 10% Lac: 43. B. Effect of sucrose and its analog, Cel, on artemisinin
production. Data were analyzed using the Mann-Whitney U test. There were 5 replicates for each condition.
C. Effect of sucrose and its analogs on artemisinin production. Data were analyzed using the KruskalWallis test. The total replicates for 100% Suc was 5; for other conditions were 6. *P<0.05; ** P<0.01; ***
P<0.001.

44

A

160
100% Suc
140

*

90% Suc + 10% Pal

120
100
80
60
40
20
0
Shoot (mg)

Root (mg)

Total Biomass (mg)

B

25

AN (μ g/g DW)

20

15

10

*

5

0
100% Suc

90% Suc+ 10% Pal

Figure 13 Effects of sucrose and combination of 10% palatinose on growth and artemisinin
production in liquid medium.
Data are mean of the three replicates + SE. A. Effect on growth. Data were analyzed using independentsamples T-Test. There were 3 replicates for each condition. B. Effect on artemisinin production. Data were
analyzed using Mann-Whitney U-test. There were 3 replicates for each condition. *P<0.05.
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4.5 Effects of sugar combinations on growth and artemisinin production
Because sucrose can be hydrolyzed rather rapidly (Kim et al., 2003) into glucose and
fructose via plant cell-wall invertase or cytoplasmic invertase (Williams et al., 2000),
addition of extracellular glucose or fructose in the presence of sucrose will inevitably
change the ratio of these three sugars. When a small amount of glucose is added with
sucrose, the relative glucose concentration is increased relative to cultures provided only
sucrose. In the same way, when a little fructose and sucrose are provided exogenously,
the relative fructose concentration is increased. A mixture of sugars should, thus, alter
artemisinin production. Considering that normal plant cells would always have dynamic
sugar concentrations, experiments were done using sucrose supplemented with 10% of
either glucose or fructose following the previously described methods. Addition of 10%
Glc or 10% Fru to 90% Suc did not affect seedling growth significantly compared to
100% Suc (Figure 14 A), despite a rather large decrease in artemisinin levels (Figure 14
B, C). A significant difference, however, was only observed between addition of 10%
Glc and the 100% Suc control (Figure 14B; P=0.05), but not between the 10% Fru and
the 100% Suc control (Figure 14C). This surprising decrease in artemisinin was in
contrast to that in 100% Glc (Figure 7B) and clearly showed that the sugar response is not
simple.
4.6 Effects of sugar ratios on growth and artemisinin production.
The previous experiments suggested that sucrose, glucose, and fructose may be signal
molecules affecting the production of artemisinin in A. annua seedlings, and that they
interact with each other.
To compare how fructose and glucose might work coordinately in altering growth and
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Figure 14 Effects of sucrose and combination of either 10% Glc or 10% Fru on growth and
artemisinin production.
Data are mean of total replicates + SE. A. Effect on growth. Data were analyzed using ANOVA followed
by Dunnett’s post hoc test comparing each group to the control (100% Suc). The total replicates for 100%
Suc: 29; for 90% Suc + 10% Glc: 30; for 90% Suc + 10% Fru: 28. B. Effect of 100% Suc and combination
of 10% Glc on artemisinin production. Data were analyzed using Mann-Whitney U-test. There were 3
replicates for each condition. B. Effect of 100% Suc and combination of 10% Fru on artemisinin
production. Data were analyzed using using Mann-Whitney U-test. There were 3 replicates for each
condition. *P=0.05.
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especially artemisinin production, five different ratios of these two sugars were tested on
A. annua seedlings. As the concentration of glucose was increased relative to fructose,
the number of true leaves first increased until the 75/25 (Glc/fru) ratio was reached
(Figure 15A). In contrast, root mass decreased with increasing glucose level (Figure 15A).
Overall, these data resulted in a slightly increasing shoot/root biomass ratio as the ratio of
glucose increased compared to fructose (Figure 15A).
The artemisinin production steadily increased as the glucose to fructose ratio
increased (Figure 15B). However, no statistically significant differences were found
among these conditions except when fructose and glucose were added alone.
Because sucrose is also usually present in cells along with glucose and fructose,
growth and artemisinin production were measured in seedlings grown in seven different
concentrations of glucose plus sucrose using the previously described approach. Sucrose
clearly stimulated A. annua plant growth compared to glucose (Figure 16A). This was
reflected by the higher shoot mass, root mass, and total biomass of seedlings grown on
100% Suc compared to 100% Glc medium (Figure 16A). For the most part these growth
responses were the same as shown in Figure 7.
Although artemisinin production (Figure 16B) increased a little in seedlings when
glucose was provided in Petri dishes as 10% carbon source, artemisinin levels decreased
as the concentration of glucose increased until the 50/50 concentration was reached.
Afterwards, artemisinin production began to increase as glucose levels approached 90%
(Figure 16B). Unfortunately, artemisinin production was not significantly different
among these different Suc/Glc ratios.
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Figure 15 Effects of % Glc/% Fru ratio on growth and artemisinin production.
Data are mean of total replicates ± SE. A. Effect on growth. Data were analyzed using ANOVA followed
by Student-Newman-Keuls post hoc test comparing all sugar groups to each other pairwise. The total
replicates for 100/0: 25; 75/25: 29; 50/50: 39; 25/75: 35; 0/100: 43. B. Effect on artemisinin production.
Data were analyzed using Kruskal-Wallis Test followed by Dunn’s post hot test to compare each other
pairwise. There were 5 replicates for each ratio condition except 75/25, which contained 4. Groups that are
statistically similar (P > 0.05) are labeled with the same letter.
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Figure 16 Effects of % Suc/% Glc ratio on growth and artemisinin production.
Data are mean of total replicates ± SE. A. Effect on growth. Data were analyzed using ANOVA followed
by Student-Newman-Keuls post hoc test comparing all sugar groups to each other pairwise. The total
replicates for 100/0: 106; 90/10: 108; 70/30: 75; 50/50: 76; 30/70: 75; 10/90: 76; 0/100: 69. B. Effect on
artemisinin production. Data were analyzed using Kruskal-Wallis Test to compare each other pairwise.
The total replicates are 11 for 100/0 and 90/10; 7 for 50/50; 8 for other conditions. Groups that are
statistically similar (P > 0.05) are labeled with the same letter.
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Taken together, the results of the mixed sugar experiments indicated that glucose
clearly has a stimulatory effect on growth and artemisinin production, especially in
combination with fructose. When all three sugars are present, however, the glucose
stimulation effect is less clear and the sugar effect on artemisinin regulation appears
complex.
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5 Discussion
Sugars are the major carbon source for in vitro cultured plants. While the effects of
different types of sugars and their concentrations on plant growth have long been
recognized and used to optimize in vitro culture, very little is known about their effects
on the control of secondary metabolite production. Three common sugars, sucrose,
glucose, and fructose, were studied for their impact not only on plant growth and
development, but particularly on artemisinin production. Artemisinin production was
significantly increased compared to sucrose when equimolar carbon of glucose was fed to
seedlings of A. annua (Figure 7B), while fructose appeared to have an inhibitory effect
(Figure 7C). These results suggested that besides acting as growth nutrients, sugars were
also affecting artemisinin production and possibly acting as signal molecules to regulate
artemisinin biosynthesis. The major focus of this discussion, therefore, is on the evidence
from this study on the effect of sugars acting as signal molecules on artemisinin
production.
Glucose regulates artemisinin production possibly through a hexokinase sensor.
Using different glucose analogs in combination with glucose, this study showed that
glucose appears to be acting as a signal that is possibly perceived through hexokinase for
controlling artemisinin production. When 3OMG comprised 10% of the total carbon was
provided to seedlings, artemisinin production was significantly inhibited compared to the
100% Glc control (Figure 8B), while neither Man nor Mtl had this effect. Like Man,
however, 30MG can enter the cell through a transporter (Lalonde et al., 1999; Gibson,
2000; Ho et al., 2001; Loreti et al., 2001), but it is not effectively phosphorylated by
HXK (Cortès et al., 2003) thereby suggesting that HXK may be acting as a sensor that
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can control artemisinin production further downstream. These results are consistent with
the hypothesis of HXK acting as a putative sugar sensor. This conclusion is similar to
what has been observed in other studies. For example, Jang and Sheen (1994) showed
that the expression of photosynthetic genes was inhibited by glucose and the glucose
analogs that can be phosphorylated by HXK. In contrast, 3OMG and 6DOG, which can
be taken up by cells but are not an effective substrate of HXK, did not inhibit the
expression of those genes. Furthermore, the repression of photosynthetic genes also did
not occur when G-6-P was directly delivered into the cells. Based on these results, Jang
and Sheen (1994) proposed that HXK is the sensor in glucose signaling. Later Moore et
al., (2003) showed that an Arabidopsis mutant lacking HXK catalytic activity still
showed glucose signaling functions like wild-type plants. Taken together, those studies
provided compelling evidence that HXK can both act as a catalyst and sense a glucose
signal. The apparent stimulation by Mtl of artemisinin production above the 100% Glc
control (Figure 8B) also suggests that a monosaccharide transporter is probably not
involved in the sensing process because Mtl does not enter the cell (Gibson, 2000). These
results are consistent with the study of Jang and Sheen (1994). In their study, neither Lglucose, which cannot be efficiently transported by plant cell, nor 3OMG, which can be
transported into plant cell but cannot be effectively phosphorylated by HXK, repressed
the expression of photosynthetic genes compared to glucose.
There is also the possibility that the inhibition of artemisinin production induced by
the addition of 10% 3OMG may be caused by 3OMG possibly acting as a toxin because
growth was also significantly inhibited (Figure 8A). This is unlikely, however, because
while artemisinin production was 95% inhibited, growth was only inhibited 30% (Figure
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8). Furthermore, in the presence of 10% Mtl, which also inhibited growth (Figure 8A),
artemisinin production was actually stimulated when compared to 100% Glc (Figure 8B).
Moreover, addition of only 1% 3OMG, while stimulating growth beyond the 10% 3OMG,
still inhibited artemisinin production (Figure 9). These results together, suggest that the
reduced growth observed in the presence of 10% 3OMG was, thus, not necessarily the
cause of the decreased artemisinin production (Figure 8B).
Considering that artemisinin production was significantly inhibited by 10% 3OMG
but not by 1% 3OMG (Figure 9B and C), also suggested that the signal effect of glucose
on artemisinin production may be dependent on glucose concentration. Seedlings were
subsequently fed different ratios of Glc/Fru and both growth and artemisinin were
measured. As the proportion of glucose increased relative to fructose, the level of
artemisinin also increased (Figure 15B), suggesting that the concentration of these two
monosaccharides is sensed and that their ratio affects the yield of artemisinin, a distant
downstream product. This is further supported by the data that show inhibition of
artemisinin production by 100% Fru compared to sucrose or glucose and by further
inhibition if 10% Tag, a fructose analog, is added to fructose (Figure 11B). Inhibition of
artemisinin production by fructose is in contrast to the results of Jung et al. (1992) who
reported the stimulation by fructose of catharanthine yield in hairy roots of C. roseus.
These results do not, however, exclude crosstalk between the different sugars in
regulating artemisinin production.
When the activity of HXK was measured in seedlings grown in 10% 3OMG, HXK
specific activity increased compared to that of seedlings grown in 100% Glc (Figure 10).
These results have several possible interpretations. First, hexokinase, a known glucose
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signal sensor, may affect artemisinin production through its catalytic activity. The
addition of 10% 3OMG actually decreased by 10% the total carbon that was
metabolically available and since hexokinase activity increased concomitantly by 10%
(Figure 10), it is possible that the increase in HXK activity may be in response to the total
carbon available to the seedlings after 14 days in culture. Several studies, however, have
indicated that glucose signaling is uncoupled from glucose metabolism (Jang and Sheen
et al., 1994; Jang et al., 1997). Further, HXK1 mutants lacking catalytic activity still
showed various signaling functions (Moore et al., 2003). All of the signaling functions
previously studied, however, have been related to gene expression or related to plant
development, not secondary metabolism, so separation of glucose signaling from glucose
metabolism can not necessarily be assumed with respect to artemisinin production.
Second, some unknown metabolite(s) downstream of glucose phosphorylation may be
involved in artemisinin production with or without glucose signaling and this metabolite
might be what is being sensed by HXK (Xiao et al., 2000). Third, increased hexokinase
activity could also be due to some stress produced by the presence of 3OMG. For
example, it was reported by Fox et al. (1998) that hexokinase activity is stimulated in
shoots of Echinochloa phyllopogon by anaerobic stress. Further, 3OMG also can act as a
competitive inhibitor of the glucose transporter, therefore inhibiting glucose entrance to
plant cells which could subsequently induce an increase in HXK activity (Gogarten and
Bentrup F-W, 1983; Getz et al., 1987). Clearly additional studies of hexokinase activity
in seedlings grown in sucrose, fructose, and glucose in combination with its other analogs
and in the presence of an HXK inhibitor like N-acetyl glucosamine should be undertaken.
Disaccharide signal transduction pathways are not as clearly understood as the
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glucose signaling pathways. Sucrose analogs were used to learn more about this pathway
and how it might regulate artemisinin production. Loreti et al. (2000) had previously
shown that similar to our results, disaccharides containing a fructose moiety had an
inhibitory effect on α-amylase in barley embryos. Even the non metabolizable fructose
moiety-containing-disaccharides, palatinose, turanose, and lactulose repressed the
enzyme indicating that the fructose moiety was necessary for sensing the disaccharide
and that it was independent of the glucose sensing system (Loreti et al., 2000). In A.
annua, however, only Pal was tested for its effects on artemisinin production and
compared to 100% Suc, addition of 10% Pal significantly inhibited artemisinin
production (Figure 13). This suggested that instead of only specific glucose sensitivity,
there may also be a disaccharide transporter that is involved in a signaling effect on
artemisinin production because Pal is not transported into the cell. Similar to the
conclusions reached by Loreti et al. (2000), these results suggest that besides a HXK,
glucose sensor, there may also be a sucrose transporter sensor that responds to sucrose to
induce a signal to produce artemisinin.
When other disaccharide analogs were fed to seedlings, some interesting results were
observed. Addition of 10% Cel, for example, significantly decreased artemisinin
production compared to 100% Suc (Figure 12B). Mal, on the other hand, did not
significantly alter artemisinin compared to the 100% Suc control (Figure 12C). Cel
(Table 1) consists of two β glucose units with a 1→4 linkage, while Mal (Table 1), a
stereoisomer of Cel, consists of an α-glucose and a β-glucose also with a 1→4 linkage.
Mal is known to be transported by a membrane transporter across the chloroplast
membrane and into the cytosol (Weise et al., 2005) where it is potentially converted into
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sucrose via a series of steps (Figure 3; Lu and Sharkey, 2004; Yan et al., 2005). Less is
known about cellobiose. The difference in the stereo structures of these two analogs,
however, may be the feature sensed by plant cells through plasma membrane transporter
or some intracellular enzyme, thereby differently affecting artemisinin production.
Crosstalk is known to exist between sugar signaling systems (Rolland et al., 2002,
Rook et al., 1998, Wingler et al., 2000, Halford and Paul, 2003), and was also observed
in artemisinin production. With the exception of the Glc/Fru ratio results, it is difficult to
interpret sugar combination experiments. In an experiment where either 10% Glc or 10%
Fru was added to 90% Suc, it appeared that addition of a small amount of glucose to
sucrose fed seedlings of A. annua significantly decreased artemisinin production
compared to the 100% Suc control (Figure 14B). This result was unexpected considering
the Glc/Fru results (Figure 15B) and the significant stimulation of artemisinin production
in seedlings that were fed only glucose (Figure 7B), but may be explained as an
apparently antagonistic action between signals perceived from sucrose and from glucose
(Halford and Paul, 2003). Such an antagonistic effect and the complexity of the sugar
signals that govern artemisinin production are even more pronounced when seedling are
fed different ratios of Glc/Suc (Figure 16B).
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6 Conclusion
At the same carbon level and compared to sucrose, the stimulation of artemisinin
production by glucose, and inhibition by fructose clearly showed that these sugars can
control artemisinin production. By feeding small amounts of different sugar analogs to
seedlings, results further suggested that there may be at least two possible sugar sensing
mechanisms that are involved in controlling artemisinin production in A. annua. The first,
in response to addition of 10% 3OMG, HXK appears to be a sensor that can detect
differential concentrations of glucose and fructose thereby altering artemisinin production
further downstream. The second mechanism, in response to addition of 10% Pal, appears
to involve a sucrose transporter that senses a sucrose specific signal. When both
monosaccharide and disaccharide sugars are present, there appears to be crosstalk
between the putative sugar signals, but the mechanism is complex, further studies to
elucidate complete understanding of the mechanism of action are warranted.
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8 Appendix
8.1 Hexokinase assay protocols
8.1.1 Shoot Extraction
Final Concentration of Extraction buffer
50mM Hepes-KOH, pH 7.5
5mM MgCl2·6H2O
1mM EDTA, pH 7.0
15mM KCl
10 % Glycerol
0.1% Triton X-100
1X protease inhibitor
Procedure of Extract Buffer Preparation
1. Add to beaker:
5ml
0.5M
Hepes-KOH pH 7.5
FW:238.8
1.25ml
0.2M
MgCl2·6H2O
Sigma M2393
1ml
0.05M
EDTA pH 7.0
Sigma E9884; pH7.0 adjusted using KOH
0.75ml
1.0M
KCl
Sigma P4504
5ml
Glycerol
Sigma G5150
1 tablet
Protease inhibitor
Roche Diagnostics #1836145
30ml
H2O
2. Mix using stir bar until tablet is dissolved.
3. Add 0.5 ml 10% Triton (Sigma T6878), mix gently then adjust the volume to 50ml.
4. Store at -20oC. The buffer can be thawed and refrozen a number of times.
Experimental Use
1. Thaw the frozen extract buffer.
2. Add 25.6μl, 0.1M DTT (Acros Organics, #16568-0250) in 1 ml extract buffer.
Extraction Procedure
1. Weigh 0.1g frozen plant material.
2. Add 10 % (w/w) polyvinylpolypyrollidone (PVPP; Sigma P6755).
3. Add tissue and liquid N2 to mortar with pestle, after the liquid N2 evaporates, add
PVPP and 1ml extraction buffer, grind thoroughly.
4. Pour directly into centrifuge tube and balance
5. Centrifuge for 3 min at 17,400 x g at 4oC.
6. The clear supernatant was collected and assayed for hexokinase activity.
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8.1.2 Hexokinase Activity Assay Procedures
Final concentration of Assay Buffer
50mM Bicine-KOH, pH 8.5
15mM KCl
5mM MgCl2·6H2O
2.5mM ATP, pH6.8-7
1mM NAD
2units glucose 6-P dehydrogenase (G6PDH)
5 mM glucose
Assay mixture for 5 assays
0.475ml 0.5263M
Bicine-KOH pH8.5
0.125ml 0.2M
MgCl2·6H2O
0.075ml 1M
KCl
1ml
0.0124M
ATP pH6.8-7
0.375ml 0.0133M
NAD
0.2ml
50units/ml G6PDH
50units/ml G6PDH
944μl
1M
5μl
2M
1μl
0.2M
9μl
41μl

(NH4)2SO4
Tris pH7.5
MgCl2·6H2O
G6PDH
H2O

Sigma B3876
Sigma M2393
Sigma P4504
Sigma A-2383, pH adjusted using KOH
Sigma 43410

Sigma A4915
Sigma T1503
Sigma M2393
Sigma G8404-200Unit

Assay procedure
1. Add to a 1-ml cuvette:
450μl assay mixture
100μl plant crude extract
400μl H2O
2. Cover and invert the cuvette several times, zero spectrophotometer at 340nm.
3. Add 50μl 2mM glucose to cuvette, cover it with cap and invert 2-3 times.
4. Time scan the ∆Abs change at 340nm.
5. Assay mixture is checked by 2 units yeast hexokinase, Sigma H5625, before assay
samples. At 340nm, ∆Abs change ≥ 1 by 2 units yeast hexokinase within several minutes
indicates the validity of the assay mixture.
Reaction Rate Calculations
The mM extinction coefficient of NADH = 6.22
Total activity (nmol/min) =
(∆A340/min) × (total assay volume/ added extract volume) × (1/6.22) ×1000
Specific activity (nmol/min/mg protein) = Total activity (nmol/min)/total protein (mg)
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8.2 Effects of sucrose, glucose, or fructose on artemisinin production and hexokinase
activity.
To compare the HXK activity in seedlings grown on medium with sucrose, glucose,
or fructose, equimolar carbon (carbon molar equivalent to 3% (w/v) sucrose) of sucrose,
glucose, or fructose was added into B5 medium, seedlings were cultured for 14 days, and
then artemisinin and hexokinase was extracted and assayed using the methods described
in Material and Method section except 1 ml ice-cold extraction buffer was used to extract
0.05g frozen shoots grown on medium with fructose.
Sucrose

A

Glucose

25

20

AN (μ g/g)
HXK (nmol/min/mg protein)

AN (μ g/g)
HXK (nmol/min/mg protein)

25

15

10

5

Sucrose

B

Fructose

20

15

10

5
*

0

0
AN production

AN production

HXK activity

HXK activity

Figure 17 Effects of sucrose, glucose or fructose on artemisinin production and hexokinase activity.
Data are mean of three replicates + SE. A. Effect of sucrose and glucose on artemisinin production and
hexokinase activity. Data were analyzed using Mann-Whitney U-test. B. Effect of sucrose and fructose on
artemisinin production and hexokinase activity. Data were analyzed using Mann-Whitney U-test. * P> 0.05.
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