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Disposable Bioreactors for Plant
Micropropagation and Mass Plant Cell Culture

Jean-Paul Ducos, Bénédicte Terrier, and Didier Courtois

Abstract Different types of bioreactors are used at Nestlé R&D Centre — Tours
for mass propagation of selected plant varieties by somatic embryogenesis and for
large scale culture of plants cells to produce metabolites or recombinant proteins.
Recent studies have been directed to cut down the production costs of these two
processes by developing disposable cell culture systems. Vegetative propagation of
elite plant varieties is achieved through somatic embryogenesis in liquid medium.
A pilot scale process has recently been set up for the industrial propagation of
Coffea canephora (Robusta coffee). The current production capacity is 3.0 million
embryos per year. The pre-germination of the embryos was previously conducted
by temporary immersion in liquid medium in 10-L glass bioreactors. An improved
process has been developed using a 10-L disposable bioreactor consisting of a bag
containing a rigid plastic box (‘Box-in-Bag’ bioreactor), insuring, amongst other
advantages, a higher light transmittance to the biomass due to its horizontal design.
For large scale cell culture, two novel flexible plastic-based disposable bioreactors
have been developed from 10 to 100 L working volumes, validated with several
plant species (‘“Wave and Undertow’ and ‘Slug Bubble’ bioreactors). The advan-
tages and the limits of these new types of bioreactor are discussed, based mainly
on our own experience on coffee somatic embryogenesis and mass cell culture of
soya and tobacco.

Keywords Box-in-bag, Coffee, Scaling-up, Slug bubble, Somatic embryogenesis,
Somatic seedling, Temporary immersion, Wave and undertow

J.P. Ducos, B. Terrier, and D. Courtois
Nestlé R&D Centre Tours, 101 Avenue Gustave Eiffel, Notre Dame D’O¢€, BP 49716,
37097 Tours Cedex 2, France



90 J.P. Ducos et al.

Contents

1 INOAUCHION.c...eiiiiiicicccce e 90
Micropropagation and Somatic Embryo Cultures .............ccococvviiiiiiiiiiiiiniiccne, 92
2.1 Bioreactors for Plant Propagation e 92
2.2 BOX-IN-Bag BiOTaCIOIS .....ceeiiiiiiiriiiiiitiiiictetc ettt 95
2.3 Case Study: Coffee Somatic Embryogenesis ...........cccocviciiiiniiiiiiiiiiiciiens 98
2.4 Advantages and Limitations ...........cccceeeeeeeenene 100

3 Mass Plant Cell Culture and Metabolite Production.. ... 101
3.1 Disposable Bioreactors for Plant Cells. .................... ... 101
3.2 Wave and Undertow and Slug Bubble Bioreactors............cccvevererienienenieieieenne 102
3.3 Case Studies: Tobacco and Soya Cell Cultures ...........cccceceeerenenenenencnieieieeene 107
3.4  Scale-Up; Advantages and Limitations ............ .. 110

4 Conclusion c....ceeveerveuiviereieieieceseeeeen w111

RETEIEICES ...ttt ettt st 112

Abbreviations

FW  Fresh weight

SB  Slug bubble

TIB Temporary immersion bioreactor
WU Wave and undertow

1 Introduction

For more than 20 years, Nestlé R&D Centre — Tours has been involved in in vitro
cultivation of plant material, either for the production of metabolites by cell cul-
tures [1-8] or for mass propagation by somatic embryogenesis [9—19]. Despite
biochemical and physiological studies allowing improved experimental protocols at
laboratory level, these improvements have seldom been matched by large scale or
mass propagation of these plant materials. The gap between lab and production
scales arises from the type and cost of the facilities necessary for scaling-up.
Plant micropropagation refers to the production of true-to-type plants from orga-
nogenic cultures (stem cuttings, axillary buds, meristem clusters, protocorm-like
bodies) under aseptic and controlled environment. Somatic embryogenesis, which
is the process for the development of embryos from somatic cells, offers a tremen-
dous potential for mass propagation [20]. Current commercial applications are still
restricted to a limited number of plant species because these methods are based on
manual aseptic division of the plant tissues and their transfer on numerous small
containers containing semi-solid media. In the 1985s to 1990s, studies described
micropropagation scaling-up into two types of bioreactor: those in which the cultures
are continuously submerged and those in which the cultures are temporarily
immersed in the medium (temporary immersion bioreactor). The first approach
consists in growing plants tissues in fermentation vessels either mechanically agitated
(stirred tank bioreactor, rotating drum bioreactor) or pneumatically agitated (bubble
column bioreactor, air-lift bioreactor) [21, 22]. The second involves placement of plant
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tissues on solid supports which are periodically perfused with nutrients solutions
[23-26]. Reports on micropropagation using disposable bioreactors remain rare
as confirmed by two books reviewing the recent advances in plant tissue culture
engineering in liquid cultures [27, 28]. Mainly based on our own experience on
coffee somatic embryogenesis, the present chapter will describe the status of this
technique and discuss its advantages.

The culture of undifferentiated plant cells for the production of metabolites has
been achieved at an industrial scale by various groups since the late 1970s, in
conventional stainless stirred bioreactors, up to 75 m®. In spite of the interest in
this technology, and numerous scientific and technical advances, there are very
few examples of economical production of metabolites [29, 30], such as the red dye
shikonin [31], ginseng cells [32], berberine [33] and more recently taxus-derived
drugs [34].

Recently, interest in mass plant cell cultures increased again, using plant cell as
a host cell for the production of recombinant proteins [35—40] and as an alternative
to genetically modified plants in field (‘biopharming’). In January 2006, the
USDA Centre for veterinary biologics approved Dow AgroSciences vaccine (virus
in poultry) produced in tobacco plant cell cultures in bioreactor. Also in 2007, and
for the first time, the FDA gave approval to Protalix (Israel) to begin clinical trials
for a drug produced in carrot cell cultures [41], which demonstrates a renewed
interest in plant cell culture systems for the production of biopharmaceuticals.
Also food flavourings have been recently produced by hairy-root of Catharanthus
roseus cells [42], as well as indigo precursor indican in genetically modified
tobacco plants and cells cultures [43] and therefore considered as an alternative to
genetically modified plants in field.

Nevertheless, the limited development of the technology is mainly due to plant
cell low growth rate (doubling time currently between 24 and 48 h) and often low
productivity: one cannot expect more than 10—15 batches per year per bioreactor
and, even with continuous systems, the cost of the produced biomass remains
high, limiting this use to very high value products. Usual equipment and support
facilities associated with aseptic bioprocess are extremely expensive, partly
because large-scale production is based on stainless steel vessels, sterilized in situ.
For plant cells, some estimation has been made concluding that more than 60%
of the production costs are due to the fixed costs: high capital costs of fermentation
equipment, depreciation, interest and capital expenditure [44]. Running costs are
also high due to low yields and the need to clean and sterilize the bioreactor after
each culturing cycle.

Economical viable solutions for large scale vegetative propagation of various
plant species or in vitro mass cell cultures demand improved selection of the
highest producing strains or the high propagation ability, determination of the right
physiological conditions for growth and production, and cheaper facilities for the
cultivation itself.

This is why we have recently developed new, cheap, disposable equipment for
the cultivation of undifferentiated plant cells of various species and the vegetative
propagation via somatic embryogenesis.
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2 Micropropagation and Somatic Embryo Cultures

2.1 Bioreactors for Plant Propagation

2.1.1 Usual Bioreactors

Production of about 10,000 shoots per batch in 10- to 20-L stainless steel or glass
bioreactor has been reported [21, 22]. This type of culture has often been criticized
because of the limitation of oxygen exchange, problems of excessive foaming and
high shear stress. Moreover, a well known and major issue is anomalous morpho-
genesis when green propagules are grown in liquid media, due to hyper-hydricity of
leaves and stems, greatly affecting the plant survival after transplanting. Particularly,
for dicotyledonous plant species, most shoots are etiolated, succulent and easily
damaged by handling and environmental stress when they are transplanted to the soil
[22]. The submerged type bioreactor is usually used for high-density multiplication
of cultures where submersion does not result in abnormal plant development, such
as the proliferation of storage organs (bulbs, corms, microtubers), meristematic clus-
ters, embryogenic callus and small size somatic embryos [45].

In the past, we have used stirred-tank bioreactors to investigate critical parame-
ters for the success of torpedo stage embryo production of carrot and coffee somatic
embryos [11, 12]. For both species, we observed that constant submergence in
liquid media completely inhibited leaf development from somatic embryos, even if
the biomass was diluted. To extend the development of the embryos beyond the
torpedo stage, it was necessary to subculture them onto gelose medium for their
development into plantlets suitable for acclimatization. Another drawback of these
bioreactors is their low performance regarding light transmittance through the biomass.
When the purpose is to produce micro-plants ready for transplantation in the soil,
high illumination is required in the bioreactor. However, among the different tech-
nologies involved in bioreactor engineering for plant propagation, the most difficult
is the introduction of light into the biomass [22, 45].

2.1.2 Temporary Immersion Bioreactor

To avoid the problems associated with submerged cultures, a new type of bioreactor
appeared in the late 1980s. These pieces of equipment were constructed to allow
cycling of the culture medium, thus exposing the plant tissues to the liquid media
intermittently rather than continuously. They have been used for shoot cultures of cow
tree [23], Pinus radiata [24] and serviceberry [25, 26]. These temporary immersion
bioreactors (TIB), also termed temporary immersion systems (TIS) or ‘Ebb and
Flow methods’, offer the advantages of cultures in liquid medium, therefore reducing
labour cost without the disadvantages of a liquid environment.

Thereafter, different versions of TIB have been developed: nutrient mist bioreactors
[46], tilting and rocking vessels [47, 48] or single containers with two compartments, the
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upper one containing the tissues, such as the so-called Recipient for Automated
Temporary Immersion (RITA®, Vitropic, France) [49]. This small bioreactor has been
used to produce torpedo-shaped embryos of Coffea arabica F1 hybrids [50, 51], tea [52]
and sugarcane [53]. However, a system consisting of a pair of bottles connected by a
silicone tube, known as the twin flask system [54], is generally preferred because con-
struction and operation are very simple. Easy to scale up to 10-20 L, it represents a very
attractive low-cost alternative. This typical design consisting of two vessels (plastic or
glass), one holding the liquid medium and the other the cultures, becomes more and
more popular for large-scale propagation. Air pressure is applied to push the medium
from one container to the other to immerse the explants or to withdraw the medium.
This process is repeated at preset intervals, and can be easily automated. It has been
used for shoot multiplication of pineapple and various other tropical crops [54, 55],
Phalaenopsis species [56, 57], and Prunus and Malus species [58]. These simple pieces
of apparatus were also used for the optimization of secondary metabolite production
from shoots of diverse species, such as Ruta graveolens or Hypericum [59, 60].

In our laboratory, we have implemented the Temporary Immersion Bioreactor
for the scaling-up of coffee embryo conversion from torpedo to cotyledonary
stages. This step, pre-germination, is mainly characterized by the greening and the
acquisition of photo-autotrorophic characters. Our TIB version is similar to the
twin flask systems. It consists of two glass jars (Fig. la) [17, 18]: a 10-L jar con-

Fig. 1a,b Glass jar temporary immersion bioreactor. a Diagram. b View of a 10-L bioreactor at
the end of the pregermination phase
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taining the somatic embryos (20 cm diameter x 30 cm height) and a 5-L bottle
containing the medium and placed below the 10-L jar and connected to an air
pump. When the pump is turned on, the pressure pushes the liquid medium to the
upper part. When the pump is switched off, the medium flows back down due to
gravity. The main characteristic of this TIB is a polyurethane foam disk laid on the
bottom of the 10-L jar. Between the immersion periods this disk isolates the
embryos from the thin liquid medium layer which remains in the vessel. It retains
about 1 L of liquid medium inside the vessel, and therefore maintains a sufficient
relative humidity (85-90%). During the immersion, this disk has the function of an
air sparger and facilitates the good ventilation of the headspace.

Temporary immersion culture brings several advantages [61]. It insures adequate
oxygen transfer because the tissues are not permanently immersed in liquid media
in which oxygen is poorly soluble. Shear stresses are almost suppressed due to the
lack of mechanical agitation or permanent aeration. The hyper-hydricity is limited
and can be controlled by manipulating the frequency and duration of immersions.

Nevertheless, targeting commercial production, the current TIB systems have to
be improved, due to some limitations, such as the size of the vessels and their dis-
posability. We encountered issues with insufficient mixing which led to the accu-
mulation of coffee embryos forming compact aggregates. Furthermore, for some
Robusta clones, the top of the biomass reaches the cover of the vessel (Fig. 1b). In
this case, about 20,000 transplantable embryos can be collected from such cultures.
The embryos present a large heterogeneity in size, from precocious (1 mm) to the
fully expanded cotyledon stage (20 mm). Approximately, only half of the embryos
have a hypocotyl larger than 5 mm which is the main criterion to select the embryo
at the sowing time in the greenhouse. Most likely a non-uniform light distribution
inside the TIB may be responsible for differences in growth and quality among
embryos. When shoots are grown at a high density in a bioreactor and are illumi-
nated externally, light becomes a rate-limiting factor as it can only penetrate a few
centimetres through the compact biomass [45].

Consequently, we looked after large polycarbonate containers offering a greater
surface-to-volume ratio to overcome light limitation. Unfortunately, these trials
were not successful due to frequent contaminations at the level of the cover ring and
also because of the deformation of the polycarbonate with repeated autoclaving.
Therefore, the use of glass or rigid plastic TIBs at a commercial scale is possible
but with limited size and performances.

2.1.3 Disposable Bioreactors

Disposable containers, up to 0.5-L, are commonly used for industrial micropropa-
gation on semi-solid media. They are made of rigid polyethylene and bulk sterilized
by gamma radiation but they are not adapted for culture in liquid medium.

In India, a commercial facility was adapted for the production of shoots of sug-
arcane to a new system which uses 20x 30 cm polypropylene bags, without any
outlet and inlet ports [62]. After pouring 30 mL of sterile liquid medium under the
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laminar flow, the bags are inoculated with single plants which grow into a bunch of
plants within 1 month. The bags are closed with a heat-sealing machine and hung on
ropes in a greenhouse under natural light illumination. In a 50 m? greenhouse, 100,000
bags can be accommodated. According to the authors, once closed, the polypropylene
bags contain enough oxygen for the cultures. To avoid oxygen limitation in non-
ventilated bags, disposable vessels have been developed using fluorocarbon polymer
films (Neoflon® films, Daikin Industries, Ltd) [63]. This device, referred to as the
‘Culture Pack’, consists of a 3-L box-shaped culture vessel with an external stainless
steel frame. Due to the fluorocarbon polymer gas permeability, the culture pack
system has no adverse effect on shoot development of Cymbidium and Spathiphyllum.
Each vessel can contain 16 shoots growing on agar medium or on rock wool plugs
soaked with liquid medium.

The first disposable apparatus suitable for bulk-cultivation of propagules cited in
the literature is an airlift bioreactor: it is made of non-autoclavable clear flexible
plastic film, sterilized by gamma radiation, and has a vertical and conical shape
[64, 65]. This so-called LifeReactor® (Osmotek LTD, Rehovot, Israel) has a working
volume of 1 or 5 L and contains a sparger for bubble production. Meristematic
clusters were cultured in this disposable bioreactor to grow propagules of potato,
fern, banana and gladiolus [64]. The clusters’ biomass increased five- to eightfold
within 1 month. At the end of the culture, the propagules must be subcultured onto
agar medium for their development into plants which can be transplanted to the
greenhouse. This bioreactor has been adapted for temporary immersion culture just
by coupling two unit devices (Ebb and Flow Bioreactor®, Osmotek LTD, Rehovot,
Israel). For laboratories with limited resources, as in developing countries, a proce-
dure to make a simple version of 1 L or less of this temporary immersion bioreactor
was described [66].

Recently, commercial implementation based on 5- to 10-L autoclavable plastic
bags was mentioned for two major propagation laboratories in North America but
no details were given [67]. To produce metabolites, embryogenic calli of Allium
sativum were grown in 2-L plastic bags by wave-induced agitation [68].

As a conclusion, reports on micropropagation using disposable bioreactors made
of flexible plastic still remain much less frequent than those describing polycar-
bonate devices, such as RITA® or twin flask systems.

2.2 Box-In-Bag Bioreactors

By providing a larger surface-to-volume ratio, a horizontal design is more convenient
than a vertical one to produce micro-plants that can be directly transplanted from the
bioreactor to the greenhouse. However there is a serious concern about how to main-
tain a headspace between the immersion periods in a large and horizontal TIB made
of flexible plastic. This point can be solved by developing three types of containers:
(1) 3D structures such as cubes, (2) 2D bags with an external frame, and (3) 2D bags
with an internal frame. Cubic structures were tested but their fabrication was found
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Fig. 2a,b Box-in-bag temporary immersion bioreactor. a Diagram. b View of a 10-L bioreactor
at the end of the pregermination phase

to be too expensive for micropropagation purposes. In 2006, at the 27th International
Horticultural Congress (Seoul), we presented a very simple solution corresponding to
the third option and consisted of placing a rigid box inside a plastic bag (Fig. 2) [16].
This so-called ‘box-in-bag’ bioreactor is easier to handle than an empty bag having
an external frame. We describe a detailed account of how to prepare an example of
this bioreactor for the pre-germination of coffee somatic embryos.

Bags are made from a transparent plastic film composed of polyethylene and nylon
(CPL613, Charter Medical, Lydall Group, NC, USA) and are supplied closed on three
sides. They are 750x 420 mm in size and have two polyethylene ports moulded into
the film. The port A (12 mm diameter) is positioned above the bag; it is used for the
inoculation step and then for air outlet (Fig. 3a). The port B (7 mm diameter) is located
below the device and used for air inlet and medium entrance and exit.

A 50 x 30x 10 cm rigid box made of a transparent and ionisable plastic, for
instance polycarbonate (Gastronorm 1/2, Cambro, Huntington Beach, USA), is
introduced without its cover into the bag. The bottom of the box is perforated with
1-1.5 mm diameter holes, or better, with two 50 mm diameter holes in which
90 x 30 mm polyurethane foam disks are fixed (Tramopen 45 ppl, Javaux,
Maintenon, France) (Fig. 3b). One of the foam disks is located just above port B,
which functions as both the medium inlet and air entrance inlet. A funnel made of
silicone tubing is fixed through this disk to permit the rapid introduction of the
medium inside the box at the beginning of the immersion periods. Silicone tubing
is fixed to each port and female polycarbonate connectors and plugs (Cole Parmer,
Minneapolis, USA) are placed at their extremities (Fig. 3c). The fourth side is heat
sealed and the system gamma-sterilized (Ionisos, Sablé, France).
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Fig. 3a—d Details for the preparation of a 10-L box-in-bag temporary immersion bioreactor. a
Bag. b Box. ¢ Closing the bioreactor and preparation for sterilization. d Inoculation and connec-
tion to the medium vessel

The torpedo-shaped embryos are aseptically introduced into the bioreactor by using
an inoculator bottle connected to port A (Fig. 3d). A 0.2-um sterilizing air filter
(Midisart or Sartofluor, Sartorius, Germany) is then connected to this port. The glass
bottle containing 5 L of autoclaved medium is connected to port B. The whole system
is placed in the culture room, the medium tank beneath. The later is connected to a
compressed air source. During the culture, overpressure at 0.5 bar is applied through
the 0.2-mm vent filter of the reservoir bottle at repeated intervals, generally twice a day
for 6 min, forcing the medium into the bag. In these conditions, 5 L of medium can be
transferred in 1 min from the reservoir to the bioreactor. Fresh air is then injected inside
the bag which is inflated over a period of 5 min. Using CO, as a gas tracer, it has been
checked that this period of time is sufficient to refresh fully the atmosphere.
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2.3 Case Study: Coffee Somatic Embryogenesis

During the 1990s, three major progress steps led to the scaling up of somatic
embryogenesis of the allogamous species Coffea canephora (var. Robusta) by
reducing the labour cost input: (1) culture of embryogenic cells and torpedo stage
embryos in liquid media [9, 10, 12], (2) pre-germination from the torpedo to the
cotyledonary stage by temporary immersion in liquid media [50], and (3) ex vitro
germination by directly sowing cotyledonary stage embryos, without true leaves, in
the greenhouse [14, 69]. From 1996 to 2000, large-scale Robusta field trials were
set up representing a total of 12,000 somatic seedlings from ten clones. The trees
did not show major undesired somaclonal variation and no significant differences
were seen between the somatic seedlings and the microcutting-derived trees for the
observed morphological traits and the yield characteristics [15, 17].

Based on the progress mentioned above, a pilot process for large-scale produc-
tion of pre-germinated Robusta somatic embryos was implemented in our centre
[18]. Three operators can produce a total of 3.0 million pre-germinated embryos per
year using 10-L glass TIBs. A production cycle is started every month and requires
a total of 4-5 months to produce somatic embryos ready to be sown in the green-
house. A cycle can be summarized as follows:

— Each run starts from 60 g FW of embryogenic cells multiplied in liquid medium.

— For the production of torpedo stage embryos (Fig. 4a), the cells are transferred
into submerged cultures, stirred-tank bioreactor or Erlenmeyer flasks, inoculated
at a density of 1.0 g L—1.

— For pre-germination up to cotyledonary stage (Fig. 4b), the torpedo stage
embryos are transferred into 35-40 10-L glass TIBs. Each bioreactor is inocu-
lated with 30-60 FW g of embryos. When most of the embryos turn green,
generally within 2—4 weeks, the medium is replenished by fresh medium.

— Within 2-3 months, a total biomass of about 7-9 kg FW is collected from the
bioreactors, corresponding to 2-250,000 cotyledonary embryos.

A significant part of the labour is devoted to the handling and the cleaning of the glass
jars. However, this material is heavy and breakable. In 2005, we started trials to
develop bioreactors made of flexible plastic film. By a step-by-step approach, these
trials led us to the box-in-bag design (Fig. 4c). At the end of the pregermination
phase, the box-in-bag bioreactor can be easily cut to harvest the embryos (Fig. 4e).
We compared its performance to the 10-L glass jar TIB by inoculating the bioreactors
with the same quantity of embryos issued from the same cell lines. The biomass and
the number of embryos having a hypocotyl longer than 5 mm are significantly higher
than in the 10-L glass vessel (Table 1), probably because the area is 1,260 cm?, i.e.,
four times the area of the 10-L glass jars for a similar volume. The embryos look very
green and their ability to develop a plant is similar to those grown in the glass bottles.
This experiment confirms the importance of light intensity on embryo quality, as they
are greener and taller under higher light intensity conditions. In 2008, we are planning
to replace all the glass vessels by such disposable containers. A significant increase
in term of embryos produced per operator, about 50%, is expected.
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Fig. 4a—f Pilot process for the production of pre-germinated Robusta embryos. a Torpedo-stage
embryos. b Cotyledonary-stage embryos. ¢ A 10-L box-in-bag disposable bioreactor before inoculation.
d Overview of a culture room with disposable bioreactors. e View of cotyledonary embryos produced in
a disposable bioreactor. f Ex vitro germination for the conversion to fully developed plantlets

Table 1 Comparison of two types of 10-L temporary immersion bioreactors for the pre-
germination of Robusta somatic embryos (clone FRT23) (reproduced from [16])

Pregermination Ex vitro germination
TIB type Fw* Pregerminated embryos® Embryo-to-plantlet conversion rate®
¢/TIB nbr/TIB %
Glass jars 519 18,576 42
Box-in-bag 943 26,794 57
Se Se NS

“Means of three experiments
"Means of five replicates of 25 embryos
¢S: significant (P < 0.01)
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Considering germination tests conducted under a plastic tunnel in our green-
house (Fig. 4f), our current production capacity is enough to regenerate potentially
about 1.0 million plantlets. This potential can be increased up to 1.5-2.0 million if
the ex vitro germination is conducted under a microenvironment, achieved by placing
a transparent cover 2—3 cm above the embryos which would benefit from the positive
effect of the CO, released by horticultural media as peat or coconut fibres [19]. The
embryos are sent to coffee producing countries where they are sown in ex vitro
conditions under a tunnel plastic to develop plantlets bearing true pairs of leaves
within 4—-6 months. The plantlets are then grown in polyethylene bags in the nurseries
during 6-12 months before their transplantation to the field [18, 70].

2.4 Advantages and Limitations

The box-in-bag disposable TIB combines the advantages provided by the two types
of plastics, rigid and flexible. The rigid plastic box facilitates the manipulations,
maintains a culture headspace between the immersion periods and allows a hori-
zontal distribution of the biomass, allowing better oxygenation and illumination.
Moreover, the possibility of stacking several boxes one top of another makes this
system easy for transportation: it is possible to send in vitro plants keeping them
inside the bioreactor in which they have grown. The international exchanges of sterile
plant material are therefore greatly facilitated. The flexible plastic is a disposable
device (low cost, simple to operate) and offers a high process security and a great
versatility by allowing a large diversity in sizes and designs. Both plastics can be
used together as a mini-greenhouse for storage, shipment, hardening, and probably
even for ex vitro germination under microenvironment conditions.

The box-in-bag TIB is very easily scalable because its size can be increased
without the cost impact of custom-made moulders; a lot of rigid and translucent
plastic boxes of different sizes are commercially available, for instance from gath-
ering retailers. In order to illustrate the versatility it offers in design, we present a
very simple TIB consisting of a bag containing both embryos and medium (Fig. 5).
The immersion is simply achieved by manually moving the box into the medium.

The security of disposable devices allows the implementation of the cultures in
greenhouses instead of expensive culture rooms. Moreover, growth under natural
illumination is a relevant strategy to insure an excellent survival rates when the in
vitro plants are transferred to the soil [62]. The box-in-bag system also offers the
possibility for bulk-cultivation of coffee somatic embryos in photoautotrophic con-
ditions, i.e., without sugar and with CO2 enrichment. This culture method improves
the quality of the vitroplants when they are grown individualized on gelose media
or plugs [71-74]. Obviously, cultures conducted under photoautotrophic conditions
will only be efficient if the embryos are enough illuminated.

Unsatisfactory mixing sometimes remains a sticking point in this large TIB.
Nevertheless, if it is necessary to disperse the immersed embryos, the operator can
easily move the bag when it is inflated due to its light weight. It is not totally
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Fig. 5a,b Very simple temporary immersion bioreactor. a Diagram. b View at the end of the
pregermination phase

disposable because some components are too expensive, as the connector systems.
Moreover, it is not available ‘ready-to-be-used’ yet. We are investigating different
sizes and designs of ready-to-be- used bioreactor manufactured by Hegewald
Medizinprodukte (Lichtenberg, Germany).

3 Mass Plant Cell Culture and Metabolite Production

3.1 Disposable Bioreactors for Plant Cells

In order to minimise production costs, a few alternatives to traditional stainless
steel bioreactors have been developed [75-77]. Singh [75] developed a disposable
bioreactor with an original agitation apparatus, using an inflated bag placed on a
rocking mechanism that induces a wave-like motion to the liquid contained therein.
This system is mainly used for animal cell cultures. Few papers have been published
in plant cell domain, and only with small working volumes [68, 78, 79].

We are developing two new flexible, scalable, plastic disposable bioreactors [8].
The first is based on the principle of a wave/undertow mechanism providing con-
venient mixing and aeration to the plant cell culture (‘“WU bioreactor’). The second
is a new bubble column bioreactor that allows an easy increase of working volumes
(up to several hundred liters) with the use of multiple units (‘SB’ bioreactor). Both
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systems are pre-sterilized and have been designed to allow for medium introduc-
tion, inoculation and sampling.

To assess the performances of these two new systems, they will be compared in
terms of biomass accumulation (tobacco and soya) and isoflavone production
(soya) to two so-called ‘traditional’ systems: Erlenmeyer flasks and a 14-L stirred
tank bioreactor, which are widely used in the laboratory.

3.2 Wave and Undertow and Slug Bubble Bioreactors

3.2.1 Description

wu

The Wave and Undertow (WU) bioreactor consists of a large flexible plastic container
partly filled with medium and inflated with air (Fig. 6). The system is located on a hori-
zontal table equipped on one side with a moveable platform. The intermittent rising

movement of the platform to the rest point, and down/descending movement back to
initial position enable continuous mixing and aeration through the wave/undertow

s

\

\ Raising

\ \ / 1 platform
\ Wave
Headspace Cell Filters Harvest induction
culture
Air inlet
A
>
Exhaust

\ | |
Undertow

formation

Fig. 6 Schematic diagram of the WU bioreactor (reproduced from [8])
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motion. The platform ascension leads to the formation of a wave that propagates
through the bag and bounces off the extremity creating an undertow which returns to
the initial point. This action is repeated, creating a new impulse to ensure persistence of
flow within the WU bioreactor. Sterile air is continuously fed in the headspace. Wave/
undertow induction provides liquid culture mixing and bubble-free aeration. Oxygen
transfer is accomplished by transport from the headspace air to the liquid culture.

SB

The Slug Bubble (SB) bioreactor consists of a vertical flexible plastic cylinder
filled with medium up to circa 80% of its height (Fig. 7). Agitation and aeration are
achieved through the intermittent generation of large cylindrical single bubbles at

Ll \

Filter
- Slug bubble
| Cell culture

Valve
g
:l\[ E | Air inlet

Filter

Fig. 7 Schematic diagram of the SB bioreactor (reproduced from [8])
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the bottom of the system that rise to the top of the cylinder. These bubbles are
comparable to ‘Taylor bubbles’, or ‘slug bubbles’ [80-82]. These bubbles can be
described as long bullet-shaped bubbles, which nearly occupy the entire cross-
section of a pipe. The rear of the slug bubble is a region characterized by strong
mixing, where all transfer processes are enhanced. Mixing and oxygen transfer are
therefore achieved at the same time.

3.2.2 Engineering Aspects (Manufacturing/Working)

Both systems are entirely made of plastic components. They are either ‘home-
made’ or contract-manufactured and they are designed to allow air inlet, medium
introduction, inoculation, sampling and air outlet. They are maintained in an air-
conditioned room for temperature control.

WU

With regard to manufacturing, as the wave generation (which is the basis of the
agitation) leads to the bioreactor to be regularly bent (always at the same spot, from
200,000 to more than 1 million times in a batch), the plastic film used to manufac-
ture the WU needs to be flexible and capable of enduring this repeated movement.
Two types of plastic films have been found that can satisfy that demand: PVC
(polyvinylchloride) and PU (polyurethane).

Most systems have been built in-house from biopharmaceutical grade PVC
(Achilles, WA, USA); however this film displayed two main disadvantages. First, it
was so pliable that it loosened during system manufacture and during pressure test
leading to a non- symmetrical and extensible systems (that is of variable volume for
given lengths). Second, it was not flexible enough to avoid perforations, followed by
leaks, at the weakest points. Two PU films (a polyurethane ester and a polyurethane
ether, manufactured by Epurex Films, a Bayer MaterialScience company) have also
been used. However, whilst being flexible, they do not show the extreme extensibil-
ity displayed by the Achilles PVC, which permits bags to be manufactured more
easily and of constant volume. Finally, another PVC film, ‘Transfufol’, provided by
the company Lider, to whom the making of WU bags was contracted, has also been
used. For sterilisation, PVC films are autoclaved (Fedegari, Italy) for 40 min at
121 °C. PU films are sterilized by gamma radiation (12-25 kGy).

With regard to working, the pre-sterilized system is set up on the table and
undergoes a pressure test (air filling) to check for potential leaks. If the bag is intact,
medium can be added and the system prepared before inoculation. Platform move-
ments are simply achieved by pneumatic jacks located under the platform. The time
needed to allow for the platform to rise and stay up (T1), and the time necessary for
the platform to descend and stay down (T2) can be adjusted easily. Other parameters
are adjustable: the percentage of culture volume located on and lifted by the platform(s)
(v), the platform raising angle (o), and the air inlet flow rate (Q). The agitation
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Table 2 WU bioreactor volumes and dimensions
Total volume Length (L) Width (W) L/W Working Filling

L) (cm) (cm) volume (L) level (%)
60 175 35 5 20 33
30 50
200 280 55 5 70 33
100 50
750 390 75 5 250 33

Table 3 SB bioreactor volumes and dimensions

Unaerated
Total Working Diameter Floor Height suspension Aspect
volume (L) volume (L) (D) (cm) surface (cm?) (cm) height (cm) ratio (H/D)
14 10 8.5 60 250 175 21
24 20 11.0 100 250 210 19
64 50 18.0 250 250 200 10
90 70 18.0 250 350 280 15
135 100 20.2 320 350 310 21
175 125-150 22.5 400 420 315-380 14-17

intensity is adjusted depending on the batch volume and on the oxygen demand of
the cell strain (Table 2).

SB

With regard to manufacturing, the system is made from biopharmaceutical grade
polyethylene (CPL613; Charter Medical, Lydall Group, NC, USA) and gamma-
sterilized (Ionisos, France) or produced and pre-sterilized by Charter Medical using
the same flexible plastic film.

With regard to working, the pre-sterilized system is set up in a rigid plastic tube
and undergoes a pressure test (air filling) to check for leaks. As previously, if the bag
is intact, medium can be added and the system prepared before inoculation. The slug
flow regime is artificially produced by intermittent gas supply, using a solenoid
valve and compressed air. The valve relieves a predetermined quantity of air at the
given frequency. The quantity of air can be adjusted by changing the inlet pressure
(P), the valve opening duration (T1), or the bubble frequency (f). The usual inlet
pressure is from 0.03 to 0.05 MPa for 10-70 L (working volume) reactor. The cor-
responding averaged flow rates vary between 0.1 and 0.5 vvm, which is consistent
with values usually encountered with plant cell culture [29]. The aeration intensity
is defined according to the batch volume thanks to the programming device. The
rigid plastic tube (PVC) maintains the reactor vertical. A horizontal slot (3—7 cm
wide) is cut up lengthwise for the crossing of different inlets and outlets and the
observation of the culture. Table 3 presents different sizes of SB bioreactors.
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For both systems, aeration is achieved with compressed air sterilized trough
membrane air filter (Sartofluor, Sartorius AG, Germany). Culture medium is either
sterilized by autoclave and aseptically transferred to the systems, or sterilized by
membrane filtration (Sartobran, Sartorius AG, Germany).

3.2.3 Characteristics (k; a/O, Transfer)

The volumetric oxygen mass transfer coefficient (k a) of the Erlenmeyer flask,
stirred-tank bioreactor, WU and SB systems were measured in duplicate by the
dynamic gassing-out (air) method using a polarographic, temperature-compensated,
dissolved oxygen probe. The liquid (water) in the system is deoxygenated by gassing
nitrogen through the inlet filter. When the dissolved oxygen (DO) probe (Ingold)
reached 0% saturation, aeration and agitation were started and the rising DO is
recorded as a function of time. The value of k, a is defined as:

—dC =k,adt

(C*—C)

where C: oxygen concentration in the liquid at time t (mg L")
C*: oxygen solubility in the liquid (mg L")

For the Erlenmeyer flasks, the same procedure was used, the only difference
being that the O, probe is a Clark oxygen electrode immerged in the chamber body
of an oxygen system, through which the liquid from the Erlenmeyer flask circulates
along a closed circuit by a peristaltic pump. This system avoids the perturbations
provoked by the direct immersion of the probe in the Erlenmeyer flask.

Oxygen mass transfer coefficients measured in the WU bioreactor (Table 4)
were lower than those observed in a traditional stirred tank bioreactor, but compa-
rable to or higher than those encountered in Erlenmeyer flasks or other known
flexible disposable cell culture systems such as the Wave Bioreactor [68, 75].

Table 4 Volumetric mass transfer coefficient (k a)

Culture system Working volume  Agitation/aeration ka(h")
250-mL Erlenmeyer 100 mL 100 rpm 5
flasks
14-L stirred-tank 10L 0.04 vvm; 150 rpm 3
bioreactor 0.25 vvm; 200 rpm 15
0.5 vvm; 100 rpm 29
vvm
60-L WU 20L At given conditions 0.12 10
60-L WU 30L At given conditions 0.18 9
P Tl T2 vvm
24-L. SB 20L 0.04 0.5 7.0 0.31 7
0.5 4.0 0.49 16
64-L SB S0L 0.05 0.3 7.0 0.17 10
0.5 7.0 0.21 17

vvm: air flow rate (vvm); P: air inlet pressure (MPa); T1: valve opening duration (s); T2: time
interval between two successive valve openings (s)
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The Slug Bubble bioreactor showed good oxygen transfer capacities. Oxygen trans-
fer coefficients (Table 4) were comparable to coefficients for traditional culture systems
such as Erlenmeyer flasks and traditional bioreactors in the range of agitation and flow
rates compatible with the oxygen demand and low shear stress required for plant cell
cultures. As it might have been expected, these results also show that increasing the
valve opening time (bubble size) or the opening frequency (bubble frequency), both
leading to the increase of the average gas flow rate, resulted in higher k a values.

3.3 Case Studies: Tobacco and Soya Cell Cultures

3.3.1 Plant Material, Methods

The tobacco cell strain and the isoflavone-producing soya strain are grown in
250-mL Erlenmeyer flasks containing 100 mL medium on a gyratory shaker (New
Brunswick Scientific, USA) at 100 rpm (shaking diameter 20 mm), at 25 °C in
darkness. The Nicotiana tabacum L BY2 cell strain [83] is grown in MS compo-
nents [84] with KH PO, (270 mg L™ instead of 170 mg L), 0.2 mg L' of
2,4-dichlorophenoxyacetic acid and 30 g L' of sucrose, at pH 5.8 and subcultured
every week. The Glycine max (L.) Merr cell strain is cultivated in Gamborg
medium [85] supplemented with 30 g L' sucrose and 1 mg L' 2,4-dichlorophe-
noxyacetic acid at pH is 6.0 and subcultured every 2 weeks [4]. For both strains,
initial density is close to 30 g L' and medium is sterilized by autoclave (30 min
at 115 °C).

The stirred-tank bioreactor is a 14-L vessel (New Brunswick Scientific, USA)
equipped with a pitched blade impeller (10 L working volume). The bioreactor
containing 9 L of fresh medium is autoclaved for 40 min at 121 °C. Dissolved
oxygen is maintained at 30% by increasing or decreasing airflow rate. The bioreac-
tor is equipped with a sterilisable oxygen probe (InPro 6110, Ingold Mettler Toledo
GmbH, Switzerland), and a mass flowmeter. The stirrer speed is adjusted at
100 rpm. For cultures in WU bioreactors (10, 20, 30 and 100 L working volumes)
and SB bioreactors (10, 20, 50 and 70 L working volumes), medium addition, agita-
tion and aeration have been described earlier.

In all systems, inoculation is performed as follows: 14-day-old soya cells or
7-day-old tobacco cells are aseptically transferred from Erlenmeyer flasks or from
the stirred-tank bioreactor (for the WU and SB bioreactors) to the bioreactor via a
sterile container. The inoculum is prepared in order to reach circa 30 g L™! fresh
weight in the inoculated bioreactor.

Cell doubling time (td) is defined by the expression: td = In2/u, where (W), the
apparent growth rate, is calculated as:

In (final DW / initial DW)
H= At

during exponential growth phase.

Extraction and analysis of isoflavones are described in [8].
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3.3.2 Results

Tobacco Cell Culture

Figures 8 and 9 show an example of the growth kinetics currently obtained in the

different culture systems. Tobacco cells were cultivated in four different volumes in
the WU bioreactor and in the SB bioreactor. The results obtained were similar to
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Fig. 8 Growth of tobacco cell cultures in Erlenmeyer flasks, stirred-tank bioreactor and WU
bioreactor (reproduced from [8])

20
~ 151
-
2
E, 10 A
g
P —a—SB(20L)
Q 5| —e—SB(50L)
—&—SB(70 L)
—— STR(10 L)
S —o— Erlen
01 T T
0 5 10 15

Time (days)

Fig. 9 Growth of tobacco cell cultures in Erlenmeyer flasks, stirred-tank bioreactor and SB bio-
reactor (reproduced from [8])
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Table 5 Growth parameters of tobacco and soya cell cultures in Erlenmeyer flasks, 10-L stirred-
tank, WU and SB bioreactors

Tobacco cells Soya cells

Type of sys- Number of = Max dry Number of Max dry Doubling
tem (working independent  weight Doubling independent weight time
volume) experiments (g L) time (days) experiments (g L") (days)
Erlenmeyer 3 139+0.5 2.1x04 3 146+04 28=x0.6

flask®
STR (IOL)Y 3 144 +2.1 1.9+0.3 3 129+47 35=%1.5
WU (10 L) 2 136 +0.0 23=x0.1 1 14.3 2.5
WU (20 L) 4 128+19 23+04 5 13.8+1.8 32+0.7
WU (30 L) 3 126+13 2.0x02 2 165+05 24+02
WU (100L) 5 13.0+x1.1  23+0.3 2 155+0.1 220
SB (10 L) 2 172+06 2.0=x0.2 - - -
SB (20 L) 5 13.7+0.6 2.1x02 6 139+09 28=+0.3
SB (50 L) 3 142+12 2.0x04 3 14720 27x05
SB (70 L) 2 129+03 24=+0.1 - - -

*Erlenmeyer flask: 250 mL with 100 mL medium, 100 rpm on a gyratory shaker. 26 °C
°10-L stirred-tank bioreactor: New Brunswick bioreactor, 100 rpm, 0.25-0.5 VVM, 26 °C

Table 6 Isoflavone production

Max. Isoflavone concentration
Type of system (working volume) Number of experiments (mg g' DW)

Erlenmeyer flask® 6 61 +35

Stirred-tank bioreactor (10 L)° 3 28N + 20
WU (20 L) 5 398 + 39
SB (20 L) 6 23% + 11
SB (50 L) 3 48NS + 34

“Erlenmeyer flask: 250 mL with 100 mL medium, 100 rpm on a gyratory shaker. 26 °C

10-L stirred-tank bioreactor: New Brunswick bioreactor, 100 rpm, 0.25-0.5 VVM, 26 °C
ANOVA: NS: nonsignificantly different from Erlenmeyer flasks*:significantly different from
Erlenmeyer flasks; p < 0.05

those observed in traditional systems (Erlenmeyer flasks and bioreactor). This was
confirmed using data collected from several independent experiments (Table 5).
These results establish that cultivation in WU bioreactor with a 100 L working volume
can be used instead of a traditional stainless steel stirred tank bioreactor. For the SB
bioreactor, cultivation up to 70 L working volume has been demonstrated.

Soya Cell Culture and Isoflavone Production

The results are different from those obtained with tobacco cells (see Table 4): the stirred
tank bioreactor is the least efficient culture system. Soya cell suspensions are much
more aggregated (clump formation) than tobacco suspension. This result could be due
to a higher shear stress sensitivity of the cells due to mechanical impeller agitation. The
cultivation in WU and SB bioreactors is similar to cultivation in Erlenmeyer flasks.



110 J.P. Ducos et al.

Isoflavone production has been measured in three systems (20-L WU and SB
bioreactors, and 50-L SB bioreactors), in comparison with Erlenmeyer flasks and
stirred-tank bioreactor (Table 6). A large variability is observed between experi-
ments, whatever the culture system, showing that the optimal control of the culture
conditions for isoflavone production is not reached in any culture system. Statistical
analysis (ANOVA) confirms that the culture systems are not significantly different
from the Erlenmeyer flasks, except the SB bioreactor (20-L scale) which appears to
give lower concentrations. New culture systems are not detrimental to the produc-
tion of isoflavones, but further investigation is required to identify the key param-
eters linked to the biosynthesis and accumulation of isoflavones.

3.4 Scale-Up; Advantages and Limitations

3.4.1 Scale-Up and Volume Increase

Studies are still on-going to scale-up the systems, that is increase the working vol-
umes while maintaining similar growth conditions.

The WU systems are geometrically similar (constant bag length over width ratio) with
a filling level ranging from 33 to 50%; for a given size, increasing the filling level favours
the system compactness but also impacts the wave formation or quality and therefore the
growth conditions. For the SB bioreactor, the most crucial parameter is the column diam-
eter; a small increase deeply impacts the total volume but is also, at the same time, truly
detrimental to bubble formation and therefore to mixing and oxygenation.

Besides traditional scale-up as described above, both systems also present
another form of scaling-up. For large culture volumes, the WU bioreactor can be
adapted to grow the inoculum and the batch in the same bag (Fig. 10). The bioreactor
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Fig. 10 Growth of tobacco cell culture in two successive steps (10 and 100 L working volumes)
in a 200-L WU bioreactor (reproduced from [8])
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is partitioned during the first part of the culture (smaller surface area) before going
back to its initial shape when medium is added to grow the entire batch. This
technique can reduce the risks of contamination through successive inoculations
and decrease scale up time. Nevertheless, the difference of several parameters
(headspace volume, filling level, kLa, etc.) from one phase to the other has to be
studied to validate this improvement. For the SB bioreactor, running multiple
experiments in parallel or increasing production volumes can be rapidly achieved
having several culture systems close together (or even connected) in a small area.

3.4.2 Advantages and Limitations

The disposable systems described here offer many benefits and practical advan-
tages in comparison with traditional systems, especially lightness and versatility
and they also permit new designs (that would have been impossible in glass or
stainless steel, for example the WU system). The new design (and the novel agita-
tion mode) also implies new engineering studies to prove at least the innocuity, at
best the added value of these novel systems in comparison with well known and
trustable ancient systems, especially if these bioreactors are to be used in the biop-
harmaceutical industry. Improved or simplified designs finally mean less or no
maintenance and minimal needs for cleaning. Scale up is simplified and faster, up
to a certain limit, since flexible containers will not be able to hold large volumes
without any support. Working with disposable bioreactors instead of re-usable ones
also implies to trust and validate the manufacturer and/or the manufacturing proc-
ess (whether the systems are home-made or contract-manufactured) since each
bioreactor is a novel process unit.

4 Conclusion

There is a consensus according to which temporary immersion cultures will play
a dominant role on the future of plant micropropagation but ideal commercial
equipments have yet to be invented [86]. Particularly, it is a promising way to
easily optimize light illumination inside bulk cultures of plant tissues. So far, the
various illuminated bioreactors designed to introduce light to the cultures
through optical fibre are not yet efficient [45]. Nevertheless, one of the key
points is the quality of ports and welds: for a commercial implementation, this
material must be manufactured by plastic specialists. Scale-up of micropropaga-
tion may probably be facilitated by the commercialization of large and adapted
plastic bags. The box-in-bag bioreactor can be an example of such innovations
and a promising technology even if it is too early to say if such a disposable
device could be applied for other plant species or for the micropropagation from
shoots or other organogenic tissues.

The use of disposables is slowly but steadily increasing in the field of cell culture
where their advantages for the manufacturing of biopharmaceuticals are well-
known and largely agreed on [87]:
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Simplified facility design

Greater flexibility for small to medium scale operations

Modular manufacturing done in a ‘rapid factory’ based on disposable, pre-vali-
dated units that can be deployed very quickly

Producing otherwise uneconomical drug candidates

Possible multi-product facilities: multi-product manufacturing in one suite using
disposables will allow high capacity utilization

Disposables minimize cross contamination (cell therapy procedures)

The present chapter underlines the interest of developing disposable plastic-based
systems with two different applications in the field of plant biotechnology: small to
medium scale plant cell cultures can be easily obtained for biomass, metabolites or
recombinant proteins production; for plant propagation, the system we have devel-
oped is, to our knowledge, the first one allowing the routine production of millions
of coffee plantlets each year.

References

11.
12.

13.
14.

. Pétiard V, Courtois D, Masseret M, Delaunay P, Florin D (1987) Existing limitations and

potential applications of plant cells cultures. In: Neijssel OM, van der Meer RR, Luyben K
(eds) Proceedings 4th European Congress on Biotechnology, Elsevier, Amsterdam, p 157

. Courtois D, Yvernel D, Florin B, Pétiard V (1988) Phytochemistry 27:3137
. Verdelhan des Molles D, Gomord V, Bastin M, Faye L, Courtois D (1999) J Biosci Bioeng

87:302

. Federici E, Touche A, Choquart S, Avanti O, Fay L, Offord E, Courtois D (2003) Phytochemistry

64:717

. Girard LS, Bastin M, Courtois D (2004) Plant Cell Tissue Org Cult 78:253
. Girard LS, Fabis Y, Bastin M, Courtois D, Pétiard V, Koprowski H (2006) Biochem Biophys

Res Commun 345:602

. Sohier S, Courtois D (2007) Ginkgo biloba and production of secondary metabolites. In:

Kayser O, Quax W (eds) Medical plant biotechnology: from basic research to industrial appli-
cations, vol 2. Wiley-VCH, Weinheim, p 493

. Terrier B, Courtois C, Hénault N, Cuvier A, Bastin M, Aknin A, Dubreuil J, Pétiard V (2007)

Biotechnol Bioeng 96:914

. Zamarripa A, Ducos JP, Bollon H, Dufour M, Pétiard V (1991) Café Cacao 35:233
. Zamarripa A, Ducos JP, Tessereau H, Bollon H, Eskes AB, Pétiard V (1991) Developpement

d’un procédé de multiplication en masse du caféier par embryogenese somatique en milieu
liquide. In: ASIC (ed) Proceeding of 14th Colloquium of International Coffee Science
Association. ASIC, Vevey, p 392

Ducos JP, Bollon H, Pétiard V (1993) Appl Microbiol Biotechnol 39:465

Ducos JP, Zamarripa A, Eskes A, Pétiard V (1993) Production of somatic embryos of coffee
in a bioreactor. In: ASIC (ed) Proceeding of 15th Colloquium of International Coffee Science
Association. ASIC, Vevey, p 89

Jehan H, Courtois D, Ehret C, Lerch K, Pétiard V (1994) Plant Cell Rep 13:671

Ducos JP, Gianforcaro M, Florin B, Pétiard V, Deshayes A (1999) A technically and economi-
cally attractive way to propagate elite Coffee canephora (Robusta) clones: in vitro somatic
embryogenesis. In: ASIC (ed) Proceeding of 18th Colloquium of International Coffee Science
Association. ASIC, Vevey, p 295



Disposable Bioreactors for Plant Micropropagation and Mass Plant Cell Culture 113

15.

16.
17.
18.
19.
20.

21.
22.
23.
24.
25.
26.
27.

28.
29.
30.
31

32.

33.

34.
35.
36.
37.
38.
39.
40.

41.

42.
43.

44,
45.
46.
47.
48.

49.

Ducos JP, Alenton R, Reano JF, Kanchanomai C, Deshayes A, Pétiard V (2003) Euphytica
131:215

Ducos JP, Chantanumat P, Vuong P, Lambot C, Pétiard V (2007) Acta Hortic 764:33

Ducos JP, Lambot C, Pétiard V (2007) Int J Plant Dev Biol 1:1

Ducos JP, Labbé G, Lambot C, Pétiard V (2007) In Vitro Cell Dev Bio-Plant 43:652

Ducos JP, Prevot A, Lambot C, Pétiard V (2007) Acta Hortic In press

Ammirato PV, Styer DJ (1985) Strategies for large scale manipulation of somatic embryos in
suspension cultures. In: Zaitlin M, Day P, Hollaender A (eds) Biotechnology in plant science:
relevance to agriculture in the eighties. Academic Press, New York, p 161

Ziv M (1991) Isr J Bot 40:145

Takayama S, Akita M (1994) Plant Cell Tissue Org Cult 39:147

Tisserat B, Vandercook CE (1985) Plant Cell Tissue Org Cult 5:107

Aitken-Christie J, Jones C (1987) Plant Cell Tissue Org Cult 8:185

Krueger S, Robacker C, Simonton W (1991) Plant Cell Tissue Org Cult 27:219

Simonton W, Robacker C, Krueger S (1991) Plant Cell Tissue Org Cult 27:211
Hvoslef-Eide AK, Preil W (2005) Liquid culture systems for in vitro plant Propagation.
Springer, Dordrecht

Dutta Gupta S, Ibaraki Y (2006) Plant tissue culture engineering. Springer, Dordrecht
Misawa M (1994) Plant tissue culture: an alternative for production of useful metabolites. FAO
Agricultural Services Bulletin No 108. Food and Agriculture Organization of the United
Nations, Rome

Mulabagal V, Tsay H (2004) Int J Appl Sci Eng 2:29

Takahashi S, Fujita Y (1991) Production of shikonin. In: Komamine A, Misawa M, Di-Cosmo F
(eds) Plant cell culture in Japan. CMC, Tokyo, p 72

Hibino K, Ushiyama K (1999) Commercial production of ginseng by plant tissue culture
technology. In: Fu TJ, Singh G, Curtis WR (eds) Plant cell and tissue culture for the produc-
tion of food ingredients. Kluwer, New York, p 215

Matsubara K, Fujita S (1991) Production of berberine. In: Komamine A, Misawa M, Di
Cosmo F (eds) Plant cell culture in Japan. CMC, Tokyo, p 39

Venkat K (1998) Pure Appl Chem 70:2127

Hellwig S, Drossard J, Twyman RM, Fischer R (2004) Nat Biotechnol 22:1415

Choi SM, Lee O, Kwon S, Kwak SS, Yu D, Lee HS (2003) Biotechnol Lett 25:213

Gao J, Hooker BS, Anderson DB (2004) Prot Exp Purif 37:89

McDonald KA, Hong LM, Trombly DM, Xie Q, Jackman AP (2005) Biotechnol Prog 21:728
Soderquist RG, Lee JM (2005) Plant Cell Rep 24:127

Sorrentino A, Schilberg S, Fischer R, Rao R, Porta R, Mariniello L (2005) Int J Biochem Cell
Biol 37:852

Shaaltiel Y, Bartfeld D, Hashmueli S, Baum G, Brill-Almon E, Galili G, Dym O, Boldin-
Adamsky SA, Silman I, Sussman JL, Futerman AH, Aviezer D (2007) Plant Biotechnol J 5:579
Peebles CAM, Gibson SI, Shanks JV, San KY (2007) Biotechnol Prog 23:1517

Warzecha H, Frank A, Peer M, Gillam EMJ, Guengerich FP, Unger M (2007) Plant Biotechnol
J5:185

Yoshioka T, Fujita Y (1988) Economic aspects of plant cell biotechnology. In: Pais MS,
Mavituna F, Novais JM (eds) Plant cell biotechnology. Springer, Berlin, p 475

Takayama S, Akita M (2006) Bioengineering aspects of bioreactor in plant propagation. In:
Dutta Gupta S, Ibaraki Y (eds) Plant tissue culture engineering. Springer, Dordrecht, p 83
Weathers PJ, Giles K (1988) In Vitro Cell Dev Bio-Plant 24:727

Adelberg J (2004) In Vitro Cell Dev Bio-Plant 40:245

Adelberg J (2006) Agitated, thin-films of liquid medium for efficient micropropagation. In:
Dutta Gupta S, Ibaraki Y (eds) Plant tissue culture engineering. Springer, Dordrecht, p 101
Alvard D, Cote F, Teisson C (1993) Plant Cell Tissue Org Cult 32:55

50. Berthouly M, Dufour M, Alvard D, Carasco C, Alemano L, Teisson C (1995) Coffee micropropa-

gation in a liquid medium using the temporary immersion technique. In: ASIC (ed) Proceeding
of 16th Colloquium of International Coffee Science Association. ASIC, Vevey, p 514



114

S1.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.
70.

71.
72.

J.P. Ducos et al.

Etienne H, Bertrand B, Anthony F, Cote F, Berthouly M (1997) L’embryogenese somatique: un
outil pour I’amélioration genetique du caféier. In: ASIC (ed) Proceeding of 17th Colloquium
of International Coffee Science Association. ASIC, Vevey, p 457

Akula A, Becker D, Bateson M (2000) Plant Cell Rep 19:1140

Alister BM, Finnie J, Watt MP, Blakeway F (2005) Use of temporary immersion system
(RITA®) for production of commercial Eucalyptus clones in Mondi Forests (SA). In: Hvoslef-
Eide AK, Preil W (eds) Liquid culture systems for in vitro plant propagation. Springer,
Dordrecht, p 425

Escalona M, Lorenzo JC, Gonzales B, Daquinta M, Gonzales JL, Desjardins Y, Borotto CG
(1999) Plant Cell Rep 18:743

Jimenez-Gonzales E (2005) Mass propagation of tropical crops in temporary immersion sys-
tems. In: Hvoslef-Eide AK, Preil W (eds) Liquid culture systems for in vitro plant propaga-
tion. Springer, Dordrecht, p 197

Hempfling T, Preil W (2005) Application of a temporary immersion system in mass propaga-
tion of Phalaenopsis. In: Hvoslef-Eide AK, Preil W (eds) Liquid culture systems for in vitro
plant propagation. Springer, Dordrecht, p 231

Pack KY, Chakrabarty D, Hahn EJ (2005) Application of bioreactor systems for large scale
production of horticultural and medicinal plant. In: Hvoslef-Eide AK, Preil W (eds) Liquid
culture systems for in vitro plant propagation. Springer, Dordrecht, p 96

Damiano C, La Starza SR, Monticelli S, Gentille A, Carboni E, Frattarelli A (2005)
Propagation of Prunus and Malus by temporary immersion. In: Hvoslef-Eide AK, Preil W
(eds) Liquid culture systems for in vitro plant propagation. Springer, Dordrecht, p 243
Gontier E, Piutti S, Gravot A, Milesi S, Grabner A, Massot B, Lievre K, Tran M, Goergen JL,
Bourgaud F (2005) Development and validation of an efficient low cost bioreactor for furano-
coumarin production with Ruta graveolens shoot cultures. In: Hvoslef-Eide AK, Preil W (eds)
Liquid culture systems for in vitro plant propagation. Springer, Dordrecht, p 509

Wilken D, Jiménez Gonzalez E, Hohe A, Jordan M, Gomez Kosky R, Hirshmann G, Gerth A
(2005) Comparison of secondary plant metabolite production in cell suspension, callus culture
and temporary immersion system. In: Hvoslef-Eide AK, Preil W (eds) Liquid culture systems
for in vitro plant propagation. Springer, Dordrecht, p 525

Etienne H, Berthouly M (2002) Plant Cell Tissue Org Cult 69:215

Savangikar VA, Savangikar C, Daga RS, Pathak S (2005) Potentials for cost reduction in a
new model of commercial micropropagation. In: Hvoslef-Eide AK, Preil W (eds) Liquid
culture systems for in vitro plant propagation. Springer, Dordrecht, p 403

Tanaka M, Jinno K, Goi M, Higashiura T (1988) Acta Hortic 230:73

Ziv M, Ronen G, Raviv M (1998) Proliferation of meristematic clusters in disposable presteri-
lized plastic bioreactors for the large-scale micropropagation of plants. In Vitro Cell Dev
Bio-Plant 34:152

Ziv M (2005) Simple bioreactor for mass propagation of plants. In: Hvoslef-Eide AK, Preil W
(eds) Liquid culture systems for in vitro plant propagation. Springer, Dordrecht, p 79

Levin R, Tanny G (2004) Bioreactors as a low cost option for tissue culture. In: IAEA (ed)
Low cost options for tissue culture technology in developing countries. IAEA, Vienna, p 47
Sluis CJ (2006) Integrating automation technologies with commercial micropropagation. In:
Dutta Gupta S, Ibaraki Y (eds) Plant tissue culture engineering. Springer, Dordrecht, p 231
Eibl R, Eibl D (2006) Design and use of the wave bioreactor for plant cell culture. In: Dutta
Gupta S, Ibaraki Y (eds) Plant tissue culture engineering. Dordrecht, Springer, p 203
Etienne-Barry D, Bertrand B, Vasquez N, Etienne H (1999) Plant Cell Rep 19:111

Sanpote S, Ducos JP, Lambot C, Kunasol T, Kasinkasaempong K, Chantanumat P, Pétiard V
(2006) First industrial massive propagation of Coffea canephora through somatic embrygenesis
organized in Thailand. In: ASIC (ed) Proceeding of 21th Colloquium of International Coffee
Science Association. ASIC, Vevey, In press

Kosai T, Kubota C, Jeong BR (1997) Plant Cell Tissue Org Cult 51:49

Kosai T, Xiao Y (2006) A commercialized photoautotrophic micropropagation system. In:
Dutta Gupta S, Ibaraki Y (eds) Plant tissue culture engineering. Springer, Dordrecht, p 355



Disposable Bioreactors for Plant Micropropagation and Mass Plant Cell Culture 115

73.
74.
75.
76.
1.

78.
79.

80.
81.
82.
83.

84.

85.
86.

87.

Afreen F, Zobayed SMA, Kozai T (2002) Ann Bot 90:20

Zobayed SM, Afreen F, Xiao Y, Kozai T (2004) In Vitro Cell Dev Bio-Plant 40:450

Singh V (1999) Cytotechnology 30:149

Hsiao TY, Bacani FT, Carvahlo EB, Curtis WR (1999) Biotechnol Prog 15:114

Curtis WR (1999) Achieving economic feasibility for moderate-value food and flavor addi-
tives: a perspective on productivity and proposal for production technology cost reduction. In:
Fu TJ, Singh G, Curtis WR (eds) Plant cell culture for the production of food ingredients.
Kluwer, New York, p 225

Palazon J, Mallol A, Eibl R, Lettenbauer C, Cusidé RM, Piniol MT (2003) Planta Med 69:344
Bentebibel S, Moyano E, Palazon J, Cusidé RM, Bonfill M, Eibl R, Pifiol MT (2005)
Biotechnol Bioeng 89:647

Davies RM, Taylor G (1950) Proc R Soc A London 200:375

Nicklin DJ, Wilkes JO, Davidson JF (1962) Trans Inst Chem Engrs 40:61

Sousa RG, Riethmuller ML, Pinto AMFR, Campos JBLM (2005) Chem Eng Sci 60:1589
Nagata T (2004) When I encountered tobacco BY-2 cells! In: Nagata T, Hasezawa S, Inzé D (eds)
Tobacco BY-2 cells. Biotechnology in agriculture and forestry, vol 53. Springer, Berlin, p 1
Murashige RS, Skoog F (1962) Physiol Plant 67:603

Gamborg OL, Miller RA, Ojim K (1968) Ex. Cell Res 50:151

Preil W (2005) General introduction: a personal reflection on the use of liquid media for in
vitro culture. In: Hvoslef-Eide AK, Preil W (eds) Liquid culture systems for in vitro plant
propagation. Springer, Dordrecht, p 1

Langer ES, Price BJ (2007) BioPharm Int 48-56



	Disposable Bioreactors for Plant Micropropagation and Mass Plant Cell Culture
	1 Introduction
	2 Micropropagation and Somatic Embryo Cultures
	2.1 Bioreactors for Plant Propagation
	2.1.1 Usual Bioreactors
	2.1.2 Temporary Immersion Bioreactor
	2.1.3 Disposable Bioreactors

	2.2 Box-In-Bag Bioreactors
	2.3 Case Study: Coffee Somatic Embryogenesis
	2.4 Advantages and Limitations

	3 Mass Plant Cell Culture and Metabolite Production
	3.1 Disposable Bioreactors for Plant Cells
	3.2 Wave and Undertow and Slug Bubble Bioreactors
	3.2.1 Description
	Wu
	Sb

	3.2.2 Engineering Aspects (Manufacturing/Working)
	Wu
	Sb

	3.2.3 Characteristics (kLa/O2 Transfer)

	3.3 Case Studies: Tobacco and Soya Cell Cultures
	3.3.1 Plant Material, Methods
	3.3.2 Results
	Tobacco Cell Culture
	Soya Cell Culture and Isoflavone Production


	3.4 Scale-Up; Advantages and Limitations
	3.4.1 Scale-Up and Volume Increase
	3.4.2 Advantages and Limitations


	4 Conclusion
	References




