
Chapter 8
Plant Cell-Based Bioprocessing

R. Eibl and D. Eibl

Abstract Plant cell-based bioprocessing is the use of plant cell and tissue cultures 
for the production of biologically active substances (low molecular secondary 
metabolites and recombinant proteins). The most significant advantage of plant 
cell culture over the traditionally grown whole wild plant or engineered transgenic 
plant is the sterile production of metabolites under defined controlled conditions 
independent of climatic changes and soil conditions, which means that variations 
in product yield and quality can be better avoided. Furthermore, regulatory require-
ments such as the cGMP standards, which have to be adhered to in the early stages 
of pharmaceutical production, are more easily met.

Moreover, plant cells are capable of performing complex posttranslational 
processing, which is a precondition for heterologous protein expression. When com-
pared with mammalian cells, which currently dominate in the commercial protein 
manufacture, plant cell cultures as alternative expression systems guarantee safer 
processes because there is a lower risk of contamination by mammalian viruses, 
pathogens, and toxins. In addition to this considerable advantage, the process costs 
can also be substantially reduced. This is due to the fact that plant cell culture 
medium is very simple in composition and therefore relatively inexpensive.

This chapter provides an overview of culture types, techniques, and suitable 
bioreactors used to produce secondary metabolites and recombinant proteins in 
plant cells. We describe plant cell culture basics, discuss key topics relevant to plant 
cell bioreactor engineering with application examples, and give an overview of 
approaches to improving productivity of plant cell-based processes.
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8.1 Plant Cell Culture Basics

8.1.1 Characteristics of Plant Cells and Culture Conditions

Plant cells are higher eukaryotic systems with the ability to produce secondary 
metabolites and glycoproteins, which are more similar to their mammalian counter-
parts than those from bacteria, yeasts, and fungi. Comparable to the typical cell 
growth processes of microorganisms and animal cells, those of plant cell cultures are 
ideally represented by a sigmoid curve with lag, exponential, delay, stationary 
growth, and lethal phases (Endress 1994; Takebe et al. 1971; Zenk et al. 1975). 
However, plant cells show morphological and chemical totipotency (potential to 
form all cell types and/or to regenerate a plant). Their large size of maximum 100 µm
results in doubling times of several days and corresponding lower growth rates than 
microbial cells. The robustness of plant cells, which varies with culture species, cul-
ture type, and culture age, is moderate and can be attributed to the presence of a rela-
tively inflexible cellulose wall. It has been described that plant cells can be cultivated 
under reasonable agitation and aeration conditions without significant responses to 
hydrodynamic stress, such as loss of viability, cell death, or cell lysis. Less dramatic 
shear-related effects observed include changes in cell morphology, and reductions in 
metabolite yield and biomass productivity (Kieran et al. 1997).

The plant cell vacuole, which increases in size over the growth phase, is the main 
site of product accumulation. While plant cell-based secondary metabolites are 
largely accumulated in the intracellular environment, recombinant proteins are 
occasionally secreted into the culture medium due to their composition and struc-
ture (Fischer et al. 2004; Misawa 1994). Schillberg and Twyman (2004) report that 
molecules of 20–30 kDa generally pass through plant cell walls and are thereby 
secreted into the culture medium. Product formation is growth-associated during 
active cell growth (Kreis et al. 2001; Misawa 1994) or nongrowth associated when 
cell growth has ceased (Guardiola et al. 1994; Hamill et al. 1986; Mantell and 
Smith 1983). Indeed, a large cell mass in the correct cell cycle stage has been found 
to be the most important precondition for a high product yield.

A temperature between 23 and 29 °C and a medium pH between 5.0 and 6.0 rep-
resent optimal parameters for plant cell growth (Endress 1994; Fowler 1988). 
Aeration is also an important factor for the regulation of cell growth and product 
accumulation and, as the case may be, secretion. Volumetric oxygen requirements of 
plant cells are drastically lower than those of microbial systems but comparable to 
those of animal cells. However, plant cell growth and metabolite production can be 
limited as a consequence of an inadequate oxygen supply (Zhong 2001). Kieran 
et al. (1997) and Taticek et al. (1994) describe average oxygen uptake rates (OUR) 
from 1 to 10 mmol L−1 h−1. In small scale, the culture containers or flasks are plugged 
by the use of gas diffusion materials, ensuring oxygen penetration into the culture 
containers as a result of molecular diffusion. It is clear that this natural diffusion of 
oxygen is limited and, as culture volume and plant cell mass increase, plant cell 
growth is inhibited without continuous shaking or forced aeration (0.1–0.5 vvm). 
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Interestingly, besides the buffering capacity of carbon dioxide, its addition in con-
centrations of 0.1–5% has been shown to stimulate the cell growth and product for-
mation of some plant cell lines (Bergmann 1967; DiIorio et al. 1992; Fischer et al. 
1995; Fowler 1988; Valluri et al. 1991; Weathers and Zobel 1992; Weathers et al. 
1997). According to Mirjalili and Linden (1995), ethylene (ppm range) is a further 
gaseous metabolite proven to be important for cell growth and/or synthesis of 
metabolites in individual plant cell cultures. The periodic (dark/light cycle of 
8 h:16 h) or continuous introduction of light (0.6–10 klux or 80.7–1,345 µmole m−2

s−1) with different wavelengths and intensities promotes the culture growth and prod-
uct synthesis of heterotrophic, photomixotrophic, and photoautotrophic plant cells, 
whereas animal cells have to be cultivated in the dark as a consequence of their light-
sensitive media compounds. Finally, plant cell cultures can be successfully initiated 
with relatively high cell concentrations (10% of the culture volume) – unlike bacte-
rial or animal cells – to eliminate long lag phases of 120 h or more and to ensure that 
initial specific growth rates correlate with maximum growth rates (Endress 1994; 
Than et al. 2004).

8.1.2 Media

The nutrient supply provided by the culture medium is another critical element 
when culturing plant cells. The constituents of plant cell culture media summarized 
in Table 8.1 may be seperated into four groups: (1) doubled distilled and deionized 
water (95%), (2) the basal medium, which consists of the carbon source and organic 
as well as inorganic supplements, (3) the phytohormones or growth regulators, and 
(4) the support matrix such as agar, agarose, or gellan gums (e.g., Phytagel, Gelrite) 
if required, as in the case of solidification of the medium (Murashige 1973). About 
80% (Evans et al. 1983) of all plant cell cultivations are realized in MS basal (MS 
standard) medium developed by Murashige and Skoog for tobacco tissue cultures 
(Murashige and Skoog 1962) and/or their modifications. It differs from other typi-
cal plant cell culture basal media, such as B5 medium established by Gamborg 
et al. (1968), in its very high concentration of nitrate, potassium, and ammonia. 
Plant cell growth and corresponding product formation are strongly influenced by 
modifications in carbon source, phosphate level, nitrate-to-ammonium ratio, car-
bon-to-nitrogen ratio, and phytohormones. It is therefore common to optimize the 
medium by modifying one or two kinds of the basal culture media listed by Endress 
(1994), or by varying phytohormone types and their concentrations (Kreis et al. 
2001; Saito and Mizukami 2002).

Generally, sucrose (2–5%) is the most used carbon source for plant cells. 
Extracellular invertase hydrolyzes sucrose to monosaccharides such as glucose and 
fructose. During plant cell growth invertase is excreted into the medium, and the 
monosaccharide concentrations change according to cultivation time. In contrast to 
phosphate (phosphate anions or potassium dihydrogen phosphate) and nitrogen 
(nitrate anions, ammonium cations, amino acids, or protein hydrolysates), which support 
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cell growth and lower product synthesis (Nettleship and Slaytor 1974; Do and 
Cormier 1991), an increase in the initial concentration of sucrose can lead to an 
improved product concentration, as described by Petersen et al. (1992). However, 
opposite results have been reported by Oksman-Caldentey et al. (1994) and 
Chattopadhyay et al. (2003), who showed that maximum product content was 
obtained with a lower medium sucrose concentration than that required for maximum 
plant cell growth. They speculated that high sugar concentrations may result in plas-
molysis of the plant cells and lead to decreased biosynthesis of secondary metabo-
lites. Furthermore, physiological studies indicate that ammonium is generally used 
before nitrate in plant cells (Hilton and Wilson 1995; Wilhelmson et al. 2006).

Growth regulators decisively affect the growth process through the ratio of aux-
ins, such as indole-3-acetic acid (IAA) or its most common alternatives 2,4-dichlo-
rophenoxyacetic acid (2,4-D), naphthaleneacetic acid (NAA), indole-3-butyric acid 
(IBA), and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), to cytokinins, such as kine-
tin, benzylaminopurine (BAP), zeatin, purine, and adenine. While low auxin and 
high cytokinin concentrations typically stimulate cell growth, high auxin and low 

Table 8.1 General composition of plant cell culture media

Water

Basal medium
Phytohormones 
(growth 
regulators)

Support
matrix

Carbon
source

Organic 
supplements

Inorganic 
supplements

Sucrose Amino acids: 
Ala, Arg, Asn, 
Cys, His, Ile, 
Leu, Met, etc.

Microelements
in µM con-
centrations:
Fe, Mn, Zn, 
Cu, Mo, I, 
B, Co

Auxins: IAA, 
2,4-D, NAA, 
IBA, 2,4,5-T

Agar

Glucose Vitamins and 
cofactors: 
myo-Inositol,
thiamine,
pyridoxine, 
folic acid, 
ascorbic acid, 
tocopherol,
yeast extractsa

Macroelements
in mM con-
centrations:
N, S, P, K, 
Mg, Ca

Cytokinins: kine-
tin, BAP, zea-
tin, purine, 
adenine

Agarose

Fructose Coconut milk 
or coconut 
watera

Gellan
gums

Sorbitol Gibberellinesa:
GA

3
, GA

4
,

GA
7

ABAa

a Occasionally used
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cytokinin concentrations promote cell division. In fact, it is important to select the 
most appropriate phytohormones (as they differ in effect) and to determine their 
optimal concentration by considering the desired tissue or cell culture type. For 
example, 2,4-D used as a dedifferentiating hormone in higher concentrations sup-
ports rapid callus induction, but its application may cause severe growth abnormali-
ties or even result in culture mutations during long-term cultivations. It also often 
inhibits the regeneration process (Hess 1992). Recombinant protein production and 
secretion is influenced by supplements that stabilize the proteins (Sect. 8.4), such 
as polyvinylpyrrolidone, gelatin, bovine serum albumin, and sodium chloride added 
to the frequently used standard MS- or B5- medium (Shadwick and Doran 2004). 
Some attention should also be paid to medium sterility (which is achieved by clas-
sical standard- or overkill-sterilization treatment in autoclaves (121 °C, 15–20 min) 
or sterile filtration with 0.1 or 0.2-µm filters) as heat-sensitive constituents are con-
tained in the Newtonian fluid-like culture medium.

8.1.3 Plant Cell Culture Types and Their In Vitro Initiation

8.1.3.1 Callus Cultures

In the in vitro culture of plant cells, the induction of callus is a fundamental step. 
The term callus describes an amorphous mass of unorganized parenchyma cells 
formed by the proliferation of plant cells as a protective response at the surface of 
explant tissue cut with a sterile scalpel. In this process, sterile organs or pieces of 
tissue such as seeds, embryos, stem sections, leaf- or root- pieces are referred to as 
explants. Achieving sterility of the plant material requires surface sterilization with 
chemical agents to kill bacteria and fungi living on the plants while ensuring mini-
mum damage to the treated tissue. Solutions of calcium hypochlorite and sodium 
hypochlorite in concentrations of 0.5 up to 10% have usually proved to be the most 
suitable during exposure times of between 5 and 30 min (Bhojwani and Razdan 
1983; Endress 1994). A further cheap, ready-made sterilant is a 5–7% solution of 
the toilet disinfectant “Domestos.” The three-stage sterilization process depicted in 
Table 8.2 has become the accepted rule. For lignified plant material, such as stem 
tissues or leaves with a waxy surface, an additional ultrasonic treatment is required 
(Bentebibel 2003).

The formation of the callus is usually achieved by placing the explant on an 
appropriate solid growth medium with phytohormones in a closed Petri dish incu-
bated at 25 °C in darkness or low light. The running process of cell dedifferentiation 
is characterized by cell division as well as by elongation and changes in metabolic 
activity.

After a period of 3–6 weeks, the primary callus formed is normally transferred 
to a fresh medium after sterile elimination of necrotic parts, which are brown in 
color (attributed to oxidation of phenolic ingredients). To ensure callus growth, the 
inoculum should be of uniform size and sufficiently large. As Endress (1994) outlined,
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a diameter of 5–10 mm for 20–100 mg fresh weight should be provided. Rapid 
growth with doubling times of between 7 and 10 days and a white, light yellow, 
green, or red color generally indicate a healthy callus culture. Besides color, two 
different types of callus can be distinguished: the friable callus (crumbled or frag-
mented) and the lignified callus (nonfriable callus). Figure 8.1 shows cells of friable 
callus of Vitis vinifera vs. Uva Italia induced from berry skin. These cells were 
grown on standard MS medium with additives (Calderón et al. 1994) and main-
tained at 25 °C in the dark.

The successful establishment of a callus culture and its appearance depend on 
the donor tissue, the surface sterilization method, the culture conditions, the age of 
the callus (aging of callus can be characterized by a growing number of lignified 
cells), and the medium. Sometimes it is advisable to optimize the callus medium by 
varying auxin and cytokinin concentrations and to work with a callus induction and 
callus growth medium separately (Endress 1994; Evans et al. 2003; Hess 1992). 
Above all, it is well known that callus cultures are predisposed to genetic instability 

Table 8.2 General sterilization procedure for plant fragments

Stage of procedure Description

Presterilization (1) Scrub carefully, clean or rinse under running tap water
Rinse or submerge briefly in absolute ethanol

Sterilization (2) Submerge for 5–30 min in 0.5–10% sodium or calcium hypochlorite
Poststerilization (3) Wash three times with sterile water

Dry with sterile tissue paper

Fig. 8.1 Cells of friable callus of Vitis vinifera vs. Uva Italia (established by S. Cuperus, Zurich 
University of Applied Sciences, Switzerland)
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and loss of their morphogenetic characteristics during long passage (subculture) 
periods. Therefore, it is recommended that callus cultures are passaged every 3–4 
weeks depending on the species and the growth rate. The important steps in callus 
induction and propagation are schematically illustrated in Fig. 8.2.

8.1.3.2 Plant Cell Suspension Cultures

To initiate plant cell suspension cultures, the callus produced is dispersed by inocu-
lating the fragments into a liquid culture medium (Fig. 8.2). The callus friability 
and its inoculation rate (50–100 g L−1 fresh weight) are key issues in this process. 
To obtain friable callus, Evans et al. (2003) describe a number of procedures includ-
ing the application of a special callus medium with rising auxin concentration, 
transfer in liquid medium, and repeated passages in shake flasks (25 °C, 100 rpm) 
until the callus reaches friability, as well as the addition of pectinase to nonfriable 
callus growing in liquid medium. After the initial passage, which includes cells 
breaking off from the friable callus and a suspension beginning to form, the culture 
is usually filtered with a sieve (300–500 µm) to remove larger aggregates and is 
finally subcultured to fresh medium in a ratio of 1:1.

This whole procedure (Fig. 8.2) is called homogenization. It aims to produce a 
homogeneous suspension and is repeated over 2–4 passages. Established plant cell 
suspension cultures are generally maintained in shake flasks (100 mL flasks with 
20 mL medium) at 25 °C and between 100 and 120 rpm, and serially subcultured in 
the late exponential phase. This is performed every 7–10 days for fast-growing cells 
that reach high cell masses, and every 14–21 days for slower growing cells charac-
terized by moderate or low cell masses. It is obvious that plant cell suspension cul-
tures grow faster than their callus cultures. Doubling times of between 0.6 and 5 
days along with growth rates of 0.24–1.1 d−1 are reported in the literature (Hess 
1992). Maximum biomass concentrations typically range between 10 and 18 g dw L−1

or 200 and 350 g fw L−1 (James and Lee 2001).
Plant cell suspension cultures display a high degree of culture heterogeneity as 

well as variability in terms of cell morphology (including cell size, cell shape, and 
cell aggregation), rheological characteristics, growth, and metabolic pattern (Hall 
and Yeoman 1987; Hess 1992; Yanpaisan et al. 1998, 1999). The changes are 
mainly associated with the chemical and hydrodynamic environment of the cells 
(Kieran et al. 1997, 2000). The size of single plant cells is typically in the range of 
10–100µm. The most common shapes of plant cells in suspension are the spherical 
morphology (e.g., the majority of carrot suspension cells, taxus suspension cells, 
and grape suspension cells) and the rod morphology (e.g., most tobacco suspension 
cells). Lengthy subculture intervals may slow down cell division, activate cell elon-
gation (which occurs after cell division), and result in changed cell morphology. In 
this case, a change from an original spherical shape to an elongated shape may 
occur (Curtis and Emery 1993).

Generally speaking, plant suspensions cells very rarely grow as single cells. 
They form a few large (or even huge) aggregates, which reach many millimeters 
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Fig. 8.2 Schematic representation of the procedure for plant suspension culture establishment 
and maintenance
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in diameter and consist of hundreds of highly mitotic and less mitotic cells. The 
aggregation (clumping) is based on cell adhesion and results from the secretion 
of cell wall extracellular polysaccharides, which prevent cell separation after cell 
division (Glicklis et al. 1998). Chattopadhyay et al. (2002) reported an enhance-
ment of cell clumping especially in the later growth stages. While cell aggregation 
is viewed as desirable for secondary metabolite production due to its promoting 
of cellular organization and differentiation, this feature may involve oxygen or 
nutrient gradients, which complicate the cultivation procedure. For plant cell 
suspension cultures, the critical dissolved oxygen level, below which growth is 
seen as a result of oxygen limitation, has been commonly quoted as ~15–20% air 
saturation (Kieran et al. 1997; Yu et al. 1997).

In addition, it appears that cell elongation and aggregation can influence rheo-
logical properties of plant cell suspension cultures. Most plant cell lines growing to 
low or moderate cell concentrations behave like a Newtonian fluid. Non-Newtonian 
behavior (Bingham plastics characteristics, pseudoplastics characteristics, Casson 
fluids) associated with higher culture viscosity has been described for high plant 
cell concentrations (high biomass concentrations, high cell density cultures) and 
elongated, filamentous cells entangled in a network of cells (Curtis and Emery 
1993; Su 2006). Finally, it should be mentioned that suspension cultures often tend 
to be unstable and unproductive over time (Deus-Neumann and Zenk 1984). 
Possible explanations for this phenomenon are genotypic and phenotypic variations 
(i.e., somaclonal variations: changes in chromosome numbers, chromosome struc-
ture, and DNA sequence) during cultivation time. Nevertheless, suspension cultures 
are the most used plant cell culture type in the research and production of secondary 
metabolites and r-proteins.

8.1.3.3 Hairy Root Cultures

Hairy roots (or transformed roots, as they are more accurately called) are generated 
by the transformation of plants or explants with agropine- and mannopine-type 
strains (A4, ATCC, 15834, TR7, TR101, etc.) of Agrobacterium rhizogenes, a 
Gram-negative soil bacterium. When the bacterium infects the plant or explant, the 
T-DNA, that is, transfer DNA originating from root-inducing plasmid (Ri plasmid), 
is transferred and integrated into the genome of the host plant. This transformation 
process produces two by-products: hairy roots and opines (transferred genes, which 
have been involved in hairy root formation, including genes leading to opine pro-
duction) (Chilton et al. 1982). In most cases, wounding a sterile leaf (midrib and 
major veins) or stem tissue is carried out with the sterile tip of a needle attached to 
a syringe before infection takes place. Two main infection methods are reported in 
the literature. In method 1, which is most suitable for leaf explants, one to two 
drops of fresh (two days old) undiluted bacterial suspension is transferred to each 
wound site (Hamill and Lidgett 1997). In contrast, method 2 works with liquid 
diluted infection medium in which the explants (leaves, callus, and seedlings) are 
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submerged for about 3 min (Hamill and Lidgett 1997; Yoshikawa 1997; Komari 
et al. 2004; Vervliet et al. 1975).

Cocultivation follows, in which plant cells divide and dedifferentiate, and bacte-
ria divide and infect the wounded plant tissue. The resulting transformed cells 
acquire the capacity to develop into a root system at the infection site. This system 
branches out to a greater extent than the ordinary roots of plants, and is covered 
with tiny multiple root hairs. Generally, cocultivation in Petri dishes or other suita-
ble cultivation containers is accomplished by the incubation of the infected explants 
for 2–5 days at 25 °C in low light or darkness on solid MS- or B5- medium. After 
cocultivation, the infected explants are cleared of excessively growing Agrobacteria
by transferring them to a culture medium, which also contains antibiotics such as 
carbenicillin, cefotaxime, or ampicillin. Because of the appearance of bacterial 
infections, repetition of the transfer to fresh medium with antibiotics at intervals of 
2–4 days is stringently necessary. The neoplastic hairy roots may be maintained 
indefinitely in solid or liquid culture by subculturing the root tips as illustrated in 
Fig. 8.3. During the process of adapting hairy roots growing on solid culture 
medium to liquid medium, a change in root thickness (thinning) involving more 
rapid growth is not unusual (Carvalho et al. 1997).

Indeed, it is not surprising that root growth is not homogeneous because the 
rapidly dividing meristematic cells are restricted to root tips. After the cells stop 
dividing, they grow firstly by elongating and subsequently by branching, which 
results in lateral root production. Consequently, Hjortso (1997) distinguished 
between two types of cells in hairy roots: (1) dividing tip cells in the apical meris-
tem and (2) nondividing cells elongating, differentiating, and representing the bulk 
of hairy roots. Even in shake flasks, a densely packed root mass with heterogeneous 
structure and the afore mentioned root hairs play a detrimental role for mass trans-
fer of fluid and oxygen because the root hairs induce fluid flow stagnation and high 
levels of liquid entrainment as well as oxygen limitation (Bordonaro and Curtis 
2000; Shiao and Doran 2000; Yu et al. 1997). In general, hairy roots respond to 
changes in their cultivation environment. For example, the number of root hairs, 
root length, and root tip viability can be reduced by drought or shear stress.

A clear indication of excessive shear stress is callus formation at root tips (Yu 
et al. 1997). On the one hand improved oxygen transfer efficiency increases the 
formation of root hairs and their length (Hofer 1996; Carvalho et al. 1997). On the 
other hand, Bates and Lynch (1996) describe an increase in root hair formation 
under nutrient-limiting conditions. Of course, the morphology of hairy roots is 
affected by many further factors including the plant species and the Agrobacterium 
rhizogenes strain used in hairy root induction.

Although the morphological character of hairy roots complicates their optimized 
in vitro cultivation, other properties make hairy roots very attractive for the com-
mercial production of valuable metabolites. A significant advantage of hairy roots 
is that they are generally easy to isolate and grow in a defined medium. Because 
auxin metabolism is altered in plant cells after transformation with Agrobacterium 
rhizogenes, the addition of exogenous growth regulators or phytohormones 
becomes unnecessary. Most importantly, fully differentiated hairy roots have the 
strong tendency to be genetically and biochemically stable. They show a rapid 
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Fig. 8.3 Hairy root cultures: (a) Typical techniques to initiate hairy roots on solid and in liquid 
medium, (b) Hairy roots of Hyoscymus muticus growing on solid B5 medium
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growth with average doubling times resembling those of disorganized cell suspen-
sions. For example, Hess (1992) and Doran (2002) present doubling times of 1 day 
for hairy root cultures of Atropa belladonna and Nicotiana tabacum, and 8 days for 
hairy roots of Arabidopsis thaliana and Solanum aviculare.

Furthermore, hairy roots have been found to synthesize secondary metabolites at 
similar or higher levels to those found in whole plants (Flores 1987; Hu and Du 
2006; Oksman-Caldentey and Hiltunen 1996; Rhodes et al. 1994; Sevón and 
Oksman-Caldentey 2002) and to have light-guiding properties (Towler et al. 2006). 
In addition to their recombinant protein expression ability, transgenic hairy root 
cultures exhibit a significantly greater long-time stability than transgenic suspen-
sion cultures (Sharp and Doran 2001).

8.1.3.4 Embryogenic and Shoot Cultures

Like hairy roots, embryogenic and shoot cultures belong to the group of differenti-
ated organ cultures. But today, embryogenic and shoot cultures are mainly used for 
micropropagation and plant breeding. For both the in vitro production of secondary 
metabolites and recombinant proteins, these culture types are of minor importance 
in contrast to hairy root and plant cell suspension cultures. Therefore, the charac-
teristics and the initiation procedure of embryogenic and shoot cultures is not 
included here. More information on this topic and on the process of developing 
embryos from somatic cells and tissue (somatic embryogenesis) is provided by 
Hess (1992), Endress (1994), Evans et al. (2003), Ducos et al. (2007), Gupta and 
Ibaraki (2006), and Hvoslef-Eide and Preil (2005).

8.1.4 Routine Working Methods in Plant Cell Cultivation

8.1.4.1 Determination of Plant Cell Growth

To characterize and design bioprocesses based on plant cells other than secondary 
metabolite production or protein accumulation/secretion and nutrient utilization 
(e.g., sucrose, glucose), the cell growth must be determined. Six direct and indirect 
methods, which provide information on plant cell growth, have been reported. 
These methods involve measurement of biomass accumulation (fresh weight, dry 
weight), cell mass, and cell number (cell concentration) as well as viability, con-
ductivity, osmolarity, and pH (Endress 1994; Naill and Roberts 2005; Tanaka et al. 
1993; Widholm 1972).

Plant cell growth is normally measured either by fresh weight or by dry weight. 
Its determination relies on population averages and does not take plant cell culture 
heterogeneity into account. Fresh weight values (expressed as g) are obtained by 
weighing freshly harvested cells. The increase in fresh weight that occurs is due to 
both cell growth and expansion (indicated by cell size). The dry weight (expressed 
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as g) excludes errors caused by endogenous water content and is a more useful tool 
for biomass quantification of plant cells than fresh weight. For dry weight measure-
ment, a known weight of fresh plant cells is dried in an oven at a temperature of 
between 50 and 60 °C to the point of constant weight (ca. 24–48 h). Alternatively, 
fresh cells are lyophilized.

For fine plant cell suspensions, the cell mass can be recorded as packed cell volume 
(PVC) immediately after gentle centrifugation at low speed. In fact, PCV (expressed 
as %) is defined as the ratio of the volume occupied by solid matter in the form of plant 
cells or cell aggregates to the volume of the whole sample (aliquots of about 15 mL). 
By comparing the packed cell volume to the biomass accumulation, a definite correla-
tion can be determined. A further, less common method of measuring the biomass 
growth of suspension cultures is manual cell counting using an improved Neubauer-
type hemocytometer with a depth of 0.1 mm to determine the number of plant cells per 
unit volume (expressed as cells mL−1). The cell growth in aggregates and the large size 
of the plant cells presuppose cell dispersion with chemical agents such as hydrochloric 
acid, chromic acid (Reinert and Yeoman 1982), EDTA, or pectinase before counting. 
Nevertheless, if fluorescein diacetate, trypan blue, or Evan’s blue is used as a dye for 
staining suspended cell counts, plant cell viability can be roughly determined (Steward 
et al. 1999; Widholm 1972). Viability is defined as the ratio of viable cells to total cells, 
and has values between 0 and 1, that is, between 0 and 100%.

Measurements with a conductivity meter in liquid culture medium readily allow 
the indirect monitoring of biomass growth. There is an inverse relationship between 
electrical conductivity (expressed as mS cm−1) and cell weight. In the case of liquid 
plant cell cultures, a number of authors have shown that an increase in cell dry 
weight can be correlated linearly to a decrease in medium conductivity (Bais et al. 
2002; Ryu and Lee 1990; Taya et al. 1989a; Than et al. 2004). This is probably 
caused by an uptake of medium salts in the form of ions by the cultured cells and 
resulting biomass growth during cultivation. But medium conductivity depends 
mainly on electrolyte (mineral) concentration and not on the sugars that are major 
components of the culture medium. Whereas small changes in biomass level are 
more difficult to estimate by conductivity measurement, relatively wide osmolarity 
changes correlate well with small changes in biomass of several glucose-consum-
ing plant cell suspensions (Tanaka et al. 1993). Thus, Madhusudhan et al. (1995) 
recommend osmolarity (mOsmol kg−1 units) as a sensitive measure of the growth 
of plant cell cultures with rapid sucrose-hydrolyzing capability.

The pH measurement is routinely made during the cultivation of liquid cultures. 
A gradual drop in pH to a value around 4 reflects the initial ammonium uptake and 
acidification caused by cell lysis within 20–48 h, whereas the pH returns to a stable 
value of about 5 related to the uptake of nitrates after a few days of cultivation (Ziv 
2000). If the growth at the single-cell level should be quantified, flow cytometry 
may be utilized besides traditional measures of cell growth such as biomass accu-
mulation for suspended plant cell populations (Evans et al. 2003; Naill and Roberts 
2005; Yanpaisan et al. 1998, 1999). Parameters frequently calculated (specific 
growth rate and doubling time excepted) to characterize plant cell growth on a bio-
mass basis are summarized in Table 8.3.
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Mathematical models developed for callus and suspension cultures describe cell 
growth by modified Monod kinetics and reactions of the first order (Guardiola 
et al. 1994; Val 1993; Xing et al. 2001). To predict increase in biomass of hairy root 
cultures, branching models (Hjortso 1997; Kim et al. 1995; Taya et al. 1989c) 
incorporating the important features of hairy root growth (Sect. 8.1.3.3) and a popu-
lation model (Han et al. 2004) have been proposed. The population balance model 
shows biomass growth resulting from root elongation caused by both cell division 
and the formation of new lateral branches. It also shows that the formation of a new 
branch depends on the age of the parent branch.

8.1.4.2 Genetic Transformation

Nowadays two indirect Agrobacterium-mediated transformation methods based on 
Agrobacterium rhizogenes or Agrobacterium tumefaciens are routinely used to 
transfer DNA into plant cells of both monocotyledonous and dicotyledonous spe-
cies. While A. rhizogenes causes hairy root disease (Sect. 8.1.3.3), A. tumefaciens
induces a tumor formation process, commonly known as crown gall disease, via an 
identical process. Genes involved in this tumor formation accumulate on the tumor-
inducing plasmid, Ti plasmid, which encodes the virulence genes vir and transfer 
DNA into the plant genome. The most critical factors in efficient Agrobacterium-
mediated transformation procedures are the vectors and strains, the type and quality 
of the starting material, the concentration of the Agrobacterium inoculum, the com-
position of the cocultivation medium, the temperature and pH range of cocultivation, 

Table 8.3 Parameters characterizing plant cell growth on a biomass basis

Parameter Description and formula Used for

Fresh biomass 
concentration
(FCM

tx
)

Ratio of cell fresh weight at time tx to initial 
volume of medium: FCM

tx
 = fw

tx
/V

i

[g fw L−1]

All types

Dry biomass 
concentration
(DCM

tx
)

Ratio of cell dry weight at time tx to initial 
volume of medium: DCM

tx
 = dw

tx
/V

i

[g dw L−1]

Dry substance 
(DS

tx
)

Ratio of cell dry weight at time tx to cell fresh 
weight at time tx: DS

tx
 = dw

tx
/fw

tx
 [none]

Biomass productivity 
(BMP)

Ratio of cell weight increase to maximum cell 
weight and the cultivation time during which 
the maximum cell weight was obtained (FCM

f

and DCM
f
 = maximum values): 

BMP
dw

 = (DCM
f
 –DCM

i
)/t [g dw L−1 d−1];

BMP
fw

 = (FCM
f
 – FCM

i
)/t [g fw L−1 d−1]

Growth index or 
growth ratio (GI)

Ratio of final (maximum) cell dry weight to 
initial cell dry weight: GI = dw

f
/dw

i
 [none]

Organ cultures 
(e.g., hairy 
roots)
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and finally the antibiotics added to the plant cells to remove the Agrobacterium
cells (Komari et al. 2004).

A more modern transformation method, developed in the 1980s, is particle bom-
bardment (also called biolistic method, gene gun, or particle gun method), which 
has no intrinsic limitations with respect to target tissue, species, or genotype as 
described for Agrobacterium-mediated transformation. It remains a direct transfor-
mation method in which high-velocity microprojectiles from gold or tungsten 
breach the cell wall and membrane, and are thus used to introduce engineered DNA 
into plant cells and tissue of any type (leaves, shoot tips, embryogenic cultures, 
callus cultures, cell suspensions, whole plants). In this way, the DNA diffuses from 
the microprojectiles and is then transiently or permanently incorporated into the 
plant genome (Twyman and Christou 2004). Since the 1990s, particle bombard-
ment has also been used successfully in combination with other transformation 
techniques (Bidney et al. 1992; Hansen and Chilton 1996; Rasmussen et al. 1994), 
for example, Agrobacterium-mediated transformation. As demonstrated, e.g., for 
mosses, the longstanding polyethyleneglycol (PEG)-mediated DNA transfer is the 
method of choice if Agrobacterium-mediated transformation or biolistic transfor-
mation is not possible (Gorr and Wagner 2005).

Studies have revealed that transgenic plant cell suspensions can be developed 
from transgenic callus cultures produced with a particle gun or explants from trans-
formed plants, as well as from Agrobacterium tumefaciens-mediated transforma-
tion of wild-type suspensions, and the biolistic delivery of plasmid DNA into plant 
suspension cells. Currently, transgenic hairy roots can be initiated by infecting 
transgene-containing plants or explants with A. rhizogenes, performing root initia-
tion and transformation using engineered A. rhizogenes strains containing modified 
T-DNA, and direct A. tumefaciens-mediated transformation of established hairy 
root cultures from wild-type (Shadwick and Doran 2004). As described for mam-
malian cells, doubling time and growth rate of plant cells can also be increased by 
genetic engineering (Su 2006). For more detailed information on the genetic trans-
formation of plant cells, the reader is referred to Christou and Klee (2004) and 
Fischer and Schillberg (2004).

8.1.4.3 Storage

Plant cell cultures are maintained either in slow-growth storage or, for long-term 
conservation, in the form of cryopreservation. While preserving all the characteris-
tics of the cells, both methods reduce the frequency of subcultivation and thereby 
reduce contamination risk, labor, as well as media costs. Slow growth can be 
achieved by various simple methods including a temperature shift to a range 
between 2 and 10 °C, a decrease in light (dim light at about 50 lux) or oxygen, the 
application of growth medium with stabilizers promoting cell survival, or combina-
tions of these methods. According to Schumacher et al. (1994), slow-growth stor-
age for more than 4 months in static tissue culture flasks with growth medium plus 
0.01% charcoal and 1.0% gelatin at a reduced temperature of 10 °C in the dark may 
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be preferable for suspension cultures of Agrostis tenuis, Nicotiana tabacum, 
Nicotiana chinensis, Oryza sativa, and Solanum marginatum.

In contrast to slow-growth storage, it is known from animal cell storage that 
cryopreservation, which finally occurs in liquid nitrogen and at −196 °C, effectively 
stops all cellular processes. It is achieved by use of cryoprotectant solutions con-
taining DMSO, glycerol, or sucrose in standard culture medium with controlled 
cooling or dehydration followed by rapid freezing (Withers 1991; Benson et al. 
1998). A cooling rate in the range of −0.25 °C min−1 to −2.0 °C min−1 down to not 
less than −40 °C maintained for 30–60 min and followed by rapid cooling to liquid 
nitrogen temperature has proven to be suitable for many plant species and culture 
types (Moldenhauer 2003). Successful cryopreservation of cell suspension cultures 
by slow prefreezing is described by Seitz (1987), and Menges and Murray (2004). 
Vitrification using highly concentrated plant vitrification solution 2 (PVS2) repre-
sents another cryopreservation procedure with extended applicability (Kobayashi 
et al. 2006). In spite of the long list of cryopreserved plant cells, which includes 
callus cultures, suspension cultures, isolated protoplasts, embryogenic cultures, 
hairy roots, and shoot tips (Endress 1994; Kartha 1987; Moldenhauer 2003; 
Yoshimatsu et al. 1996), cryopreservation is still not widely used in processes that 
use plant cells as production organisms.

8.2 Bioreactors for Plant Cell Cultures

8.2.1 General Considerations

For plant cell suspensions and hairy roots, suitable bioreactors can be roughly 
divided into three main types according to their continuous phase (Kim et al. 
2002a): liquid-phase bioreactors, gas-phase bioreactors, and hybrid bioreactors 
(Table 8.4). In liquid-phase bioreactors, the plant cells are immersed continuously 
and oxygen is usually supplied by bubbling air through the culture medium. The 
term “submerged bioreactor” is also used for liquid-phase reactors. Mechanically 
driven bioreactors, pneumatically driven bioreactors, and hydraulically driven bio-
reactors belong to this category (Sects. 8.2.2 and 8.2.3). Because of the low solubil-
ity of gases in liquid-phase systems, gas-exchange limitations and insufficient 
nutrient transfer (as a consequence of gentle mixing to lower hydrodynamic stress) 
frequently result in growth inhibition (Singh and Curtis 1994).

By using gas-phase reactors such as the spray reactor or the mist reactor, which 
represent typical emerged bioreactors (Sect. 8.2.3), oxygen transfer limitation can be 
reduced or even eliminated. Whereas plant cells, especially organ cultures, are 
exposed to humidified air or other gas mixtures, the medium containing the nutrients 
is delivered to cells as droplets produced by spray nozzles or ultrasonic transducers. 
As readily identifiable from the bioreactor name, the droplet size of mist bioreactors 
is smaller (usually 0.01–10 µm) than the potentially much greater droplet size of 
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spray bioreactors (10–103 µm). Finally, the hydrodynamic stress is low in gas-phase 
bioreactors (Towler et al. 2006; Weathers et al. 1999; Whitney 1992; Wilson 1997).

Hybrid bioreactors represent combinations of submerged and emerged bioreactors, 
such as the famous 500 L Wilson Reactor for hairy roots (Sect. 8.2). They have been 
developed to circumvent manual loading of the bioreactor growth chamber in order to 
uniformly distribute the production organisms, for example, roots. The hybrid bioreac-
tor switches from liquid-phase to gas-phase operation after the inoculation, distribution, 
attachment to immobilization points, and short growth phase of the cells.

Small biomass concentrations of plant cell cultures can be grown in virtually any 
bioreactor configuration. Excellent plant cell growth with biomass productivity 
> 1 g dry weight L−1 day−1 requires an optimized and well-characterized bioreactor 
configuration. For plant cells tending to high cell density growth and/or aggregate 
formation, their trouble-free inoculation, transfer, and harvest presuppose specially 
designed bioreactor elements. For example, transfer pipes, inoculation pipes, har-
vest pipes, and ports all have to be sufficiently dimensioned. Moreover, inoculation 
should be performed by application of gravity, pressure, or vacuum, and high shear 
stress from pumping should be avoided.

Process monitoring and control are generally facilitated by standard bioreactor 
instrumentation, which uses pressure-, temperature-, pH-, and air sensors as well as 
gas flow rate-, pO

2
- (dissolved oxygen), pCO

2
- (dissolved carbon dioxide), and 

Table 8.4 Plant cell bioreactor categorization

Plant cell bioreactors

Liquid-phase
bioreactor/
submerged 
bioreactor

Gas-phase
bioreactor/
emerged 
bioreactor

Hybrid bioreactor

Mechanically
driven biore-
actor

Pneumatically
driven biore-
actor

Hydraulically
driven 
bioreactor

Trickle bed 
reactor
(droplet
reactor or 
spray
reactor)

Combinations
of bubble 
column and 
gas-phase
bioreactor, for 
example: bub-
ble column-
trickle bed

Stirred reactor Airlift reactor Radial flow 
bioreactor

Mist reactor

Rotating drum 
reactor

Bubble column 
Plastic-lined
reactor

Bubble column-
mist reactor

BioWave Slug Bubble bio-
reactor

Wilson Reactor 
(bubble 
column-spray
reactor)

Wave & 
Undertow 
bioreactor
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conductivity sensors. The integration of a gas analyzer allows the oxygen uptake 
rate (OUR) and carbon dioxide evolution rate (CER) to be determined.

As previously mentioned, the yield of bioactive substances is determined both 
by biomass production and by the level of bioactive substances produced per unit 
biomass (Sect. 8.1.1). Potentially, the importance of the bioreactor type used lies 
not in maximum biomass production, but rather in stimulating product formation 
by guaranteeing an optimal environment (Flores and Curtis 1992; Kim et al. 
2002b). Therefore, the bioreactor should be selected and optimized with the culti-
vation goal in mind (biomass or bioactive substance) taking into account the cell 
line’s specific morphology, rheology, shear tolerance, growth behavior, and 
metabolism.

8.2.2 Suitable Bioreactors for Plant Cell Suspension Cultures

Cell suspension cultures in general are regarded as the most suitable plant cell cul-
ture type for large-scale biotechnological applications and are cultured in mechanically
or pneumatically driven aerated submerged bioreactors. Stirred reactors, bubble 
column reactors, and airlift reactors directly derived from microbial fermenters 
were initially used with only minor modifications to grow plant suspension cells 
(Eibl and Eibl 2002). In aerated/submerged plant cell suspension bioreactors, 
engineering analysis demonstrates that hydrodynamic-related stress adversely 
affecting the cultivation course is generally a result of the aeration and mixing sys-
tem, aeration rate, and/or impeller tip speed used (Kieran et al 2000; Su 2006; 
Zhong 2001).

In most plant cell cultivations, the air is directly introduced via a sparger (ring, 
pipe, plate, frit) positioned in the lower part of the bioreactor (Eibl and Eibl 2002). 
According to Präve et al. (1994), such direct aeration guarantees the highest possible 
aeration efficiency, this being evaluated by volumetric oxygen transfer coefficients,
k

L
a values, which are above 20 h−1 for cell cultures. When pressure, temperature, 

and medium are fixed, k
L
a values of bioreactors are affected by the aeration rate, 

gas holdup, and size of the bubbles produced by the sparger. The higher the aeration 
rate, the larger the bubble size, speed between bubbles and cells, collision risk, and 
damaging ability become. If sensitive cells come into contact with air bubbles, cells 
cultivated in bubble-aerated bioreactors may be damaged as a consequence of cells 
and bubbles rising to the surface and subsequent bubble bursting (Storhas 1994). 
As mentioned in Sect. 8.1.1, typical oxygen demands and the resulting aeration 
rates for high plant cell growth do not lead to permanent cell damage for most plant 
cell lines. In general, k

L
a values of about 10 h−1 are necessary for high plant cell 

culture growth (Takayama and Akita 2006) in large-scale culture systems. However, 
Pan et al. (2000) reported a growth stimulating effect of k

L
a values above 15 h−1 in 

stirred Taxus chinensis suspension cell cultivations.
Another point to consider is that the presence of extracellular polysaccharides, 

fatty acids, and high sugar concentrations in the plant cell culture medium 
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combined with bubble aeration promotes foaming at the culture broth surface, 
which is a serious problem particularly for the pneumatically driven plant cell bio-
reactors such as airlift and bubble column reactors. The result of extensive foaming 
is a crust of foam-entrapped cells adhering to the inside of the bioreactor’s vessel 
(called wall growth phenomenon) as well as clogging of the air exhaust filter, which 
constitutes a contamination risk. Ceramic or sintering steel porous spargers (Kim 
et al. 1991; Zhong et al. 1993) generating fine bubbles with higher k

L
a values, bub-

ble-free aeration via tubes of silicone (Abdullah et al. 2000; Ziv 2000), external 
aeration (Carvalho and Curtis 1998; Kino-Oka et al. 1999), and indirect aeration 
(spinfilter, eccentric motion stirrer, cell-lift impeller) (Eibl et al. 1999; Su 1995; 
Valluri et al. 1991) can be used to overcome the disadvantages of sparger rings to 
plant cells at high bubble aeration rates. However, with the exception of external 
aeration and ceramic or sintering steel porous spargers, sparger systems have a 
limited scale-up potential. It is evident that, as a general rule, direct aeration is more 
effective and advantageous than indirect medium aeration conducted in the outer 
loop. Paek et al. (2005) successfully reduced foaming and cell growth on the vessel 
wall in bubble columns by designing balloon-type bubble bioreactors. Similar 
effects, including minimized wall growth, can be achieved by oxygen enrichment, 
which causes low gas flow rates as found in the Plastic-lined bioreactor (Fig. 8.4g) 
by Curtis for Hyoscyamus muticus suspension cells. This low cost bioreactor type 
has a cultivation bag of plastic film, which is inserted in a bubble column vessel. Its 
150 L system (100 L culture volume) produced biomass with over 15 g dw L−1 dur-
ing the 33-day culture period (Curtis 2004).

In investigations carried out in our lab we observed that, in the course of differ-
ent plant suspension cell cultivations producing stable foam layers, flotation effects 
increased, which led to rising cell entrapment in the foam layer and nutrient limita-
tions for these cells during long-term cultivations. A reduction of foaming can be 
accomplished by the addition of antifoam agents such as silicone-based agents, 
polypropylene glycol antifoam agents, and/or mechanical foam disruption. It 
should be noted that in plant suspension cell cultivations an overdose of such anti-
foam agents may reduce oxygen transfer (Kawase and Moo-Young 1990), and that 
mechanical foam disruption is theoretically possible: unfortunately, applications 
with hydrocyclones or mechanical turbines do not exist. At high cell mass or bio-
mass concentrations >30 g dw L−1, a further disadvantage of using bubble columns 
and airlift bioreactors to cultivate plant cell suspension cultures is insufficient mix-
ing. This results in poor oxygen transfer (air bubbles cannot be dispersed satisfac-
torily → k

L
a decreases) and heterogeneous biomass distribution. Therefore, these 

bioreactor types are not recommended for culturing plant cells at high cell densi-
ties, the conventional stirred bioreactor modifications predominating in the litera-
ture being more suitable (Doran 1993; Tanaka 2000).

For stirred plant cell bioreactors, the aeration system type and arrangement 
should be taken into account when choosing the impeller system and its pumping 
mode. To guarantee mass and temperature homogeneity as well as optimal gas dis-
persion without causing excessive foaming and shear damage to the plant cell sus-
pension, the sparger of the stirred bioreactor (which usually operates below the 
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flooding point) is located in the flow direction of the impeller. For instance, surface 
aeration requires the use of an impeller type with downward pumping mode as this 
allows better oxygen transfer for the increased culture broth viscosities that result 
from high cell densities. Long-term experience made with mammalian cells has 
suggested the advantageous combination of upward pumping axial-flow and radial-flow 
impellers in stirred bioreactors equipped with frits for aeration. We assume that this 
will be used in plant suspension cell stirred bioreactors in the near future. Until 
now, impellers considered suitable have included large slow-moving axial flow 
impellers with low tip speeds of up to a maximum of 2.5 m s−1, such as marine 
impellers or special pitched blade impellers, and impellers positioned near the ves-
sel wall, for example, spiral stirrer, helical-ribbon impellers, and anchor impellers. 
Several descriptions of these impeller types for plant suspension cells can be found 
in the literature (Eibl and Eibl 2002; Joliceur et al. 1992; Kieran et al. 1997).

In addition, alternative impeller systems have been developed and installed in 
conventional stirred vessels. Prominent examples are the cell-lift impeller and the 
centrifugal-pump impeller, which function both as a fluid pump and aerator (Kim 
et al. 1991; Roberts and Shuler 1997; Wang and Zhong 1996a, 1996b; Zhong et al. 
1999). For example, a maximum dry cell mass concentration of 26 g dw L−1, bio-
mass productivity of 0.9 g dw L−1 d−1, and a ginsenoside productivity of 29 mg L−1 d−1

were achieved in cultivations of Panax notoginseng cells in a centrifugal impeller 
bioreactor (Zhong 2001). Radial flow impellers, such as the Rushton impeller, 
achieve high-energy inputs and are therefore suitable for limited applications with 
plant cell suspensions. In certain cases, the design has been improved, as with con-
cave blades (Eibl and Eibl 2002; Pan et al. 2000; Schiermeyer et al. 2004).

There have been many studies on the development and use of other mechanically 
driven bioreactors, characterized by their superior performance in terms of suspen-
sion homogeneity and low-shear environment. Tanaka et al. (1983), Shibasaki et al. 
(1992), and Takahashis and Fujita (1991) successfully used a rotating drum biore-
actor for the cultivation of suspension cultures of Catharanthus roseus, Nicotiana 
tabacum, and Lithospermum erythrorhizon. In comparison to the other bioreactor 
types described earlier, the rotating drum bioreactor has a significantly larger sur-
face area in relation to volume. Furthermore, in this bioreactor, mass transfer is 
achieved with comparatively less specific power input and therefore low hydrody-
namic shear.

Eibl and Eibl (2006, 2007), Cuperus et al. (2006), and Krüger (2006) have 
pointed out the excellent biomass growth of tobacco, grape, and apple suspension 
cells (maximum biomass productivity in the range of 20–40 g fw L−1 d−1 and dou-
bling times between 2 and 4 days) in the BioWave reactor (Fig. 8.4d) operating with 
1 and 10 L culture volume. Furthermore, reduced shearing (indicated by higher 
viabilities and no significant change in cell morphology) and reduced foaming were 
found in the disposable BioWave when compared with cultivations in 2 L stirred 
bioreactors performed in our lab. These observations can be explained by the 
hydrodynamic characteristics of the cultivation environment and oxygen transport 
efficiency ensured by the BioWave. The energy input is caused by rocking the 
platform, which induces a wave in the culture bag. As a consequence of this wave 
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induced motion, oxygenation and mixing are realized. The surface of the medium 
is continuously renewed and bubble-free surface aeration takes place. Provided 
batch mode and cultivation parameters in the BioWave and the applied stirred bio-
reactor were comparable, we found k

L
a values to be more than twice as high in the 

BioWave. Assuming a constant rocking angle and culture volume, as the rocking 
rate is increased, BioWave’s power input rises until it reaches a stationary value, 
which may be followed by a slight decrease resulting from the occurring phase shift 
of the wave. For a 2 L culture bag containing 1 L culture volume, the phase shift 
took place at a rocking rate greater than 20 rpm (Chap. 5). The latest disposable 
bioreactor developments, including the Wave & Undertow bioreactor (WU biore-
actor) and the Slug Bubble bioreactor (SB bioreactor), were successfully applied to 
grow tobacco and soya cells expressing isoflavones and monoclonal antibodies 
(anti-rabies) up to 100 L culture volume (Girard et al. 2006; Terrier et al. 2006). 
The WU bioreactor is based on the WIM principle like BioWave, while the SB 
bioreactor represents a bubble column that allows an easy increase of size by using 
multiple units.

If illumination is required, particular bioreactors made of glass vessels or plastic 
bags can be used in illuminated rooms or with external illumination lamps (i.e., 
fluorescent lamps) installed around them. There are only a few reports on and pat-
ents (Takayama and Akita 2006) for internal illumination systems made from tubes 
(Dubuis 1994) and glass fibers, for example, in respect of the 15 L bioreactor with 
eccentric motion stirrer and integrated illumination cage (Eibl et al. 1999; Eibl and 
Eibl 2002). As these systems are costly and fail to introduce light efficiently, they 
have not been commercialized.

Finally, while the majority of transgenic suspension cells that have been used to 
express recombinant proteins are ideally cultivated in stirred laboratory bioreactors 
(Hellwig et al. 2004), photoautotrophic moss suspension cells from Physcomitrella 
patens, which secreted 30 mg L−1 d−1 human vascular endothelial growth factor 
(VEGF), are cultivated in a tubular bioreactor. This photobioreactor type is well known 
from microalga cultivation where light is one of the main factors influencing biomass 
growth and also scale-up (Decker and Reski 2004; Gorr and Wagner 2005).

8.2.3 Suitable Bioreactors for Hairy Roots

From Sect. 8.1.3.3, it will have become clear to the reader that it is more difficult 
to cultivate hairy root cultures than plant suspension cells in bioreactors. Without 
design modifications supporting root inoculation, growth, sampling, and harvest, 
the stirred bioreactor is generally not suitable for hairy roots despite its dominance 
in biotechnology. Exceptions reported in the literature are the cultivation of 
Catharanthus trichophyllus L. hairy roots (Davioud et al. 1989), hairy root cultures 
of Catharanthus roseus (Nuutila et al. 1994), strawberry (Nuutila et al. 1997), and 
beetroot (Georgiev et al. 2006). In general, the impeller can damage the roots even 
at low specific power inputs. To rule out this possibility, a cage or mesh of stainless 
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Fig. 8.4 Bioreactors for hairy root cultivation: (a) modified stirred bioreactor, (b) radial flow 
bioreactor, (c) Inversina, (d) BioWave, (e) segmented bubble column, (f) convective flow bioreac-
tor, (g) Plastic-lined bioreactor, (h) airlift bioreactor, (i) trickle bed or spray bioreactor, (j) mist 
bioreactor, (k) LCMB Bioreactor

steel isolating the roots from the impeller was fitted inside the culture vessel of 
stirred bioreactors. The cage or mesh acts as a matrix and supports the self-
immobilization of the roots. This can improve the growth of hairy roots in stirred 
bioreactors and further bioreactor types as shown by Hilton and Rhodes (1990), Lee 
et al. (1999), Shadwick and Doran (2004), and also by studies with different hairy 
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root lines in our lab. In gas-phase bioreactors, there is an imperative need to immo-
bilize the hairy roots since the continuous phase is gas. For these reasons, indepen-
dent of the bioreactor type, immobilization of hairy roots by horizontal or vertical 
meshes as well as by cages or polyurethane foam meets the current standards 
(Wilson 1997). Reported productivities obtained from bioreactor cultivations of 
hairy roots are summarized in Table 8.5 and their schematics are depicted in Fig. 
8.4. In addition to the previously mentioned modified stirred bioreactors, hairy 
roots were also cultivated in rotating and shaking representatives of mechanically 
driven bioreactors, different types of bubble column bioreactors as well as airlift 
bioreactors, the hydraulically driven radial flow bioreactor, and gas-phase bioreac-
tors. Considering the bioreactor cultivation of hairy roots from an engineering 
standpoint, the most significant problem is the nonuniform distribution of biomass 
and, in particular, of high local root densities in the form of clumps. The latter is 
closely connected with mass transfer limitations and, in terms of efficient mass 
transfer (i.e., fluid mixing and oxygen transfer), presents considerable difficulties 
in bioreactor scaling-up. For laboratory scale, it is recognized that at hairy root 
concentrations up to 10 g dw L−1 the cultivation can be realized in essentially any 
bioreactor type listed in Table 8.5 (Curtis 2000).

Scale-up limitations due to high fluid flow resistance in dense root biomass at 
concentrations between 10 and 40 g dw L−1 were detected by Carvalho and Curtis 
(1998) in liquid-phase bioreactors. Yu et al. (1997) explained the growth-limiting 
effect of oxygen deficiency for hairy roots due to mass transport limitations under 
submerged cultivation conditions. Here gas–liquid oxygen transfer is hindered by 
reduced turbulence as a result of the roots present and also by coalescence of gas 
bubbles in the root clumps causing gas flow channeling around them. As a result, 
localized complete depletion of oxygen can arise. It has been suggested that liquid–
solid mass transfer rather than gas–liquid mass transfer is the dominant influence 
on the rate of oxygen delivery to hairy roots. To improve the supply of oxygen to 
the growing roots in the bioreactor, different pneumatically driven bioreactor types 
have been developed such as the segmented bubble column operating with three 
spargers (Fig. 8.4e) and the convective flow bioreactor (Fig. 8.4f). Although the use 
of these bioreactors leads to higher biomass productivity for the configurations 
tested, scale-up problems can be expected (Carvalho and Curtis 1998; Kwok and 
Doran 1995).

The highest biomass productivity (>2 g dw L−1 d−1) in the cultivation examples 
summarized in Table 8.5 was achieved by the radial flow bioreactor (Fig. 8.4b) and 
the BioWave (Fig. 8.4d). The radial flow bioreactor consists of a medium vessel (in 
which the culture medium is oxygenated externally), a peristaltic pump (which 
recirculates the aerated medium between the medium vessel and culture chamber), 
and a cylindrical culture chamber with an integrated wire mesh for root immobilization.
After 12 days of cultivation, 51 g dw L−1 of beetroot hairy roots was harvested 
(Kino-Oka et al. 1999). In our lab, the application of the BioWave operating with 
Cellbag 2 L (total volume) at specific power input values between 30 and 50 Wm−3

yielded final dry biomass concentrations of 60 g dw L−1 d−1 for hyoscyamine (312 mg 
L−1), which produces hairy roots of Egyptian henbane, and about 46.4 g dw L−1 d−1



338 R. Eibl, D. Eibl

Table 8.5 Hairy root growth and metabolite production in suitable bioreactors

Product Plant species Bioreactor type

DCM
final

(g dw 
L−1)

BMP
dw

(g dw 
L−1 d−1)

Maximum
metabolite
productivity 
(mg L−1) References

Hyoscyamine Datura stra-
monium

Stirred
bioreactor, 
Fig. 8.4a

8.4 0.24# 66.5 Hilton and 
Rhodes
(1990)

Atropine Atropa bel-
ladonna

Stirred bioreactor, 
Fig. 8.4a

60.2 1.81 325.1 Lee et al. 
(1999)

Antibody, 
murine
IgG

1

Nicotiana
tabacum

Stirred
bioreactor, 
Fig. 8.4a

n.m. n.m. 1.9 Shadwick 
and
Doran
(2004)

Atropine Atropa bel-
ladonna

Bubble column, 
Fig. 8.4e

9.9 0.23 14 Kwok and 
Doran
(1995)

Artemisin Artemisia
annua

Bubble column 
(*), feeding

15.3 0.4 0.025 Kim et al. 
(2002b)

Biomass Hyoscyamus
muticus

Bubble
column,
8.4f

24.7 0.79 n.m. Carvalho 
and
Curtis
(1998)

Armoracia 
rusticana

Airlift bioreactor, 
Fig. 8.4h

11 0.35 n.m. Taya et al. 
(1989b)

Beta vulgaris Radial flow 
bioreactor, 
Fig. 8.4b

51 3.73 n.m. Kino-Oka 
et al. 
(1999)

Hyoscyamus
muticus

Rotated drum 
bioreactor, 
type Inversina, 
Fig. 8.4c

46 0.48 n.m. Eibl et al. 
(1996)

Hyoscyamus
muticus

Plastic-lined biore-
actor, Fig. 8.4g

8.8 0.28 (#) n.m. Curtis 
(2004)

Hyoscyamus
muticus

Spray bioreactor, 
Fig. 8.4i

31 1.1 n.m. Not pub-
lished

Datura stra-
monium

Bubble column-
spray biore-
actor*

8 (#) 0.2 n.m. Wilson 
(1997)

Hyoscyamine Hyoscyamus
muticus

BioWave, Fig. 
8.4d, feeding

60 2.1 312 Eibl and 
Eibl
(2006)

Ginsenosides Panax gin-
seng

BioWave, Fig. 
8.4d, feeding/
exchange

46.4 0.51 145.6 Eibl and 
Eibl
(2006)

Ginsenosides Panax gin-
seng

Spray bioreac-
tor Fig. 8.4i, 
exchange

9.9 0.17 39.2 Palazón 
et al. 
(2003)

l-DOPA Stizolobium
hassjoo

Mist bioreactor, 
Fig. 8.4j, 
feeding

11.5 0.72 644 (#) Huang 
et al. 
(2004)

Nonexisting DCM
final

: assumed to be 10% of FCM
final

n.m. – not measured
#BMP was calculated from DCM

final
 as a consequence of unavailable inoculum

*Wire-mesh cage or steel mesh
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for ginsenosides (145.6 mg L−1), which contain hairy roots of ginseng (Eibl and Eibl 
2006). In this context, it is important to note that cultivations were carried out in 
feeding mode (200 mL → 500 mL), guaranteeing ebb-and-flow conditions for the 
growing hairy roots by changing the position of the BioWave rocker unit at con-
stant rocking rate (6 rpm) and constant rocking angle (6°). The mat-like root tissue 
produced was uniformly distributed in the culture bag, which was completely filled 
with roots at the end of the cultivation. We are therefore of the opinion that the 
resulting reduction in mass transfer limitations caused biomass productivity to be 
~40% higher than that achieved in the BioWave operating with culture bag 20 L 
(total volume). The root biomass was highly localized at three points in the culture 
bag 20 L. As far as root growth is concerned, a key to minimizing mass transfer 
limitations seems to be uniform distribution of root tissue in the bioreactor. Similar 
to BioWave, the Inversina (Fig. 8.4c), a rotating drum bioreactor characterized by 
oloid movement and low hydrodynamic shear, was run with alternate cycles of liq-
uid- and gas phase, that is to say, in ebb-and-flow mode. When additional hairy root 
immobilization was guaranteed by meshes positioned at three levels in the Inversina 
bioreactor vessel, a final Hyoscyamus muticus dry biomass concentration of 46 g 
dw L−1 was obtained (Eibl et al. 1996).

Given that there are no limitations on the availability of oxygen to roots in a 
spray bioreactor (Fig. 8.4i), as described by Weathers et al. (1999), and that uniform 
biomass distribution is guaranteed, the question is why biomass productivity in a 
spray bioreactor does not exceed that of the BioWave for henbane and ginseng 
hairy roots. A possible explanation is that the lower biomass growth of both hairy 
root clones is caused by a nonoptimal spray cycle, which results in inadequate 
nutrient availability to the roots. It is clear that the availability of culture medium 
to the roots in spray and also mist bioreactors depends on the amount of droplets 
deposited on the root surface. This is a function of the spray or mist cycle (continu-
ous/periodic/intermittent) as well as mist rate and the efficiency with which the 
hairy roots capture the droplets. We could not corroborate the hypothesis of Kim 
et al. (2002b) and Flores and Curtis (1992) that the importance of spray and mist 
bioreactors lies more in stimulating specific secondary metabolite production than 
in biomass production. In addition, the BioWave was superior to the spray reactor 
in ginsenoside production (Eibl and Eibl 2006).

Henbane and ginseng hairy roots grown in spray bioreactors possessed longer 
root hairs and were more abundant than those cultivated in the BioWave and the 
Inversina. These observations are consistent with the findings of Hofer as well as 
those of Williams and Doran. Doran also describes a much thicker layer of muci-
lage making mass transfer more difficult for hairy roots grown in liquid phases than 
for roots grown in gaseous phases (Williams and Doran 1999; Hofer 1996). 
However, it is also important to note that root hairs presenting a further significant 
barrier for mass transfer may affect the drainage of medium in gas-phase bioreac-
tors (Shiao and Doran 2000). Ramakrishnan and Curtis (1994) demonstrated that 
profuse hairy roots entrain considerably more liquid than roots with fewer hairs. 
Because the number of hairs enhances spray/mist capture but may hinder liquid 
drainage in spray bioreactors, the mist bioreactor is preferable for the growth of 
profuse hairy roots (Kim et al. 2000a).
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Uniform loading of hairy root matrices in the cultivation chamber and, most 
notably, achieving maximum use of the chamber are general problems for hairy 
root culture bioreactors. Whereas small-scale laboratory bioreactors are inoculated 
as open systems in a laminar flow, larger bioreactors necessitate the use of specific 
loading procedures and/or pharmaceutical isolator techniques for safe inoculation. 
For example, a pharmaceutical isolator is an integral part of the 50 L LCMB 
Bioreactor, a spray bioreactor of plastic film (Fig. 8.4k), which was introduced by 
Wink et al. (2005) for the production of podophyllotoxin. To allow hairy root 
attachment to the immobilization matrix, ebb-and-flow mode operation was 
included. The 500 L Wilson Bioreactor, which was specially designed for the 
investigation of hairy root growth in large scale, is a hybrid bioreactor (Table 8.5). 
It was used to cultivate hairy roots of Datura stramonium under submerged condi-
tions for 21 days and subsequently in spray mode for 40 days. Besides the root 
immobilization assembly of wire chains and bars, it is specially constructed to 
allow mechanical root inoculation after growth of the root inoculum in a seed ves-
sel. A total biomass of 39.8 kg fresh weight corresponding to 79.6 g fw L−1 was 
harvested (Wilson 1997). Although achieved biomass productivity was low, it was 
demonstrated that large-scale cultivation of hairy roots is realizable. In the same 
way as hairy root loading requires opening the bioreactor, so does the hairy root 
harvest after the process has finished. In the end, the hairy roots have to be detached 
from their immobilization matrices.

In summary, it can be stated that optimum bioreactor design for hairy root cul-
tures and their products is a balance between, firstly, meeting the biological needs 
for efficient root tissue growth without inducing undesirable responses and/or sup-
porting the secondary metabolite or recombinant protein expression in sufficient 
quantity and, secondly, quality.

8.3  Approaches to Improving Productivity in Plant 
Cell-Based Bioprocessing

Besides bioreactor type (Sect. 8.2), bioreactor operating mode is another appropri-
ate strategy with which to pursue high biomass productivity and/or high bioactive 
compound (secondary metabolite, recombinant protein) content in plant cell-based 
production processes. As a matter of course, it is essential that a highly productive 
cell line is used, the inoculum density is sufficiently high, and that culture medium 
and cultivation parameters including pH, temperature, aeration rate, composition of 
the bioreactor’s gas phase (O

2
, CO

2
, C

2
H

4
) and, if necessary, light duration and 

intensity are optimized (Sects. 8.1.1 and 8.1.2). To select the most suitable operat-
ing mode, the product formation pattern (growth association or nongrowth associa-
tion and product secretion or intracellular accumulation) has to be taken into 
account. Furthermore, the strong dependence of this product formation pattern on 
the promoter used (constitutive or inducible) in recombinant protein production 
should be borne in mind (Shadwick and Doran 2004; Su 2006).
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Productivity of growth-associated intra and extracellular products can be 
improved by increasing plant cell growth, prolonging the exponential growth phase, 
and increasing final biomass concentration in the bioreactor. Therefore, fed batch 
cultivations operating with intermittent feeding of sucrose or maltose are frequently 
used to enhance the productivity of biomass and intracellular products in plant cell 
cultivation processes (Choi et al. 2000; Huang et al. 2004; Wang et al. 2000). 
However, perfusion performed continuously at high perfusion rates (by cell reten-
tion devices such as spinfilters or by cell immobilization) yields considerably higher 
biomass concentrations and secondary metabolite or protein levels than batch or fed 
batch operations (Bentebibel et al. 2005). Indeed, this also depends on the efficient 
and easy removal of undesirable by-products and the resulting prolongation of active 
cell growth at high metabolic culture activity. However, it should be noted that, if 
product inhibition occurs, a product harvest unit (e.g., affinity column, adsorption or 
extraction column) may be coupled to the bioreactor to avoid cell growth rate reduc-
tion, cell decease, and product level lowering in growth-associated, extracellular 
products (Su 2006). For nongrowth associated, intracellular products, advantages 
can be found in two-stage batch cultivations in which growth phase and production 
phase have been decoupled by the application of a growth and production medium 
(Fujita et al. 1981; Raval et al. 2003; Zenk et al. 1977). In contrast, as a consequence 
of potential product inhibition, cultivations in perfusion mode should be chosen for 
nongrowth associated, extracellular products (Seki and Furusaki 1999).

It should be borne in mind that the most effective approach to significantly 
increasing the productivity of secondary metabolites is elicitation (Reuben and 
Croteau 2004). Elicitation (nontransgenic technique) has commercial potential and 
can result in metabolite secretion (Sevón 1997). It is defined as induction of gene 
expression associated with stimulation of secondary metabolite production by agents 
and means, the so-called elicitors. Elicitors are able to activate plant defense mecha-
nisms, for example, synthesis of phytoalexins or active oxygen species such as H

2
O

2

(known as the oxidative burst), in response to pathogenic attacks (Wu and Ge 2004). 
Biotic elicitors, which are microbe-derived molecules (polysaccharides, glycopro-
teins, bacterial and fungal cell walls, and low molecular weight compounds), and 
abiotic elicitors (ultraviolet radiation, ultrasonic pulsed electric fields, salts of heavy 
metals and various chemicals such as MeJA or JA) were successfully tested (Endress 
1994; Lin et al. 2001; Lin and Wu 2002; Ye et al. 2004; Yeoman and Yeoman 1996). 
Results revealed that effective elicitation requires two-stage cultivation (because 
elicitors are often added to the culture medium after cell growth is complete), an 
optimum elicitor dosage and exposure time (Kim et al. 2002a; Rhijwani and Shanks 
1998; Sevón 1997; Singh 1997). We would like to point out that in many cases the 
combination of enhancement techniques (multiple elicitors or combination of elici-
tation with immobilization, fed batch mode, perfusion mode, etc.) was advantageous 
not only for the quantity but also for the quality of the desired secondary metabolite 
(Bentebibel et al. 2005; Qian et al. 2005; Zhang et al. 2002).

Efforts have also been made to increase the accumulation and secretion of 
recombinant proteins in plant cell cultures by their retention (in situ adsorption) and 
especially their stabilization (with medium additives such as gelatin, bacitracin, 
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BSA, PVP, NaCl, DMSO, KNO
3
, amino acids, or by osmolarity or pH shift) after 

protein has been produced (Shadwick and Doran 2004; Su 2006). However, further 
improvements in recombinant protein yields are necessary to increase the economic 
competitiveness of plant cell cultures when compared with their mammalian cell 
counterparts.

8.4  Application Examples and Potential Active Agent 
Candidates

Whereas maximum protein levels in plant cell cultures reach values of around 4% 
of total soluble protein (TSP) or 200 mg L−1 volumetric productivity (Hellwig et al. 
2004), maximum volumetric productivity titers of recombinant proteins secreted by 
mammalian cells range from 500 to 5,000 mg L−1 (Wurm 2005). Nowadays, this 
means that between 2.5- and 25-fold higher protein levels can be guaranteed if 
mammalian cells, particularly CHO cells, are used as production organisms instead 
of plant cells. The first recombinant protein made by cultured tobacco suspension 
cells was human serum albumin (HSA) (Sijmons et al. 1990). To date, 20 different 
recombinant proteins have been successfully produced in proof-of-principle studies 
with plant cell cultures (Hellwig et al. 2004; Hülsing 2005; Kreis et al. 2001; 
Marshall 2006; Yazaki 2004; Vanisree et al. 2004; Voedisch et al. 2005). An updated 
summary of such PMPs (plant-made pharmaceuticals = protein-based medicines 
produced in transgenic plants and plant cells) is given in http://www.molecularfarming.
com. In addition to cell lines derived from the tobacco cultivars Bright Yellow 2 
(BY-2, doubling time of 13 h according to Nagata et al. 1992) and Nicotiana tabacum
1 (NT-1), well-characterized fast-growing transformed rice, alfalfa, tomato, soybean, 
and moss (Physcomitrella) cells are frequently applied to express important thera-
peutic proteins including antibodies, for example, AAT (for lung diseases), EPO (for 
anemia), GM-CSF (to stimulate bone marrow to produce white cells more quickly 
after chemotherapy), HBsAg (for hepatitis B prevention), and VEGF (for tumor 
diagnostics, and circulatory disorder) (Gorr and Wagner 2005; Ma et al. 2003; 
Schillberg et al. 2005). The first registration of such a PMP (vaccine against 
Newcastle Disease Virus) was announced from engineered plant cell cultures in 
February 2006 (Evans 2006). In order that recombinant proteins can also be manu-
factured by plant cell cultures in the future, cell banking of plant cells including their 
cryopreservation has to be established as both a master cell bank (MCB) and a 
working cell bank (WCB), which are prerequisites for GMP production.

While recombinant protein expression is still in its infancy, plant cell-based sec-
ondary metabolite production has a tradition of more than 45 years. Maximum sec-
ondary metabolite levels in plant cell cultures vary from 10 to 20% of the cell dry 
weight, which corresponds to productivities between 1 and 2 g L−1 d−1. The plant 
cell-based product with the highest productivity (2 g L−1 d−1) reported in the litera-
ture is rosmarinic acid (RA), a caffeic acid dimer described as antimicrobial, anti-
viral, and antioxidative (Parnham and Kesselring 1985). Since RA is most notably 
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used as a food additive and not as a high purity pharmaceutical, it is still commer-
cially produced in the original way (i.e., by extraction from collected plant mate-
rial), which is comparatively cheaper than the two-stage process with Coleus
blumei suspension cells in stirred bioreactors (Kreis et al. 2001). It is worthy of note 
that the first industrial secondary metabolite production using Lithospermum eryth-
rorhizon suspension cells was realized by Mitsui Petrochemical Industries, now 
Mitsui Chemicals, and concerned a naphtoquinone derivate called shikonin, a rich 
reddish-purple pigment for lipsticks that is also antimicrobial in activity. Under 
optimized conditions (two-stage mode), shikonin productivity averages out at 
0.15 g L−1 d−1 (Kreis et al. 2001). The shikonin production process is similar to gin-
senoside (triterpenoid saponin) production (Nitto Denko Corporation), which has 
been routinely carried out in Japan since the 1980s. In the commercial ginsenoside 
production process, activities of 0.5 up to 0.7 g L−1 d−1 were achieved in 25 m3

stirred bioreactors operating with suspended Panax ginseng cells (Vanisree et al. 
2004). We would like to point out that biotechnologically produced ginsenosides 
have been used as food additives (i.e., nutritional but not medical use) and whiten-
ing substances (cosmetics) since 1988 (Hibino and Ushiyama 1999). A landmark 
success in secondary metabolite manufacture was the industrial production of pacli-
taxel. Taxol is the generic name for the active ingredient of paclitaxel, an anti-cancer 
(ovarian, breast, and small-cell lung cancer) drug stopping cell division while 
stabilizing microtubule complexes (Wink et al. 2005). Cultivation of yew suspen-
sion cells in 70 m3 stirred bioreactors (Phyton Biotech, Germany) ensured paclitaxel 
amounts exceeded those in intact plants, which constitute 0.01% of dry weight 
(Yazaki 2004). Further potential anticancer candidates being studied intensively in 
respect of their suitability for plant cell-based bioprocessing are camptothecin, 
podophyllotoxin, vincristine, vinblastine, and colchinine (Wink et al. 2005).

8.5 Conclusions

Plant cell-based bioprocessing aims to produce substances with antitumor, antiviral, 
hypoglycemic, anti-inflammatory, antiparasite, antimicrobial, tranquilizing, and 
immunmodulating activities, which can be categorized either as secondary metabo-
lites or as recombinant proteins. Although to date only a few secondary metabolites 
and no PMPs have been manufactured commercially using plant cell cultures, their 
production in plant cell suspension cultures and hairy roots represents an alternative 
approach that may be advantageous when defined validated production conditions in 
compliance with GMP are required. When basic techniques are used to establish 
highly productive plant cell lines and successful cultivation in small-scale as well as 
large-scale bioreactors (m3 range), basic techniques have been found to achieve 
moderate product yields for most target substances. An improved understanding of 
the manifold interactions between cultivated cells, product formation and bioreactor 
design, its features (fluid flow, mixing time, distribution time, oxygen transfer effi-
ciency) affecting mass transfer and therefore product yield, will help not only to 
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enhance and sustain high productivity but also to reduce existing high process costs 
and exploit the potential of plant cell cultures up to large scale. By using scalable, 
disposable, and/or low cost bioreactors such as the BioWave, the WU bioreactor, or 
the SB bioreactor, a further reduction in production costs is possible. Close coopera-
tion of molecular biologists, pharmacists, bioprocess development specialists as well 
as bioreactor and regulatory guidance specialists will contribute to innovative new 
solutions. Plant cell-based bioprocessing can therefore be expected to increase in 
importance in the future.

8.6 Questions and Problems

1. Discuss the main operational parameters for optimal plant cell growth on the 
basis of plant cell characteristics.

2. Specify the constituents of plant cell culture media and describe their functions 
in mass propagation, cell differentiation, and metabolite production.

3. Compare the establishment, maintenance, and in vitro growth as well as second-
ary metabolite and recombinant protein production of callus cultures, plant cell 
suspension cultures, and hairy root cultures.

4. Explicate and review common methods of cell growth determination in plant 
cell-based processes and compare them with those of animal cell-based produc-
tion processes.

5. You have the task of determining growth kinetics, maximum BMP, and doubling 
time of grape suspension cells growing in 250-mL shake flasks (25 °C, 100 rpm, 
darkness, batch) over 21 days. Per shake flask 50-mL modified MS medium has 
to be inoculated with 2.5 g fw of exponentially growing grape cell biomass with 
viability over 90%. Plan the experiment and discuss the experimental set up and 
analysis methods.

6. Describe possible signs of shear damage in plant cells cultivated in bioreactors.
7. Give reasons for the predominance of stirred bioreactors for plant cell suspen-

sion cultivation at high cell densities.
8. A genetically engineered BY-2 tobacco cell line has been used to produce hemo-

globin in BioWave 20 SPS (CultiBag 20 L). Growth in batch culture has been 
monitored and the results summarized in Table 8.6. Determine maximum BMP 
and culture doubling time. Assess the growth behavior and discuss relevant 
approaches to improving it.

9. Hairy roots of Harpagophytum procumbens producing harpagosides grow in Petri 
dishes with doubling times of 7 days. At 25 °C and darkness, the roots are charac-
terized by long hairs and intense hairiness on modified solid B5 medium. Develop 
and elucidate scale-up procedures for the application of suitable laboratory biore-
actors. Decide which bioreactor type is theoretically most suitable for harpagoside 
expression that has been detected to have occurred due to growth association. In 
addition, discuss where and under what conditions you would expect mass transfer 
limitations, which result in low growth and harpagoside production.
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10. Explain the most important strategies used for the enhancement of secondary 
metabolite production in plant cell cultures for growth- and nongrowth-associ-
ated processes.

11. Give examples of secondary metabolites and recombinant proteins produced by 
plant cell cultures, and describe their characteristics. What conditions are 
required for a high productivity process based on plant cell cultures?

List of Abbreviations and Symbols

AAT alpha-1-antitrypsin

ABA abscisic acid
Ala alanine
Arg arginine
Asn asparagine
B boron
BAP 6-benzylaminopurine
BMP biomass productivity
BSA bovine serum albumin
BY-2 Bright Yellow 2
CER carbon dioxide evolution rate
Co cobalt
CO

2
 carbon dioxide

Cu copper
Cys cysteine
C

2
H

4
 ethylene

DCM dry cell mass (dry biomass concentration)
DMSO dimethyl sulphoxide
DS dry substance
d day
dw dry weight

Table 8.6 Experimental data

Time (d) Biomass dry weight (g dw L−1)

 0 0.02
 3 0.05
 5 1.47
 7 10.2
 9 12.1
11 11.9
13  9.6
15 9.55
17 8.35
19  7.2
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EDTA ethylenediamine tetraacetic acid
EPO erythropoietin
FCM fresh cell mass (fresh biomass concentration)
cGMP current Good Manufacturing Practice
f fi nal
fw fresh weight
g gram
GA

3
 gibberellin A

3

GA
4
 gibberellin A

4

GA
7
 gibberellin A

7

GI growth index
GM-CSF granulocyte macrophage colony stimulating factor
His histidine
h hour
HBsAg Hepatitis B surface antigen
HSA human serum albumin
H

2
O

2
 hydrogen peroxide

I iodine
i initial
IAA indole-3-acetic acid
IBA indole-3-butyric acid
Ile isoleucine
IPC In-Process control
JA jasmonic acid
kDa kilodalton
k

L
a oxygen transfer coeffi cient

klux kilolux
KNO

3
 potassium nitrate

L Liter
l-DOPA 3,4-dihydroxyphenylalanine
Leu leucine
MCB master cell bank
MeJA methyl jasmonate
Met methionine
mg milligram
min minute
mm millimeter
Mn manganese
Mo molybdenum
MS medium Murashige and Skoog medium
NAA naphthaleneacetic acid
NaCl sodium chloride
NT-1 Nicotiana tabacum 1
OUR oxygen uptake rate
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O
2
 oxygen

pCV packed cell volume
pCO

2
 part of dissolved carbon dioxide in the medium

pO
2
 part of dissolved oxygen in the medium

PEG polyethyleneglycol
PMP plant-made pharmaceutical
PVP polyvinylpyrrolodine
PVS2 plant vitrifi cation solution 2
r recombinant
RA rosmarinic acid
Ri root-inducing
rpm revolution per minute
T-DNA transfer DNA
t cultivation time
TSP total soluble protein
tx point x in time
V volume
VEGF vascular endothelial growth factor
vir virulence
vvm volumes per volume per minute
W watt
WCB working cell bank
Zn zinc
2,4-D 2,4-dichlorophenoxyacetic acid
2,4,5-T 2,4,5-trichlorophenoxyacetic acid
mm micrometer
mmole micromole

°C degree Centrigrade
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