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Summary

In vitro cultures are being considered as an alternative to agricultural processes for producing valuable secondary
metabolites. Most efforts that use differentiated cultures instead of cell suspension cultures have focused on transformed
(hairy) roots. Bioreactors used to culture hairy roots can be roughly divided into three types: liquid-phase, gas-phase, or
hybrid reactors that are a combination of both. The growth and productivity of hairy root cultures are reviewed with an
emphasis on successful bioreactors and important culture considerations. The latter include strain selection, production of
product in relation to growth phase, media composition, the gas regime, use of elicitors, the role of light, and apparent
product loss. Together with genetic engineering and process optimization, proper reactor design plays a key role in the
development of successful large-scale production of secondary metabolites from plant cultures.
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Introduction

Plant-derived chemicals are valuable sources for a variety of
pharmaceuticals, flavors, dyes, oils, and resins (Balandrin et al.,
1985; Parr, 1988). Many of these commercially valuable
phytochemicals are secondary metabolites that are not essential to
plant growth, are produced in small amounts, and often accumulate
in specialized tissues, e.g. trichomes. These compounds usually have
very complicated structures and/or exhibit chirality. Consequently,
in many cases organic synthesis is not cost effective, and extraction
from field-grown plants has been the major method used to
economically produce these important secondary metabolites
(Balandrin et al., 1985; DiCosmo and Misawa, 1995). Depending
on the plant species, traditional agricultural methods often require
months to years to obtain a crop (Kieran et al., 1997). Furthermore,
the levels of secondary metabolites are affected by many factors,
including pathogens and climate changes.

Plant cell suspension culture has been considered an alternative
to agricultural processes for producing valuable secondary
metabolites. Although there are some commercialized, industrial-
scale plant cell cultures (Tabata et al., 1982; Curtin, 1983; Furuya
et al., 1984; Kieran et al., 1997), the biggest challenge of producing
secondary metabolites from plant cell suspension cultures is that
secondary metabolites are usually produced by specialized cells
and/or at distinct developmental stages (Balandrin et al., 1985).
Some compounds are not synthesized if the cells remain
undifferentiated (Berlin et al., 1985). Therefore, undifferentiated
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plant cell cultures often lose, partially or totally, their biosynthetic
ability to accumulate secondary products (Rokem and Goldberg,
1985; Charlwood and Charlwood, 1991). Although there are some
reports of co-cultured differentiated tissues (e.g. shoots+roots) being
used to produce secondary metabolites (Subroto et al., 1996;
Mahagamasekera and Doran, 1998), most efforts focus on
transformed (hairy) roots and that is the focus here.

Hairy roots, the result of genetic transformation by Agrobacterium
rhizogenes, have attractive properties for secondary metabolite
production. They often grow as fast as or faster than plant cell
cultures (Charlwood and Charlwood, 1991; Flores et al., 1999) and
do not require hormones in the medium. The greatest advantage of
hairy roots is that hairy root cultures often exhibit about the same or
greater biosynthetic capacity for secondary metabolite production
compared to their mother plants (Banerjee et al., 1998;
Kittipongpatana et al., 1998). Many valuable secondary metabolites
are synthesized in roots in vivo, and often synthesis is linked to root
differentiation (Robins et al., 1991; Flores et al., 1999). Even in
cases where secondary metabolites accumulate only in the aerial
part of an intact plant, hairy root cultures have been shown to
accumulate the metabolites. For example, lawsone normally
accumulates only in the aerial part of the plant, but hairy roots of
Lawsonia inermis grown in half- or full-strength MS medium
(Murashige and Skoog, 1962) can produce lawsone under dark
conditions (Bakkali et al., 1997). Although artemisinin was thought
to accumulate only in the aerial part of Artemisia annua plant
(Wallaart et al., 1999), several laboratories have shown that hairy
roots can produce artemisinin (Weathers et al., 1994; Jaziri et al.,
1995; Liu et al., 1999). Genetic stability is another characteristic of
hairy roots. For example, cultures of Hyoscyamus muticus hairy roots



KIM ET AL.

—=— aif in air out . . medium
B m—— anin
air out I :

=

=7

—{ii wire mesh
- . Tia
. 4| wire mesh -J wire mesh
e o
medium
d e
air in air out medium
cylindrical wire mesh piastic liner
liquid-phase
- culture
XN chamber
reservoir
medium
f
. mist
air out medium mist
airin gas-phase medium  coalescer

reservoir

medium

Fic. 1. Some promising bioreactor designs used for hairy root culture. a, Isolated impeller stirred tank reactor; b, segmented bubble
column reactor; ¢, submerged convective flow reactor; d, radial flow reactor; e, plastic-lined vessel; f, trickle bed reactor; g, nutrient mist

reactor.

showed equal or higher levels of hyoscyamine synthesis compared to
the roots of a whole plant (Flores and Filner, 1985) and have
maintained the same biosynthetic capacity for more than 15 years
(Flores et al., 1999) even after cultures are shifted back and forth
between the more productive differentiated (roots) and the less
productive undifferentiated (cells) state (Flores, 1987). Indeed,
Flores et al. (1999) emphasized that hairy roots provide a good
experimental system for studying root-specific pathways. However,
due to their special morphological characteristics, the difficulty in
culturing hairy roots in bioreactors and the need for developing
bioreactors suitable for their culture have long been recognized
(Wilson et al., 1987).

Two recent reviews on hairy roots by Shanks and Morgan (1999)
and Giri and Narasu (2000) briefly discussed the importance of the
use of bioreactors for hairy root cultures along with other topics,
including metabolic engineering and bioremediation. An earlier
review by Wysokinska and Chmiel (1997) focused more in depth on
cultivation methods and reactor systems suitable for hairy roots.

Here, we provide an update that adds some new perspectives on the
prospects and challenges of producing secondary metabolites from
hairy roots in bioreactors.

Bioreactors for Hairy Root Cultures

Based on the continuous phase, reactors used to culture hairy
roots can be roughly divided into three types: liquid-phase, gas-
phase, or hybrid reactors that are a combination of both. Simple
schematics of these reactors are depicted in Fig. 1 and a summary of
some reported productivities is given in Table 1.

Liquid-phase reactors. In liquid-phase reactors, roots are
submerged in the medium, and the term ‘submerged reactors’ is
also used. Stirred tank (Wilson et al., 1987; Taya et al., 1989;
Buitelaar et al., 1991), bubble column (Tescione et al., 1997,
Buitelaar et al., 1991; Rodriguez-Mendiola et al., 1991), air-lift
(Taya et al., 1989), liquid-impelled loop (Buitelaar et al., 1991), and
submerged convective flow (Carvalho and Curtis, 1998) reactors



TABLE 1
COMPARATIVE GROWTH AND SECONDARY METABOLITE PRODUCTION IN BIOREACTORS

Biomass
productivity

(@DW I td™Y

Culture
period

Working

Secondary metabolite

productivity?

Final density
(@DW 1Y

volume

(liter)

Reference

Inoculum

Root culture

Reactor type

Hyoscyamine, 66.5mg|*
Hyoscyamine, 211.2mg |~ *

8.4 0.24

n.a.

n.a.
60g FW It
0.06g DW It
0.16gDW It
0.34gDW It
0.16gDW 1!

35

Datura stramonium

12

Hilton and Rhodes (1990)
Hilton and Rhodes (1990)

Lee et al. (1999)

Datura stramonium

Isolated impeller — continuous

Isolated impeller — batch
Isolated impeller — batch

Carvalho and Curtis (1998)

Kim et al. (2001)
Carvalho and Curtis (1998)
Kino-Oka et al. (1999)

Kwok and Doran (1995)
Wilson (1997)

Atropine, 325.1mgl *
Atropine, 14 mg 1!
na.
Artemisinin, 0.025mg 1 *
na.
na.
na.

0.62
1.81
0.23
0.47
0.39
0.83

20.4
60.2

9.9
14.3
15.3
253

33

30

43

30

38
11+19=230

Atropa belladonna
Atropa belladonna
Hyoscyamus muticus
Artemisia annua
Hyoscyamus muticus
Beta vulgaris

25

2
15

12
25
2

Bubble column—-convective flow

Segmented bubble column
Radial flow

Bubble column
Bubble column

3.73
0.13
0.79
0.37
0.53
1.24

11.7 T7TgFW It 51

21 +40=61

0.39
500

8
20

n.a.
0.16gDW It
0.33gDW !

Datura stramonium

Submerged—droplet phase

SECONDARY METABOLISM OF HAIRY ROOT CULTURES 3

15+10=25

14

Bubble column—trickle bed

Ramakrishnan et al. (1994)
Kim et al. (2001)
Liu et al. (1999)
Xie et al. (2000)

Hyoscyamus muticus
Artemisia annua

Artemisinin, 0.031mg1?

21 +17 =38 14.4

15
2.3
1

Bubble column—nutrient mist

n.a.
Artemisinin, 0.088mg1~*

13.6°
13.4

0.2gDW I
10g FW It

10

Artemisia annua

Artemisia annua
When inoculum level was not available, the biomass productivity was calculated from the final biomass. When fresh weight inoculum level was available, initial dry weight was considered as 10% of the fresh

weight.
DW, dry weight; FW, fresh weight; n.a., not available.

2 Secondary metabolite level was at harvest.
® Calculated based on the medium volume.

Modified inner loop nutrient mist

Erlenmeyer flask

belong to this category. In early studies of stirred tank reactors, the
impeller damaged the roots, resulting in callus formation and
ultimately poor biomass production (Wilson et al., 1987; Hilton et al.,
1988). The problem was solved by using a steel cage or mesh to
isolate roots from the impeller (Fig. 1a) (Kondo et al., 1989; Hilton
and Rhodes, 1990). Instead of mechanical agitation, bubble column
reactors, air-lift, and liquid-impelled loop reactors sparge gas
through the reactor to both mix and supply oxygen to the roots.

In liquid-phase culture environments, including shake flasks, it
has been shown many times that oxygen deficiency due to mass
transport limitation is a growth-limiting factor (Yu and Doran, 1994;
Yu et al., 1997). Kanokwaree and Doran (1997) demonstrated
oxygen limitations in shake flasks using different medium volumes.
The problem increases as the scale of the reactor increases. In
addition, sparged air bubbles can be captured, enlarged, and remain
entrapped in root clumps, resulting in gas flow channeling around
clumps and total localized depletion of oxygen (Flores and Curtis,
1992; Singh and Curtis, 1994). It has been suggested that liquid—
solid oxygen transfer rather than gas—liquid oxygen transfer is the
limiting step (Kino-Oka et al., 1996; Tescione et al., 1997,
Kanokwaree and Doran, 1998). Direct evidence for oxygen
deficiency in shake flasks and bubble column reactors has been
found by Weathers et al. (1999), who measured mRNA transcripts of
alcohol dehydrogenase, an indicator of oxygen deprivation. They
showed that in both liquid systems, oxygen was limiting.

Methods for improving the supply of oxygen to the roots in reactors
have been proposed. Kwok and Doran (1995) introduced gas at
multiple points into a bubble column reactor that was divided into
three segments with wire mesh, with each segment containing a
sparger (Fig. 1b). Although 9.9g dry weight per liter (g DW 1~ of
Atropa belladonna hairy roots were harvested after 43 d, bulk mixing
was poor even as early as day 14. Kanokwaree and Doran (1998)
later investigated the use of a microporous polypropylene membrane
tubing that was inserted into a gas-driven reactor along with a
sparger to provide a supplementary oxygen to the root bed. Keeping
the total air flow rate constant and using the sparger and membrane
tubing at a flow rate ratio of 1:2 resulted in 32% more biomass yield
compared to the use of the sparger alone. Although these results
showed that site-directed aeration in root clumps can reduce the
oxygen transport limitation, the sparger cannot be eliminated,
because it promotes bulk mixing.

A convective flow reactor developed by Carvalho and Curtis
(1998) (Fig. 1c) consisted of a stirred tank, a peristaltic pump, and a
tubular culture chamber. In the stirred tank the medium was
oxygenated, and a positive displacement pump recirculated the
liquid between the stirred tank and the tubular reactor. After 30 d of
culture, 5509 fresh weight per liter (FW 17%) (23g DW 17%) of
Hyoscyamus muticus hairy roots were harvested; this is more than a
79% increase in biomass compared to bubble column reactors.
Although the convective flow reactor showed improved performance
compared to a bubble column, it may not be a realistic large-scale
system due to the pressure required to circulate the culture medium
at a high enough velocity to overcome the flow resistance of the root
bed (Carvalho and Curtis, 1998). Reactors similar to the convective
flow reactor, however, are effective research tools. For example,
Williams and Doran (1999) used a packed bed recirculation reactor
to minimize the liquid—solid hydrodynamic boundary layer at the
root surface and determine the critical oxygen level of hairy roots of
Atropa belladonna. Kino-Oka et al. (1999) cultured red beet hairy
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roots in a single column reactor with superficial velocities ranging
from 2 to 28mh~%. Although the increased superficial velocity
enhanced the root elongation rate, the viability of root tips was
reduced due to damage from shear stress. Kino-Oka et al. (1999)
found that under the conditions used in their study, a superficial
velocity of 15mh™" resulted in optimum growth. Based on the
specific cross-sectional area (a ratio of cross-sectional area to
volume in the growth chamber) a radial flow reactor was
subsequently constructed (Fig. 1d). In this reactor the air-saturated
medium entered through the ports on the sidewall of the reactor and
exited through the ports at the center of the top and bottom plates.
The radial flow reactor was operated at 15mh~* of superficial
velocity (the value of liquid flow rate per an arithmetic average of
lateral areas of the inner and outer stainless-steel mesh), and after
12d,51g DW 171 of roots were harvested, a substantial increase in
biomass compared to the results obtained by Carvalho and Curtis
(1998).

Recently, a plastic-lined vessel (Fig. 1e) was used for plant cell
suspension cultures (Hsiao et al., 1999). It has been reported that the
same reactor is also being tested with hairy root cultures (Shanks and
Morgan, 1999). Plastic bags may be the future for low-cost
bioreactors for hairy root cultures.

Rotating drum (Kondo et al., 1989) and ebb-and-flow reactors
(Taya et al., 1989; McKelvey et al., 1993) alternate cycles of liquid-
and gas-phase. An initial problem observed with the rotating drum
reactor was that in the early stage of culture roots did not attach well
to the vessel wall. Consequently, as the roots were rotated above the
culture medium, they detached from the wall and were damaged,
resulting in low biomass accumulation. This problem was overcome
by immobilizing the roots on polyurethane foam (Kondo et al., 1989).

Gas-phase reactors. Trickle bed (Fig. 1f) (Taya et al., 1989;
Flores and Curtis, 1992; McKelvey et al., 1993), droplet phase
(Wilson, 1997), liquid-dispersed (Williams and Doran, 2000), and
nutrient mist reactors (Fig. 1g) (Dilorio et al., 1992a, b; Whitney,
1992; Buer et al., 1996; Woo et al., 1996; Liu et al., 1999; Weathers
et al., 1999) are gas-phase reactors. In gas-phase reactors roots are
exposed to air or other gas mixtures. Nutrients (medium) are usually
delivered to roots as droplets. However, there is considerable
variation in the size of droplets. For mist reactors using ultrasonic
transducers, the droplet sizes are usually micron scale (0.5-30 pm;
Weathers et al., 1999). For trickle bed or other gas-phase reactors
using spray nozzles, the size of the droplets may be much larger
(Wilson, 1997). Since the continuous phase is gas, the roots must be
immobilized in the reactor. Dilorio et al. (1992a), Liu et al. (1999),
and Woo et al. (1996) used horizontal sheets of mesh, and at
inoculation, roots were spread onto mesh. Alternatively, Williams
and Doran (2000) used a vertical structure. Chatterjee et al. (1997)
cultured roots on packing rings made of nylon mesh in a shake flask
for a week so that roots became anchored to the mesh rings. The rings
were then used as inoculum for the mist reactor. Intalox metal
process packing elements have also been used to immobilize roots
(Ramakrishnan et al., 1994).

As a root bed entraps air in liquid-phase reactors, the root bed in
gas-phase reactors can entrain the liquid medium, and this leads
both to liquid channeling and to hold-up. The liquid hold-up in the
reactors can be divided into a dynamic part (free-draining) and a
stagnant part (non-free-draining) (Ramakrishnan and Curtis, 1994).
The latter is of primary interest because the stagnant hold-up is the
volume of medium entrapped in the root bed and can be three to four

times the root bed’s own weight (Williams and Doran, 2000). The
trapped liquid can have different nutrient levels than the bulk fluid
(Williams and Doran, 2000) or make the roots within effectively
submerged and depleted of oxygen (Singh and Curtis, 1994). This
phenomenon is less likely to happen in mist reactors, because less
medium enters the culture chamber compared to trickle bed
reactors. The medium flow rate is 1.1mlmin~* for a 1.5 liter mist
reactor (Kim, 2001) compared to Williams and Doran’s (2000)
130 ml min~* for a 4.4 liter reactor. In mist reactors, the capability of
mist to penetrate into a densely packed root bed (50% packing
density) has been demonstrated (Wyslouzil et al., 1997), and in fact
mist capture efficiency can be a limiting factor in achieving a high
root density (Kim, 2001).

Hybrid reactors. The disadvantage of gas-phase reactors is that
there is no way to uniformly distribute the roots in the growth
chamber without manual loading. The solution proposed by
Ramakrishnan et al. (1994) was to initially run the reactor as a
bubble column in order to suspend, distribute, and attach roots to the
packing rings in the reactor. After 2wk growth, root clumps were
dense, and the reactor was switched to a trickle bed operation, thus
exposing roots to a gas environment. In the same study roots were
also mechanically chopped in a blender and then pumped as a slurry
into the reactor, eliminating the manual labor of cutting and
inoculation. A 14 liter reactor was run using these procedures for
4wk and about 20 g DW |~ packing density of Hyoscyamus muticus
was obtained throughout the reactor at harvest (Ramakrishnan et al.,
1994).

Wilson (1997) cultured Datura stramonium hairy roots in a 500
liter hybrid reactor that used submerged culture for 21 d followed by
a droplet-phase for 40 d. It is noteworthy that in this experiment the
root inoculation step was completed mechanically and required no
manual labor. In a seed vessel placed on the top of the 500 liter
reactor, the roots were grown as inoculum for the large-scale reactor.
A helical screw with a blade located in the bottom of the seed vessel
was used to cut and transfer the roots to the reactor. The main reactor
contained assemblies of wire chains and bars to immobilize the roots.
The distance between each assembly line (the assembly ran from top
to bottom) was determined by effective volume, i.e., the volume that
can be filled by roots from a single inoculation point. This parameter
depends on the species and must be determined empirically. At the
end of a run a total of 39.8kg fresh weight of hairy roots was
harvested, yielding 79.6 g FW I~ packing density. This is not the
highest packing density obtained for hairy roots; however, it
demonstrates that with appropriate design, large-scale hairy root
culture is possible.

Recently the effect of root hairs has been studied by removing the
hairs chemically (Bordonaro and Curtis, 2000) or by using root-hair
mutants (Shiao and Doran, 2000). In liquid-phase reactors, root hairs
increase the flow resistance and the thickness of the liquid—solid
hydrodynamic boundary layer. As a result, root hairs lower the
oxygen availability to the roots (Bordonaro and Curtis, 2000) and
increase critical oxygen tension (Shiao and Doran, 2000).
Ramakrishnan and Curtis (1994) showed that roots with fewer
hairs entrained less liquid than roots with more hairs. Therefore, in
trickle bed reactors profuse root hairs may hinder the liquid drainage
(Williams and Doran, 1999). In contrast, aerosol models suggest that
root hairs are beneficial for growth in the mist reactor because they
enhance mist capture (Wyslouzil et al., 1997), and may improve
reactor performance.
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Secondary Metabolites

Plants produce secondary metabolites for specific purposes
including defense against pathogens and predators, protection from
UV light damage, attraction of pollinators, and for other reasons yet
to be discovered. Synthesis of secondary metabolites in vivo is often
triggered by environmental factors, and thus, it is not surprising that
the production of secondary metabolites in hairy roots is also greatly
affected by culture conditions. Most of the studies on manipulating
secondary metabolite levels in hairy roots are performed in shake
flasks, and rarely in bioreactors. In this section, we summarize some
of the conditions that have been shown to affect and improve
secondary metabolite production. As always, optimization must be
empirically determined for each clone and each culture condition.

Strain selection. Selection of good hairy root lines is a
prerequisite, and plants producing high levels of secondary
metabolites usually generate high-producing cell lines. Different
strains of Agrobacterium rhizogenes can also affect transformation. For
example, Banerjee et al. (1998) showed that in contrast to LBA 9402,
the A4 strain of Agrobacterium rhizogenes was more effective at
inducing hairy roots from Valeriana wallichii DC, and had a higher
growth rate. Both transformed lines produced more valepotriate than
non-transformed roots. Although the LBA 9402-induced hairy root
line produced more valepotriate than the A4-induced line, this is not
necessarily the case for all transformed plant species.

Relationship to growth phase. To effectively produce secondary
metabolites on a large scale, it is important to understand when in
the growth phase a specific product is formed. This information can
then be used to develop an effective production strategy. For
example, if a product is mainly formed during exponential growth,
one might try to use a fed-batch culture strategy aimed at keeping
the culture actively growing, thereby maximizing production of the
secondary metabolite.

Production of secondary metabolites in vitro can occur at almost
any stage of culture growth. For example, nicotine concentration in
hairy roots of Nicotiana rustica grown in shake flasks remains
constant throughout the growth phase, and production is, therefore,
growth-related (Wilson et al., 1987). The production of tabersonine
and ajmalicine by Catharanthus roseus hairy root cultures grown in
the dark is also at maximum during the exponential phase (Bhadra
and Shanks, 1997). Tabersonine derivatives, lochnericine and
horhammericine, are also growth-associated and show linear
relationships between the total yields (not specific yields) and
biomass production (Bhadra et al., 1998). On the other hand, the
ajmalicine derivative, serpentine, was not growth-associated and
exhibited the highest specific yield during the stationary phase
(Bhadra and Shanks, 1997). In another example, specific production
of hyoscyamine in Datura stramonium hairy roots also increased
significantly during the stationary phase (Wilson et al., 1987). In
contrast, the specific solasodine content in Solanum aviculare hairy
root cultures showed a linear relationship with the growth index
(biomass increase divided by initial biomass; Kittipongpatana et al.,
1998), and since the inoculum amount was about the same in all
shake flasks, the growth index can be directly translated as biomass
increase.

Medium composition. Nutrients in the culture medium can be
easily manipulated and have a great impact on secondary metabolite
production. For example, ammonium ion altered the secretion
pattern of products from hairy root cultures of Lithospermum

erythrorhizon. In ammonium-free MS medium, L. erythrorhizon
normally accumulates shikonin on the surface of roots and in border
cells. When ammonium ion is present, however, hydroxyechinifurn
B (Fukui et al., 1998) and the potent antifungal agent, rhizonone
(Fukui et al., 1999) were secreted into the medium instead. Although
an investigation of the natural existence of rhizonone in normal
plants has not been conducted yet, it is suspected that rhizonone is
an alternative defense compound produced in lieu of shikonin
(Fukui et al., 1999). Phosphate also has been shown to affect
secondary metabolite levels (Pannuri et al., 1993; Taya et al.,
1994a). For example, Dunlop and Curtis (1991) showed that
phosphate limitation along with elicitation increased sesquiterpene
production in Hyoscyamus muticus. Carbon is also crucial in
affecting not only growth, but also metabolite production. For
example, by using fructose instead of sucrose, catharanthine
production was doubled in C. roseus (Jung et al., 1992). Growth,
however, decreased by about 40%, so a two-stage culture system was
used. Roots were first grown in sucrose and then shifted into a
fructose medium to enhance secondary metabolism.

Although not required for growth, exogenous addition of
phytohormones affects secondary metabolite production. For
example, the content of total alkaloids was increased in Hyoscyamus
albus when roots were grown in indole-3-acetic acid (IAA) and
kinetin in the dark (Sauerwein et al., 1992). Similarly, we have
observed more than a 10-fold increase in artemisinin when A. annua
hairy roots are grown in a cocktail of four phytohormones; growth,
however, decreased by more than 75% (unpublished data). Clearly it
is important to optimize culture medium constituents and to
establish a suitable reactor protocol (e.g. one- versus two-stage
culture) to optimize overall productivity.

Gases. Gases, mainly CO,, O,, and C,H,, also affect secondary
metabolite production. Not many studies have been performed on
hairy root cultures, however, compared to the number of studies done
using plant cell suspension cultures. Most studies using roots have
focused on the role that oxygen plays in growth and secondary
metabolism. For example, Williams and Doran (1999) varied the
dissolved oxygen tension for Atropa belladonna hairy root cultures in
shake flasks and found that atropine production as well as specific
growth rate were maximum at around 150% air saturation. Similarly,
we have observed that more artemisinin is produced in Artemisia
annua hairy roots grown in nutrient mist reactors, where, in contrast
to bubble column reactors, oxygen is not limited (Kim et al., 2001).
The link between oxygen availability and artemisinin biosynthesis,
however, has not been conclusively demonstrated. Oxygen can also
affect release of products into the culture medium. Taya et al. (1992)
showed that when beet root cultures are not shaken for 2 d, oxygen
becomes limited and betalains are released into the medium;
cultures continued to grow provided that shaking resumed after 2 d.
Altogether, these results show that the role of oxygen in secondary
metabolism requires more investigation.

CO,, an end product of respiration, can build up in root cultures
and, if inadequate O, is available, leads to acidification of the
cytoplasm and the cascade of events resulting from O, deficit stress
(Buchanan et al., 2000). CO,, however, can stimulate root growth as
shown by Dilorio et al. (1992b) in studies with hairy roots.
Furthermore, other aspects of root growth and morphology may be
affected, such as border cell production (Zhao et al., 2000). Different
plant species have different optimal CO, concentrations at which
maximum growth occurs (Dilorio et al., 1992b). The response in Beta
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vulgaris hairy roots seems to result from a shortening of the lag phase
of the culture and not an increased growth rate (Weathers et al.,
1997b). Not all hairy root species show an increase in growth yield in
response to increased CO,. For example, when single A. annua hairy
roots were grown in mists enriched with CO,, they did not grow faster
than roots grown in air, but they appeared much healthier (Wyslouzil
et al., 2000). It is not surprising that CO, affects root growth since
CO, fixation is known to occur via phosphoenol pyruvate
carboxylase leading mainly to organic acids (Farmer, 1996).

Although little is known about the role of ethylene in hairy root
growth and associated secondary metabolite production, Sung and
Huang (2000) recently showed that headspace ethylene accumu-
lation, caused by adding an ethylene precursor, 1-aminocyclopro-
pane-1-carboxylic acid, or an ethylene-releasing compound,
2-chloroethylphosphonic acid (ethephon), lowered the production
of both biomass and L-DOPA (L-3,4-dihydroxyphenylalanine) by
Stizolobium hassjoo hairy roots. When the ethylene inhibitor CoCl,
was added to the culture, ethylene accumulation decreased and
biomass and L-DOPA production were improved. Clearly, the role of
both ethylene and CO, in hairy root growth and secondary metabolite
production needs more attention.

Elicitors. Elicitors can be used to induce secondary metabolite
production. Pitta-Alvarez et al. (2000) tested the effects of different
biotic (salicylic acid, yeast extract) and abiotic (CaCl,, AgNOs,
CdCl,) elicitors on accumulation and release of scopolamine and
hyoscyamine in Brugmansia candida hairy root cultures. Although
salicylic acid, AgNO3, and yeast extract all increased accumulation
of both alkaloids, salicylic acid also affected release of hoth
alkaloids significantly. On the other hand, AgNO3 and yeast extract
preferentially increased the release of scopolamine. CdCl, also
increased the release of both alkaloids but inhibited growth. CaCl,
had little affect on both alkaloid production and release (Pitta-
Alvarez et al., 2000). In another study, Zabetakis et al. (1999) used
methyl jasmonate, fungal elicitor (yeast cell wall), and oligogalac-
turonides in Datura stramonium hairy root cultures. Methyl
jasmonate was the most effective and increased tropane alkaloid
(littorine, hyoscyamine, scopolamine) synthesis. Rijhwani and
Shanks (1998b) conducted transient studies after jasmonic acid
and pectinase treatment and demonstrated that an optimum elicitor
dosage and optimum harvesting time are required to enhance the
production of certain metabolites. They also showed that elicitors
can be used to study metabolite pathways. Indeed, Singh et al.
(1998) showed that when Hyoscyamus muticus hairy roots were
elicited with methyl jasmonate, sesquiterpenes produced early in the
lubimin pathway were favored, whereas fungal elicitors favored
production of the end product, lubimin. Although methyl jasmonate
is a potent elicitor of many secondary metabolites, root growth is
often inhibited, as shown by Yu et al. (2000) in studies with Panax
ginseng hairy roots. Consequently, elicitors are often best added
after growth is complete. A two-stage culture strategy usually serves
this purpose.

Light. Light plays a role in both growth and secondary
metabolite production. Many hairy root lines when exposed to
light, turn green, and develop mature chloroplasts fully capable of
photosynthesis (Flores et al., 1993). Green roots have metabolic
capabilities distinct from their non-green counterparts. For example,
Ipomoea aquatica hairy roots grown in the light produce twice as
much biomass and four times as much peroxidase as roots grown in
the dark (Taya et al., 1994b).

Roots do not have to turn green, however, to show profound
alterations in secondary metabolism in response to light. For
example, increasing light intensity to about 200 wmolm ?s™*
doubles the growth yield of A. annua hairy roots. In contrast, light
inhibited the growth of Tagetes patula hairy roots and significantly
altered the type of thiophenes produced compared to dark-grown
cultures (Mukundan and Hjortsg, 1991). Sauerwein et al. (1992) also
found that the alkaloid content of both normal and hairy roots of
Hyoscyamus albus was greater in roots grown in the light compared to
roots grown in the dark. Bhadra et al. (1998) studied the effect of
light on growth as well as indole alkaloid accumulations of
Catharanthus roseus hairy root cultures. The total yield of alkaloids
was significantly different between light-adapted and dark-grown
roots. More interestingly, they demonstrated that production of some
alkaloids during a specific growth phase shifts when light conditions
are altered. Light-adapted roots show growth-associated production
of serpentine, and non-growth-associated production of tabersonine.
When roots are shifted from dark to light, production of ajmalicine
shifts from being growth-associated to non-growth-associated. Taken
together these responses are not surprising since considerable
evidence now shows that many of the enzymes in the terpenoid and
other alkaloid pathways are regulated by light.

Delivery of light into reactors is problematic for hairy roots,
because the cultures are generally immobilized. The biomass is not
continuously moving past the light source as are cells in suspension
cultures. Furthermore, hairy roots form mats or clumps with packing
densities exceeding 50% (v/v), and light penetration into dense
immobilized root beds presents a challenge. Interestingly, the roots
themselves may assist in the delivery of signal-inducing levels of
light into reactors since roots seems to have light guiding properties
(Mandoli and Briggs, 1982, 1983). Indeed, when light from a He Ne
laser was directed into the end of an A. annua hairy root and the
output measured from an optical fiber inserted at the opposite end,
we observed that about 0.0002% of the light was transmitted a
distance of at least 2 cm down the interior of the root (Weathers and
Swartzlander, unpublished). The roots, thus, seem to act as leaky
optical fibers.

Other factors affecting production.  Besides affecting root growth,
other culture conditions such as temperature, subculture cycle,
shear, and medium pH also affect secondary metabolite production.
Subculture cycle was shown to affect growth and production of
indole alkaloids in Catharanthus roseus hairy roots (Rijhwani and
Shanks, 1998a). Culture temperature also affected hyoscyamine
production in Datura stramonium hairy roots grown in stirred tank
reactors (Hilton and Rhodes, 1990). Nuutila et al. (1994) observed
that shear levels affected growth as well as the alkaloid content of
Catharanthus roseus hairy roots grown in three types of liquid-phase
bioreactors.

Changes in medium pH can change the permeability of cell
membranes, resulting in the release of products into the culture
medium (Saenz-Carbonell et al., 1993). Indeed, Taya et al. (1992)
and Mukundan et al. (1998) both used pH shift to release products
normally stored in vacuoles, and that they attributed to cell damage,
probably at the vacuolar membrane. For example, betalains normally
accumulate in roots of Beta vulgaris, but are released into the
medium after 10 min of exposure to pH 2 followed by a return to
regular medium at pH 5.5 (Mukundan et al., 1998). Up to 50% of the
total pigment was released at the time of the exposure, and roots
continued to grow and accumulate betalains afterwards. When roots
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were exposed to pH 2 for >10min, they failed to grow, suggesting
that low pH caused the lysis of mature pigment-containing cells. The
short pH exposure was beneficial for continuous production of
betalains, especially since the pigment in the roots was maximized
during exponential phase.

Reactor operation also affects secondary metabolite production.
Continuous instead of batch culture stimulated product release
and an increase in the rate of production of both hyoscyamine and
nicotine in Datura stramonium (Hilton and Rhodes, 1990) and
Nicotiana rustica hairy roots (Wilson et al., 1987), respectively.

Simplifying optimization.  Statistical methods are very important
to use in determining optimum culture conditions. In many cases
there may be simple synergistic effects. For example, Dunlop and
Curtis (1991) showed that solavetivone production was increased
when phosphate was limited and fungal elicitors were added to
Hyoscyamus muticus hairy roots. Optimization, however, is often far
more complex. For example, to determine what interactions may
occur between elicitor dosage, culture age, and exposure time,
Bhagwath and Hjortsg (2000) used a factorial design to determine
the best elicitation method (elicitor dosage, culture age, and the
exposure time) to yield the highest desired product. Similarly,
Weathers et al. (1997a) used a fractional factorial design to analyze
four factors at three levels to optimize A. annua hairy root growth.
Experimental design can minimize the number of experiments
required to optimize culture growth and secondary metabolite
production. For example, biomass production in A. annua showed
statistically significant interactions between nitrate and sucrose
(Weathers et al., 1997a); the response to one factor (e.g. sucrose)
depended on the level of a second factor (nitrate), whereas other
factors were less interactive. The resulting analysis showed that one
combination of the four factors tested provided statistically greater
amounts of biomass than all of the other conditions tested (Weathers
et al., 1997a).

The use of six-well plates has also proved useful in optimization
studies. Srinivasan et al. (1997) used six-well plates to optimize
plant cell suspension culture processes. Each plate provides six
replicate experiments with only minimal medium and space used.
They can also be used to optimize root cultures. Indeed a
considerable amount of information can be obtained just on root
growth using a single root as inoculum in each well (Table 2). For
example, using only two six-well plates, a comparative analysis of
the growth of A. annua hairy roots in two medium formulations
showed that there were statistically significant differences for seven
of eight factors (Table 2).

Apparent product loss. Desired products may unfortunately be
converted to other metabolites or degraded. For example, when
=10mgl™! of exogenous solasodine was added to Solanum
aviculare hairy root cultures, net steroidal alkaloid production
dropped to zero. When >10mgl™* (25mgl~%) of exogenous
solasodine was added to the medium, net steroidal alkaloid
production was negative and suggested that exogenous solasodine
was removed from the medium and converted or degraded (Yu et al.,
1996).

Many secondary metabolites are toxic even to the plant producing
them, and hence, require some sequestering, often by conjugation of
the compound to a sugar moiety (Wink, 1997). They are often
released via enzymatic hydrolysis when, through damage to the cell,
the contents of subcellular compartments mix, as in the hydrolysis of
allylisothiocyanate from sinigrine via myrosinase in roots of

TABLE 2

GROWTH OF ARTEMISIA ANNUA HAIRY ROOTS (CLONE YUT16) IN
SIX-WELL PLATES

Root characteristic B5 medium MS medium
Number of laterals 95a 58b
Length of primary root (cm) 4.7 a 3.0b
Length of laterals (cm) 16a 0.6 b
Total length (laterals+primary) (cm) 196 a 71b
Total lateral length (cm) 149a 4.1b
Root growth unit (cm per root tips) 16a 0.7b
Fresh weight (g) 0.la 0.01b
Roots attached to well? No No

Asingle 2.5 cm root was inoculated into each well in an uncoated six-well
polystyrene plate and grown for 14 d in their respective medium on an orbital
shaker and in 60 wEm~2s~* cool white fluorescent light.

Letters after data indicate statistical differences at a 95% confidence level
after Student’s t-test between numbers within a row.

horseradish (Wink, 1997). Conjugated compounds may not be
readily detected unless special steps are taken.

On the other hand, enzymes, especially peroxidases, are
suspected to be involved in the degradation of many secondary
metabolites (Stepan-Sarkissian et al., 1987; van der Heijden et al.,
1990). Calcium, a cofactor of some types of plant peroxidases, affects
their activity (Welinder, 1992; Xu and van Huystee, 1993;
Kvaratskhelia et al., 1997). In an attempt to reduce the activity of
Ca?*-dependent peroxidases, Pifiol et al. (1999) reduced the calcium
concentration of B5 medium and observed that peroxidase activity
decreased without any apparent effect on Datura stramonium hairy
root growth. However, hyoscyamine production decreased and this
was concurrent with decreased levels of mMRNA for putrescine:SAM
N-methyltransferase, an enzyme involved in diverting putrescine to
tropane alkaloid synthesis. In a similar effort, A. annua hairy roots
were grown in half calcium B5 medium to decrease peroxidase
activity. Peroxidases degrade the endoperoxide bridge found in
artemisinin, a sesquiterpene produced by A. annua (Iskra, Wobbe
and Weathers, unpublished). Although peroxidase activity
decreased, so did the levels of artemisinin. Peroxidases are likely
such essential enzymes that control of product degradation by
controlling peroxidases is impractical.

Conclusion

Hairy root cultures have shown promising biosynthetic capability
toward production of secondary metabolites. At the same time they
provide many challenges for large-scale culture. Because bio-
reactors may provide totally different culturing conditions than
shake flasks, the results of yield improvement studies from shake
flasks may not be directly transferable. Therefore, more studies on
improvement of secondary metabolite production in bioreactors are
needed.

Many secondary metabolites are constituents of very complicated
biosynthetic networks. Their synthesis is triggered and regulated by
nutrient availability and environmental factors, and they may be
converted to or conjugated with other compounds. In many cases, the
mechanism or enzymes responsible for synthesis of specific
secondary metabolites are not fully understood. For example, the
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indole alkaloid pathway of Catharanthus roseus hairy root cultures
has been actively studied but many questions regarding regulation
and interaction with other pathways still remain (Shanks et al., 1998;
Morgan and Shanks, 1999, 2000). In Artemisia annua hairy roots,
artemisinin (a sesquiterpene) and stigmasterol (a derivative of
triterpenes) are derived from the common precursors of isopentenyl
diphosphate and farnesyl pyrophosphate, and the stigamsterol
production rate is 200 times greater than that of artemisinin (Xie
et al., 2000). Ultimately, metabolic engineering of key regulatory
enzymes may enable control of nutrient flux to a desired compound
or allow us to selectively control a desired pathway. This type of
genetic engineering, together with proper reactor design, is essential
to the success of large-scale production of secondary metabolites.
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