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STELLINGEN
Door het toevoegen van een zorgvuldig geselecteerd organisch solvent of adsorbent aan een
plantecelcultuur kan de excretie van secundaire metabolieten aanzienlijk verhoogd worden.

Dit proefschrift

Het begrip 'continu cultuur' wordt in de plantecelbiotechnologische literatuur vaak ten
onrechtegebruiktvoorsystemen waarbij alleenhetmedium ennietdecellen continu stromen.

Rhodes, M.J.C., Robins, R.J., Hamill, J. and Parr, A.J., 1986, New Zealand Journal of
Technology, 2, 59-70

Hoewel Stoicheva et al. schrijven dat hun resultaten met betrekking tot de relatie tussen de
polariteitvansolventsendelevensvatbaarheid vangistcellen inaanwezigheid vandie solvents
overeenkomen met de bevindingen van Brink en Tramper en van Laane et al., blijkt uit hun
meetgegevens het tegenovergestelde.

Stoicheva, N.G., Davey, C.L., Marfoc, G.H. and Kell,D.B., 1989,Biocatalysis, 2, 245-255
Brink, L.E.S. and Tramper, J., 1985, Biotechnology & Bioengineering, 27, 1258-1269
Laane, C , Boeren, S., Vos, K. and Veeger, C , 1987,Biotechnology & Bioengineering, 30,
81-87

De kwaliteit van het werk van wetenschappelijk onderzoekers kan aanmerkelijk worden
verbeterd door het aannemenvan voldoende analisten of technici. De kwaliteit van het werk
van analisten en technici kan aanmerkelijk worden verbeterd door hen in de gelegenheid te
stellen aktief deel te nemen aan wetenschappelijke bijeenkomsten.

Het oprichten van een samenwerkingsverband leidt niet automatisch tot samenwerking.

6.

De verschijning van steeds raeer boekenbijlagen in kranten en weekbladen maakt het
onmogelijk de daarin besproken boeken nog te lezen.

Het is met zwemmen als met het bedrijven van de wetenschap: zolang men vlak achter de
koploper ligt, lijkt het bijzonder eenvoudig deze in te halen. Wanneer dit eenmaal is gelukt
en men op kop ligt, blijkt het zeer moeilijk deze positie te handhaven.

Hetaantal aangedreven wielen,spoilers,sportstrepenendergelijkedateenautobezitterop zijn
auto laat aanbrengen is omgekeerd evenredig met zijn mate van zelfvertrouwen.

Het verbod op wapenleveranties aan landen in oorlog veronderstelt ten onrechte dat wapens
gebruikt kunnen worden voor vreedzame doeleinden.

10.

Gezien de openingstijden van 'chemokarren' gaat men ervan uit dat in huishoudens louter
bestaand uit werkende personen geen chemisch afval geproduceerd wordt.

11.

Het achterblijven van de emancipatie in restaurants, tot uiting komend in het eerst bedienen
van devrouwelijke gasten, gecombineerd metde etiquettete wachtentot iedereen bediend is,
leidt er nog altijd toe dat vrouwen daar hun maaltijden doorgaans enkele graden kouder
moeten consumeren dan mannen.

Stellingenbehorend bijhetproefschrift: 'Production and excretionof secondary metaboliteswithplant
cell cultures of Tagetes'.

Nettie Buitelaar, 13december 1991

VOORWOORD

Het proefschrift dat hier voor u ligt is het resultaat van vier jaar onderzoek bij Proceskunde.
Eenproefschrift heeft, netalsveel anderezaken inhet leven,deeigenschap datjehet nietalleenvoor
elkaar krijgt, en daarom wordt het voorwoord meestal voornamelijk gebruikt om allebetrokkenen te
bedanken. Zo ook hier, hopelijk ben ik niemand vergeten.
Natuurlijk begin ik met Hans Tramper, mijn promotor, maar ook een hele goede vriend. Naast de
velediscussiesoverhetwerk endepublikaties, waarbij vooralveel streepjes gezet enweer verwijderd
werden, hebben we bijvoorbeeld ook de afgelopen jaren velehonderden kilometers achter elkaar aan
gezwommen enheel watflessen Rioja leeggedronken, alofnietonderhetmomvaneen bridge-avond.
Vooral dezecombinatievan een goedezakelijke en eengoedepersoonlijke bandheb ikaltijd heel erg
gewaardeerd.
Ruime belangstelling en inzet voor mijn onderzoek is er gelukkig altijd geweest van de kant van
studenten en buitenlandse medewerkers. Isabel Canales, Teresa Cesario, Peter Fredrix, Peter
Geerlings, Ruud den Hartog, Renze Heidstra, Alette Langenhoff, Imke Leenen, Gijs van Rooijen,
Jurriaan Schlatmann, Inaki Susaeta, Marian Vermue en Everhard de Vries, zonder jullie werk was
dit boekje lang niet zo dik geweest.
In het dagelijkse leven is de sfeer op het werk altijd erg belangrijk; gelukkig was (is) die sfeer bij
Proceskunde altijd leuk en vrolijk. Naast de gezamenlijke reizen, uitstapjes en avonden waren ook
de gewone dagen altijd gezellig. Voor de samenwerking en collegialiteit wil ik alle proceskundigen,
en vooral mijn kamergenoten, bedanken.
In debiotechnologie staat multidisciplinairwerken altijd hoog inhetvaandel. Ook bijditprojekt was
dat het geval. Dit onderzoek isuitgevoerd in het kader van NOVAPLANT, en ik wil graag de leden
van deze groep ookbedanken voor de samenwerking en voor de stimulerende discussies die er soms
gevoerd werden op de NOVAPLANT bijeenkomsten.
Speciaal wil ikook nog dediverse afdelingen van deCentrale Dienst bedanken voor het vakwerk dat
ze altijd afleverden. Met name met de fotolokatie, detekenkamer en de service afdeling heb ik altijd
zeer goede ervaringen gehad.
Tot slot wil ik mijn beide ouders bedanken voor de mogelijkheden die ze mij geboden hebben.
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SHORT INTRODUCTION

Thesubject ofthisPh.D. thesis isthe stimulationofthesecondary metaboliteproduction byplant cell
cultures.
This promising field does not yet know many commercial successes, due to the slow growth of the
cells, the low productivity and the instabilityof the cell cultures. Several ways existto alleviate these
problems.
The introduction of hairy root cultures, produced by infecting plants withAgrobacteriumrhizogenes
and bringing the resulting hairy roots in culture, has been a major step forward. The hairy root
cultures consist of differentiated tissue, which results in a better stability and also in higher growth
rates and productivities.
The use of elicitors can also help to improve the productivity of the plant cell or hairy root cultures.
The selection of the right elicitor is, however, still a matter of trial and error.
Apart from thesebiological approaches, themanipulation oftheengineering conditionscanhavevery
valuable consequences as well.
The immobilization of plant cells can protect them from the prevailing shear forces, and it is also
reported to have a stimulating effect on the productivity of the plant cell cultures in some cases.
Furthermore, the use oftwo-phase cultures, either liquid-liquid or liquid-solid, could alsobe of great
importance for the in situ extraction of the product, thus facilitating more efficient downstream
processing procedures.
The plant cell cultures used in the present study were derived from Tagetesspp. (marigolds), that
produce thiophenes, compounds with a strong biocidal activity.
The organization of this thesis is as follows. The first chapter provides an overview of recent
literature on the methods used to enhance the productivity of plant cell cultures, and can be seen as
an introduction to the thesis. In the second chapter, the results are presented of immobilization
experiments on a small and on a large scale using the resonance nozzle, with various gel types for
which gelling in organic solvents is required. The reactions of four cell types (bacteria, yeast, plant
cells and insect cells) to these circumstances were tested. In chapter three, the influence of the
additions of various organic solvents on cell cultures of Tagetesminuta was tested. From there on,
all the other experiments have been carried out with hairy root cultures of Tagetespatula. Chapter
four givesacomparison ofseveral methodsavailablefor thehairy rootbiomassestimation inreactors.
In chapter five the influence of various organic solvents on the behaviour of the hairy roots in shake
flasks and bioreactors isdescribed. Chapter sixprovides similar information abouttheuseof aqueous

two-phase systems. Chapter sevengivestheresultsoftheadditionof several elicitorstothehairy root
cultures and chapter eight integrates this use of elicitors with the use of a solid second phase.
In the final chapter, a general discussion of the previous chapters is provided.

Chapter1

STRATEGIES TOIMPROVE THEPRODUCTION OF SECONDARY
METABOLITES WITH PLANT CELL CULTURES
A LITERATUREREVIEW

R.M. BUITELAAR AND J. TRAMPER

Accepted for publication in the Journal of Biotechnology

Chapter 1
INTRODUCTION

The production of secondary metabolites with plant cells has been the subject of much research the
last years. The expectations were high since the market introduction of the first commercial product
made with this technique, shikonin made with cell cultures ofLithospermum erythrorhizon in Japan.
In spite of the huge amount of research effort that has been put into this topic, not many products
have reached the commercial stage since then. It is generally acknowledged that the main problem
inthis field isthe lack of basic knowledge of the biosynthetic routes, and the mechanisms behind the
productionofsecondary metabolites.Thereare,however, sometechniquesthathavebeneficial effects
on the production and excretion in many cases, and they will be reviewed in this paper.
The subjects treated will be the application of elicitors that can stimulate production and excretion,
the immobilization of plant cells, the use of two-phase systems to enhance the excretion of secondary
metabolites, theuseof selected fermenters for thegrowth ofthecells and theproduction of secondary
metabolites, models that describe the phenomena during growth and production, and the commercial
processes that exist at this moment, including some economic considerations.
Although the discussed strategies have proven to work in a number of cases, there is still no general
approach that guarantees a long-term, high producing process with plant cell cultures, indicating the
need for an increase of the research activities in this field.

ELICITATION

Introduction
Oneof themethods frequently used to increasethe productivity of plant cell cultures istheuseof socalled elicitors. Elicitors canbe all types of compounds, thatprovoke (theincrease of) the production
of phytoalexins. Phytoalexins are antibiotically active compounds, and by that important factors in
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the resistance of plants to microbial attack. Many secondary metabolites belong to the group of
phytoalexins. So, if the right elicitor can be found, it is possible to enhance the production of the
desired secondary metabolite.

Terminology
The terminology with respect to elicitors is not well-defined. Some authors, like Eilert (1987), who
cited the IAPTC VI Congress in 1986, propose to reserve the term 'elicitor' for biotic factors only.
Those elicitors can be plant-derived, endogenous elicitors, or they can be micro-organism-derived.
The term 'abiotic elicitor' is sometimes used for physical and chemical stress factors that can also
induce product formation, factors like UV light, extreme temperatures, ethene, heavy metals and so
on. According to the conclusions of the same Congress, itisbetter to use theterm 'stress factor', or
abiotic stress, in this case.

Mode of action
Although there is still much uncertainty about the mechanisms involved in elicitation, Eilert (1987)
mentions four different types of action for microbe/plant interactions:
*Direct release of the elicitor by the micro-organism and recognition by the plant cell
*Microbial enzymes release plant cell wall components, which then act as elicitors
*Plantenzymes release cellwall components from themicro-organisms, which inturn induce
phytoalexin formation in the plant cells
*Elicitor compounds, endogenous and constitutive in nature, are formed or released by the
plant cell in response to various stimuli.
Thesefour mechanisms aredefined for wholeplants and notfor plantcell cultures,but itislikely that
the mechanisms will be similar in both cases.

Parameters
The effectivity of an elicitor treatment isdependent on many factors. In the first place, the choiceof
the right elicitor isof utmost importance. Unfortunately, no general rules exist to predict whether or
not a given elicitor/cell culture combination will be successful. There can even be a pronounced
difference in susceptibility to microbial attack between two cultivars of the same species, as was
demonstrated by Barz et al. (1988) with Cicer arietinum cell suspensions producing pterocarpan
phytoalexins upon elicitation with Ascochyta rabiei.
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Onceasuitableelicitor isfound, stillmany factors remaintobeoptimized. Important parameters are:
the elicitor concentration, the cell concentration, the culture age at the time of elicitor addition, the
contact period between cells and elicitor, and the culture and nutrient conditions. All of these
parameters have an optimum or amost suitablerange and the effect can be dramatic. Buitelaar et al.
(1991c) for example, found an increase in thiopheneproduction by hairy roots of Tagetespatvia of
over 300% between day 1and day 2 after the elicitation with Fusariumoxysporum extracts (Figure
1.1). At day 4, the thiopheneproduction was back at its initial level. So, the harvest time is a factor
of importance as well.

1
2
Timeafterelicitation,days

3

Figure 1.1
Thiophene concentration inhairy root cells of Tagetespatula after elicitationwith 0.2% ofFusarium
oxysporum extract. Adapted from Buitelaar et al. (1991c). FW is fresh weight.
Examples
One of the most intensively studied and commonly used biotic elicitors is derived from the fungus
Phytophthora megasperma. Several fractions prepared from this fungus showed an increase in the
activityof theenzymephenyl ammonia lyase (PAL), generally recognized asoneofthekey enzymes
in the process of induction of secondary metabolite synthesis. As an example, with Glycinemax cell
cultures, the production of the secondary metabolite glyceollin was increased upon addition of this
elicitor (Ebel et al., 1976, Ebel et al., 1989 and Ayers et al., 1976). Although this elicitor is active
in many plant cell cultures, there are some resistant species, like e.g. Eschscholtzia californica, at
which this elicitor had no effect at all (Schumacher et al., 1987).

8
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Another commonly used elicitor is yeast (Saccharomycescereviseae) or yeast extract. This elicitor
is said to be similar in both structure and absolute elicitor efficiency to an elicitor isolated from the
mycelial walls of Phytophthoramegasperma (Hahn and Albersheim, 1978). With yeast extract, the
production of berberine by Thalictrum rugosum cells was increased up to four times and the
productionof alkaloidsbyEschscholtziacalifornicawasincreased aboutthirtytimes (Brodeliuset al.,
1989). PAL-activity was proven to increase upon addition of yeast to Glycinemax and Thalictrum
rugosum cell cultures (Funk et al., 1987).
Other elicitors from microbial origin that are commonly used for elicitation are among others:
Aspergillusniger,Pseudomonasaeruginosa,Escherichiacoli,Bacillussubtilis,Staphylococcusaureus
and Penicillium expansum (van der Heijden, 1989).
Of the abiotic stress factors, especially calcium is an interesting one. The evidence is growing that
the calcium ion can act as a second messenger in the regulation of secondary metabolite production
by plant cells. Kurosaki et al., (1987) were struck by the fact that many different elicitors provoked
a similar phytoalexin production in cells of Daucus carota, indicating that this specific secondary
metaboliteproduction wasmediated byso-called secondmessengers likeCa2+ andcAMP.They found
that the omission of calcium from the medium resulted in a decreased 6-methoxymellein production,
and concluded after numerous other experiments that calcium, together with cAMP, played a
determining role in the production of secondary metabolites.
Ethenehas also been suggested as an elicitor. For example, Cho et al. (1988) found thatthe addition
of a precursor of ethene (Ethephon or 2-chloroethyl phosphonic acid) improved the production of
berberine by Thalictrumrugosumcellsby 30% andtheproduction of caffeine by Coffeaarabicacells
with 85%.However, in experiments with hairy roots of Tagetespatula, Buitelaar et al. (1991c) did
not find any positive effect of Etephon at all.

Conclusions
The general conclusion oftheelicitor/plantcell work mustbethat for each specific case, thetrial and
error process of finding the right elicitor must be passed through. No general rules exist until now
in this field. After this, all important parameters have to be optimized. Before the whole process of
elicitation is fully elucidated, much research effort has to be carried out.

Chapter 1
IMMOBILIZATION

Introduction
The immobilization ofbiocatalysts, includingplantcells,hasreceived much attentionthelastdecades.
Reviews on immobilized plant cells have been published frequently by Brodelius (e.g. 1984, 1988b)
and recently by Hulst and Tramper (1989).
There are many possible advantages of immobilization. In general, immobilization can facilitate the
use of continuous-flow processes; the biocatalysts can be reused and the biocatalysts can easily be
separated from the reaction medium.
Apart from thesegeneral advantages,therearesomeadditional advantages for immobilized plantcells
as well. The cell/cell contact that is induced by immobilization can be beneficial for secondary
metabolite production. In this way, some differentiation can occur, which is believed to be a
prerequisite for the production of secondary metabolites (Bringi and Shuler, 1990). Furthermore,
immobilization protects the sensitive plant cells against shear forces, while in some cases the
production and excretion can be stimulated (Wichers et al., 1983 and Asada and Shuler, 1989).
Some of the problems with immobilized cells are the introduction of gradients in the gel beads and
the fact that some immobilization materials or procedures can affect cell viability in a negative way.
Besides, immobilization introduces an extra cost factor.

Gel entrapment
Thepredominant method used for plant cell immobilization isgel entrapment. The most common gel
iscalcium alginate. Amixtureofsodiumalginateand cells isextruded dropwiseintoaCaCl2solution,
where bead hardening starts to take place immediately. Alginate is the preferred gel because of the
ease with which it is handled and because of its mildness (no high temperatures nor aggressive
chemicals are needed). Moreover, calcium alginate can have beneficial effects on the production of
secondary metabolites. Asada and Shuler (1989) immobilized Catharanthusroseus cells in calcium
alginate, which resulted in a threefold increase of extracellular ajmalicine. Kim and Chang (1990b)
obtained a 2.5-fold increase of shikonin production when they immobilized Lithospermum
erythrorhizoncells in calcium alginate. Improved yields with cells immobilized in calcium alginate
have alsobeen reported by Vanek et al. (1989a)for thebiotransformation of 2-(4-methoxybenzyl)-lcyclohexanone to its glucoside by Dioscorea deltoidea cells, and by Subramani et al. (1989) for
alkaloid production by Solariumxanthocarpumcells.
In many cases immobilized cells can beused for much longer periods than free cells. Naoshimaand
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Akakabe (1989) reused immobilized Nicotiana tabacum cells seven times for the biotransformation
of various 3-oxobutanoatesand the conversion speed increased with thenumber of uses. The authors
attribute this to the growth of cell in the beads. These results are demonstrated in Figure 1.2. The

8
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Figure 1.2
Conversion of a keto-ester to a hydroxy-ester by immobilized cells of Nicotiana tabacum cells as a
function of incubationtime.Thelegend indicates thenumber oftheuse. Adapted from Naoshimaand
Akakabe (1989).
same effect was shown by Kobayashi et al. (1988) with immobilized Jhalictrum minus cells for the
production of berberine. Although the production (in g/(dm3.day)) by the free cells was higher, the
immobilized cells kept producing for a much longer period, making the overall productivity (in g/g
cells) of immobilized cells superior to that of the free cells.
The assumed diffusion limitation in the beads has been studied by several workers. Kobayashi et al.
(1989) studied the effect of oxygen supply on berberine production in cell suspension cultures and
immobilized cells of Jhalictrum minus. They found that the oxygen uptake of the cells was twice as
high in theproduction phase as in the growth phase. When they calculated the oxygen transfer rate,
they concluded that the oxygen supply to the beads was high enough to support growth, but not for
production. This was overcome by producing smaller beads with a lower cell load. This resulted in
a longer lifetime for the immobilized cells than for the freely suspended cells.
Someother gels areused for plantcell culturestoo,butthereportsonthem areveryfew. Noteworthy
isthe example of Vanek et al. (1989b), who immobilized Solanumaviculare cells in calcium pectate
beads. The immobilized cellstransformed cis-verbenolmainly intotrans-verbenol, whereas free cells
transformed cis-verbenol to verbenone as the main product. This indicates that even a mild
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immobilization isnotapriori an inertoperation, butcanhaveapronounced effect on cell physiology.

Biofilms
Another application of gels for the immobilization of plant cells is their use as a support for biofilm
formation. Kargi (1988) grew Catharanthusroseus cells on the surface of calcium alginate beads
withinthe interspatial volume of apacked column. The cells showed somegrowth. In another article
(Kargi and Freidel, 1988)they describe several gels for this purpose and gelatineproved to give the
best adsorption results. No data were presented on growth and production.

Adsorption
Several authors (Archambault et al., 1989, 1990 and Facchini et al., 1988a/b, 1989, 1990)
immobilized plant cells by adsorption to various support materials, such as fibreglass, polystyrene,
sulfonated polystyrene, fluorinated ethene/propene, polyethene terephthalate, metals, plastics and
ceramics. Mainly Catharanthus roseus cells have been used and there is ample evidence of the
determining roleofthe surface tension ofthe cells, the surface and the cultureliquid (Facchini etal.,
1988a) in the adhesion procedure. Both groups (Facchini and Archambault) mention the importance
of the culture age to obtain good adsorption. When the cells had reached the age of 8-14 days,
immobilization was best (Archambault et al., 1989), probably due to the higher secretion of
polysaccharides by the cells atthat age. Adsorption of the cells also stimulated releaseof the product
serpentine into the medium, in contrast to freely suspended cells. The total productivity of the
adsorbed cells can surpass that of free cells (Archambault et al., 1990 suggest that the adsorbed
biomass of Catharanthusroseus in their system contains a concentration of indole alkaloids 3-12.5
times as high as the maximum quantity found in suspended biomass in identical culture conditions).

Foam immobilization
Another material that has found widespread use in plant cell immobilization is polyurethane foam.
The immobilization procedure is very simple; the cells migrate into the foam without any force, so
no changes intemperature or ionic strength thus influence the viability of the cells. The foam can be
used in all kinds of forms, likecubes; attached to stainless steel wire (Ishida, 1988);or wound sheets
or tubes (Robertson et al., 1989). Usually, it takes about 10-15 days before all the cells are
immobilized inthe foam, which is adisadvantage. The effects of the immobilization in polyurethane
foam are not uniform for all cell cultures. Corchete and Yeoman (1989) and Ishida (1988) mention
an increase in the biotransformation activity of the cells, whereas Robertson et al. (1989) report a
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decrease of the biotransformation activity and Gbolade and Lockwood (1990) find various results,
depending on the substrates they use for biotransformation. So, immobilization does not necessarily
have abeneficial effect on cell physiology.

Membranes
Hulst and Tramper (1989) mention five possibilities of membrane bioreactors for plant cells: hollow
fibre units; flat plate systems; spiral wound units; tubular membrane reactors and multimembrane
reactors. Recently, Kim et al. (1989) used a dual hollow fibre reactor to grow their Lithospermum
erythrorhizoncells (seeFigure 1.3). Withthissystem,they reached veryhighbiomass and secondary

siliconetubing
plantcells
medium
hollowfibre

Figure 1.3
Dual hollow fibre bioreactor, as was used by Kim et al. (1989) for the immobilization of
Lithospermum erythrorhizoncells.
metabolite concentrations; up to 325 g/dm3dry biomass and 221 mg/(dm3.day)of products. This cell
density is the highest ever reported for plant cell reactors, so membrane bioreactors may be
considered asvery important tools to reach high cell densities, which isone of the strategies to raise
the overall volumetric productivity of plant cell bioreactors.

Concluding remarks
Inthischapter, thepredominant immobilization methodshavebeen shortly discussed. Therearemore
methods, likecovalent linkage and natural aggregation, buttherehavebeen no substantial reports on
thesetechniquesthe lastyears, totheauthor's knowledge. Ingeneral, onecansaythat immobilization
has many theoretical advantages, but of course it introduces some extra handlings with the cells,
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implying an extra risk of contamination. The advantages have to be evident, because immobilization
is also an extra cost factor. The physiology of the cells is in nearly all cases more or less influenced
by the immobilization, either inan advantageous or in adisadvantageous way. This indicatesmat for
everyplant cell process, theconsideration hastobe madewhether immobilization isuseful or not for
that specific case.

EXCRETION OF SECONDARY METABOLITES

Introduction
Theprice of biotechnological products isoften said to depend largely onthe costsof the downstream
processing part of the production process. Dwyer (1984) estimated that 50-90% of biotechnological
process costs may be attributed to the recovery of purified product. This statement will be true for
plant cell biotechnology as well.
The secondary metabolites produced are stored either intracellularly (in the vacuole or in other
organelles), or extracellularly (boundto the cell wall or released intothemedium) (Brodelius, 1990).
Theexcretion behaviour ofplant cell culturesvaries from onespeciesto another, and evenwithinone
species, from one cell line to another. As an example, protoberberine alkaloids are usually stored
within the cells (Berlin, 1988). Nakagawa et al. (1984, 1986) however, selected a cell line of
Thalictrwnminus excreting their alkaloids spontaneously in the medium.
Apart from the selection of cell lines other approaches exist to trigger the efflux of secondary
metabolites, mainly chemical and/or physical changes of the environment of the cells, and anumber
of those will be discussed in this chapter.
When the cells excrete their product, the product concentration in the fermentation broth is usually
very low, which is an extra cost factor for the downstream processing. Concentration of the product
stream, for instance in or on a second phase, could therefore be beneficial.
Another important consequence of the removal of the product from the aqueous phase can be the
decrease of product inhibition effects, which occur even at the low product concentrations that are
usually encountered in plant cell cultures (Buitelaar et al., 1991e).

Temperature
Secondary metabolites can be released with minimal loss of cell viability by the application of mild
heat treatment to the cell cultures. Weathers et al. (1990) treated hairy roots of Carthamustinctorius
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and root disks and hairy rootsofBeta vulgariswithtemperatures ranging from 25-55°C. The release
ofpolyacetylenes (C. tinctorius)and betanin (B. vulgaris)increased with increasingtemperature. The
viabilityofthe cellshowever, decreased rapidly whentemperatureshigherthan35°C wereused. The
authorssuggest acyclicprocess, inwhichperiods ofproduct release arefollowed by ashort recovery
period for the cells.

Electrical permeabilization
Electroporation is awidely used technique to improve thetransfer of genes intoplant protoplasts for
the construction of transgenic plants (e.g. Bates, 1990). The plasma membrane of the protoplasts is
made permeable by electric pulses resulting in an effective uptake of foreign DNA. This technique
hasalso beenused to induce excretion of secondary products (Brodelius etal. 1986, 1988c). Products
were released up to 100%, depending on the voltage applied, but viability decreased substantially.
Another example of electrical permeabilization is the so-called iontophoretic release of secondary
metabolites (Pu et al., 1989). Cells of Catharanthusroseus were subjected to a low current for 18
h. The rate of release of alkaloids almost doubled. Pretreatment with DMSO further enhanced the
excretion. The authors, however, neither give any details on the viability of the cells nor on the
percentage of the total production that is excreted.

Medium composition
In some cases excretion of secondary products can be enhanced by changing the composition of the
medium. Berlin et al. (1988) lowered the medium concentration of inorganic phosphate, which
resulted in an increased excretion of alkaloids by Thalictrumrugosum. The growth was retarded by
lowering thephosphate concentration, butthespecific production expressedper g cells increased with
decreasing phosphateconcentration. Ontheotherhand, anincreased ionicstrength ofthemedium has
also proved to enhance the release of intracellular^ stored products (Tanaka et al., 1985). The pH
of the medium can also influence the excretion of secondary metabolites. Majerus and Pareilleux
(1986) observed a sharp increase of the excretion of alkaloids by Catharanthusroseus when the pH
of the culture medium was changed from 9.0 to 4.3. However, this is not a general phenomenon in
plant cell biotechnology. Other authors (e.g. Tanaka et al., 1985) found no effect on the product
release when the pH was varied in the range from 4 to 10.
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Chemical permeabilization
Many attempts have been made to permeabilize the plant cell membranes in a reversible way with
organic solvents. Especially dimethylsulfoxide (DMSO) has been used in many cases, because it is
known to extract sterols from the membranes of eukaryotic cells (Felix, 1987). Of all the cell types
tested, only Catharanthusroseussurvived the treatment with DMSO and could be used in a cyclic
process, where product release and growth were alternated (Brodelius, 1988a). For the other cell
types investigated, like Cinchonaledgeriana (Parr et al., 1986), Chenopodiumrubrum (Knorr and
Berlin, 1987)or Thalictrumrugosum(Brodelius, 1988a),muchhigher concentrationsof DMSO were
necessary for extractionoftheproducts, butleadto celldeath.Probably, thereason for thiscell death
is not the toxicity of DMSO as such, but the loss of cell compartmentation with the concomitant
release of toxic compounds and degradative enzymes into the cytoplasm (Brodelius, 1988a). Apart
from DMSO, other chemicals have been used, like chloroform and propanol (Berlin et al., 1989),
mostly without success. The organic solvents used in successful (meaning: with preserved viability)
experiments all had a lipophilic character, likehexadecane, perfluorchemicals and Miglyol (see next
paragraph).

Two-phase cultures
It is of interest to selectively remove the desired products from the fermentation system. Oneof the
ways to achievethis, isthe use of two-phase cultures. Onephase isthe aqueous medium, thesecond
phase can be either a water-immiscible organic solvent or a solid compound.
Criteria for the selection of suitable second phases are given by Beiderbeck and Knoop (1987): The
material tobe used asthe second phase should be autoclavable, non-toxic, it should not influence the
medium composition, itshouldbindthedesired product, preferably inaspecific manner, and finally,
the product should easily berecovered from the second phase. Naturally, notall of these criteria will
be met to the same extent for all cases, so optimization is required for each specific application of
two-phase systems.
Another interesting aspect is the possible selectivity of the second phase. Selective extraction could
bebeneficial because plant cellsproduce alarge number of biosynthetically related products, and the
downstream processing of a mixture of several chemically similar solutes is difficult. Payne and
Shuler (1988) used the polycarboxylic ester resin XAD-7 to selectively adsorb one alkaloid from a
mixture of two, with good results, indicating the potential to use the resins for this purpose.
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Two-liquid-phase systems
Basically, liquidphasesother thanwater canbeeither miscibleor immisciblewiththe aqueousphase.
Because water-miscible solvents do not offer advantages for the downstream processing, this
paragraph will only deal with water-immiscible organic solvents. Advantages of the use of organic
solvents inbiocatalysiscanbe (Tramper et al., 1987):thepossibilityofhigh concentrations of poorly
solublesubstrates orproducts;thereductionofsubstrateorproduct inhibition;thefacilitated recovery
ofproducts and biocatalysts; theprevention of hydrolysis of substrates or products; thepossibility to
combine production with part of the downstream processing and the shift of reaction equilibria.
Especially the first five possible advantages canbe applicable for plant cell cultures. Naturally, there
are also some disadvantages, like the increased complexity of the reaction system and the possible
toxicity of the solvent for the cells (see e.g. Brodelius, 1988a).
Somegeneral rules ofthumb for theprediction ofbiocatalytic activity inthepresenceof asolvent are
givenby Laane et al. (1987). They used thelogP of asolventto predict itsinfluence onthe retention
of biocatalytic activity. Log P is the logarithm of the partition coefficient of the solvent over a
standard octanol/water two-phase system. From a number of experiments with enzymes and micro-
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Figure 1.4
Relative respiration activity of Tagetesminuta cells in the presence of 1%solvent, as a function of
the log P value of the solvents used. 100% is the activity in medium without solvent. ETA:
ethylacetate; DEP: diethylphthalate; HEX: hexane; DEL: decanol; UND: undecanol; DBP:
dibutylphthalate; DEC: decane; HED: hexadecane; DOP: dioctylphthalate; FC40 and FC70 are
perfluorcompounds
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organisms,they concludedthat ifthesolventlogP > 4, indicating arather hydrophobicsolvent, then
there isno negative influence ofthe solventonthebiocatalyticactivity. If logP < 2, thenhardly any
activity isleft. If logP isbetween2 and 4the influence ofthesolvent canvary. Later, this hypothesis
wasalsotestedwithplantcells inour laboratory.Experiments withsuspensioncellsof Tagetesminuta
(Buitelaar etal., 1990)and withhairy rootculturesof Tagetespatula (Buitelaar etal., 1991b)showed
thatthese rules canbe applied for plant cells aswell, be itthatthe growth and production of the cells
werenotadversely affected whenthelogPvaluewashigherthan5 instead of4. This isdemonstrated
inFigure 1.4, where it is shownthat all thesolvents without negative effects on the activity do have
a logP value higher than or equal to 5, while all the solvents with a lower log P value have adverse
effects on the cell respiration activity of Tagetes minuta cells. Deno et al. (1987) gave a nice
demonstration of this log P theory, without mentioning it, in their article on shikonin production in
two-layer cultures. The cell yield and the volumetric productivity increased with increasing chain
length and thus log P value of the alkanes applied. Aromatic and short chain alkanes (solvents with
low log P values) gave very poor results.
A lipophilic organic phase that has frequently been used is Miglyol, a water insoluble triglyceride
composed of fatty acids with 8-10 carbons. It has been reported to trap volatile lipophilic products,
like monoterpenoids, that could not accumulate in medium (Berlin et al., 1984). Berlin et al. (1984)
used this Miglyol with Thujaoccidentalis cells for the production of monoterpenoids. In their case,
this resulted in an increase of the total production from 0.8 mg/(g DW.day) to 3.0 mg/(g DW.day),
95% of which was excreted into the organic phase. In another case (Cormier and Ambid, 1987) it
allowed a fivefold increase in the substrate load for the bioconversion of monoterpenes by Vitis
vinifera cells.
So, although there have been many difficulties with the application of organic solvents to plant cell
cultures, there now appear to be good possibilities. Many other solvents havebeen tested for the use
in two-phase cultures like alcohols, alkanes, aromatics and many more. Kim and Chang (1990a,b)
and Buitelaar et al. (1991b) selected hexadecane for further use because ithad no detrimental effect
on the cells at all. WithLithospermumerythrorhizoncells (Kim and Chang, 1990a,b) , the introduction of a second phase with hexadecane yielded a considerable increase in the shikonin production,
which was even more the case when an elicitor preparation was used at the same time. When
hexadecanewas applied asthesecond phasefor hairy rootsof Tagetespatula (Buitelaar et al., 1991b)
the total production did not change, but the excretion of the thiophenes increased from lessthan 1%
to over 50% of the total production.
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Perfluorchemicals can alsobeused as asecond phase (Kinget al., 1990and Buitelaar et al., 1991b).
They have no negative effect on plant cells at all, but because of their inertness,hardly any product
will dissolve in them to any reasonable extent, thus making them unsuitable for continuous product
extraction from the fermentation broth. King et al. (1990) observed an increase in fresh and dry
weightofSolanumdulcamaracells intwo-phasesystems withperfluorchemicals asthesecond phase,
but the very heavy perfluorchemicals (the density varies around 1.9 kg/dm3) may have influenced
these results. They can, however, be used to enhance the oxygen transfer in submerged cultures of
plant cells (King et al., 1990), micro-organisms (Damiano and Wang, 1985), or mammalian cell
cultures (Ju et al., 1991 and references cited therein).
So, after preliminary selection of organic solvents, it ispossibleto use them inplant cell cultures for
the extraction of products. The mechanism behind the toxicity of organic solvents is not yet
understood. The solvents can permeabilize one or both of the plant cell membranes (the tonoplast
around thevacuole andtheplasmamembrane around the cytosol),thusremoving thebarriers between
enzymeslikeproteasesandtheir substrates,finally resultingincelldeath (Brodelius, 1990and Matile,
1990). Another, more or lessrelated hypothesishas recently been proposed by Osborne et al. (1990)
for micro-organisms. They state that there is a critical solvent concentration in the cell membrane,
equal for all solvents. If the maximum solvent concentration, determined by thepartition coefficients
ofthesolventfor octanol/water andfor amembrane/aqueous buffer system inthemembrane ishigher
than thiscritical membrane concentration, thentheprogesterone 1lot-hydroxylaseactivity ofthe cells
stops; if this maximum concentration is less than 75% of the critical concentration, then there is no
effect, with atransitional stagebetween 75 and 100%.Theydemonstrated this with cells ofRhizopus
nigricans. However, when we used the data from organic solvent testing with plant cells (Buitelaar
et al., 1990and 1991b) wecould not find any such relation at all. This indicates adifferent mechanism for the inactivationofplant cells as compared to microbial cells, or the need for amore elaborate
theory.
For the application of two-liquid-phase cultures, Tramper et al. (1987) developed a new type of
bioreactor, theso-called Liquid-impelled LoopReactor, which isshown inFigure 1.5. This fermenter
is an adaptation of the airlift loop reactor, but instead of air, a water-immiscible liquid is introduced
into the fermenter, to induce mixing and circulation.
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SOLVENT

MIXINGVESSEL

LIQUID-IMPELLED LOOP REACTOR

Figure 1.5
The Liquid-impelled Loop Reactor, adapted from Buitelaar et al. (1991b). In this case, a solvent
lighter thanwater isintroduced inthebottom part ofthe reactor. The solvent will rise and circulation
and mixing takes place. Aeration can occur in an external mixing vessel or inside the reactor.
Liquid-solid two-phase systems
Next to the liquid second phases, it is also possible to use solid second phases to overcome the low
product concentration in the fermentation broth. Maisch et al. (1986) tested a variety of adsorbents
with cells of Nicotiana tabacum. From these adsorbents, (Na-Al-silicate, Mg-trisilicate, silk,
polyvinylpyrrolidon, XAD-4 and XAD-7) only the latter two gave satisfactory results regarding the
growthandproductivityofthecells. XADresinsareusedmoreandmorewithplantcell cultureswith
interestingresults, likeproductivity and excretion increases (seee.g. Canaleset al., 1990;Robinsand
Rhodes, 1986and Asada and Shuler, 1989).RobinsandRhodes (1986)testedpolyethyl and polyvinyl
foams aswell,butbecauseofthebetter affinity andthesmallervolume/mass ratioof XADresinthey
preferred this resin (see Table 1.1).
Two applications of solid phases canbe distinguished: one isthe use of asolid phase as an adsorbent
for the products, the other is stimulation of the secondary metabolite production. Amberlite resins,
e.g. XAD-4 and XAD-7 not only adsorb the excreted products from the medium, they can also
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enhance the total production. Robins and Rhodes (1986) used XAD-7 for the adsorption of
Table 1.1
Binding parameters for the adsorption of Cinchona ledgeriana anthraquinones by polymeric
adsorbents (adapted from Robins and Rhodes, 1986)
Capacity

Affinity

(g/g DW adsorbent)

(l/(mg DW))

XAD-2

0.17 ± 0.02

8.6

XAD-4

0.24 ± 0.03

35.3

XAD-7

0.18 + 0.02

25.8

XAD-8

0.51 ± 0.11

15.6

'Foam Filtren T60'

0.44 + 0.11

7.9

'Foam D'

0.51 + 0.15

9.2

'Foam PR 22 60'

0.55 + 0.18

3.6

'Nylon 66 powder'

0.31 ± 0.17

4.1

Adsorbent

anthraquinones by Cinchona ledgeriana cell cultures. The addition of this resin yielded a 15-fold
stimulation of the production, with over 90% excretion. The repeated addition of fresh XAD-7 can
further increase the production and excretion of secondary products (Asada and Shuler, 1989).
Another exampleofthestimulationofsecondary metaboliteproduction and excretionby asolid phase
is given by Knorr et al. (1985). They used chitosan to immobilize and permeabilize cells of
Amaranthustricolor andAsclepias syriaca. From the increased excretion of low- and high-molecular
weight products they concluded that chitosan can be used for this purpose. They did however, not
determine the amount of secondary products released into the medium.

Aqueous two-phase systems
Onetwo-phase system thathas notbeen dealt withyet isthat composed of two aqueous phases. Only
two reports existon the application of aqueous two-phase systems for plant cell cultures (Hooker and
Lee, 1990b and Buitelaar et al., 1991a). Both articles report on good growth of plant cells in the
polymer phases. In the second article, the production of secondary metabolites is also taken into
account, and the level of production was equal in medium and aqueoustwo-phase systems.The value
of the partition coefficient of the products between the two phases was not far from 1 for the
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hydrophobic thiophenes produced. Probably, when aqueous two-phase systems are used for the
separationofmorehydrophilicplant cellproducts (yieldingmore extremepartitioncoefficients), they
will prove to be useful, because they are used in biotechnology for the purification of proteins and
cells (Albertsson, 1986).

Concluding remarks
The excretion of secondary metabolites is very important for future introduction of plant cell
bioprocesses. Many attempts that have been made to force the cells to excrete their products were
successful in the sense that the products came out of the cells. This release, however, can often be
attributed to cell lysis caused by the treatment. Only treatments that do not affect the viability are to
beconsideredforplant cellprocesses.Amongthemaremildheattreatment, changingthecomposition
of the medium, the use of appropriate organic solvents and the use of suitable solid phases. For a
commercial process, the ease of scaleup of the treatment is another important factor.

BIOREACTORS
Introduction
Whenproductionprocesses withplant cell cultures aretobecommercialized inthenear orfar future,
it isevidentthat shakeflask cultures alonewill notbe sufficient any more. Therefore, bioreactors are
needed, because they canbe applied at large scaleand because it ispossibleto control the conditions
in bioreactors to a larger extent. The choice of the most suitable bioreactor can be determined by
many factors; among them are the scale, the mixing mechanism, the method of aeration and the
resistance of the cells to the shear stress generated in the bioreactor. The research into the
development of bioreactors and bioreactor processes for plant cell cultures is increasing steadily. In
this paragraph, the research of the most recent years will be reviewed with respect to the various
aspects that can be distinguished for bioreactors.

Reactortype
Most of thebioreactors thatareusedto growplant cells aremore or less derived from the fermenters
used for microbial cultivation. Recently, several authors compared various types of bioreactors for
the growth of plant cells (Panda et al., 1989;Hong et al., 1989 and Kondo et al., 1989). Oneof the
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most striking aspects found by the authors who executed the experiments themselves (Hong and
Kondo) was that the rotating drum reactor or the roller bottle (equipped with extra baffles) proved
to be among the most suitable bioreactors (see Table 1.2) for plant cells,
Table 1.2
Average specific growth rate and growth index of strawberry cell suspension cultures in different
bioreactors (adapted from Hong et al., 1989; CH = carbohydrate consumed)
Fermenter

Spec, growth rate

Max DW/DW0

Yield

(day )

(-)

(g DW/g CH)

Shake flask

0.12

5.3

0.39

Airlift

0.14

5.5

0.44

no growth

no growth

not applicable

Roller bottle with 2
baffles

0.15

6.6

0.41

Roller bottle without
baffles

0.14*

2.2

not applicable

1

Stirred jar

*: Growth ceased after the first 4 days
yielding the highest growth rate and the best scaling up properties, as was also demonstrated before
by Tanaka (1987). From a process engineering point of view this is somewhat surprising, because
thesetypes ofbioreactors donothavevery good mass transfer characteristics. Ontheother hand, the
oxygen demand of plant cells is much lower than that of micro-organisms (so oxygen transfer needs
not to be limiting), and some authors (like Payne et al., 1987) suggest that the stripping of carbon
dioxide (which is more salient in airlift reactors) can reduce the growth rates of plant cells. These
facts, combined with the gentle hydrodynamic environment that is created in such a rotating drum
reactor, could explain the positive results with these reactor types.

Shear sensitivity
Because of the supposed shear sensitivity of plant cells, many authors choose bioreactors with a low
shear environment. However, itwas demonstrated by some authors (Meijer, 1989 and Scragg et al.,
1988) that not all plant cells are shear sensitive. Both authors were able to grow several plant cell
suspensions in stirred tank reactors at 1000 rev min"1. Especially Catharanthusroseus suspensions,
but also cell cultures of Nicotiana tabacwn, were resistant. Other cell cultures however, like
Tabernaemontana divaricata or Cinchonarobusta were not able to tolerate this shear stress.
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An interesting aspect is that it appeared possibleto adapt cell cultures to shear stress, as was shown
by Scragg et al. (1988). When they first tried to grow Picrasma quassioides at 440 rev min'1, the
viability of the cells dropped dramatically. However after a year of cultivation the culture became
shear tolerant and capableof growth in stirred tank reactors at 1000rev min"1.This adaptation of cell
cultures to shear was also shown by Tanaka et al. (1988).When they grew Catharanthus roseus cell
suspensions indifferent environmental stress conditions,the cells inthe environment withthehighest
shear forces appearedto containstronger cell wallsthanthosecultivated inalow-shear environment.
Hooker et al. (1989) studied the effect of shear on cultures of Nicotiana tabacum. Changes in
viability, cell lysis and secondary metabolite concentration were monitored. The cell culture age
appeared to be an important parameter for the susceptibility of the cells to shear damage, as can be
seeninFigure 1.6.Cultures inthelatterpartoftheexponential growthphase and theearly stationary
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Figure 1.6
Effect of culture age on viability in a shear environment at 400 rev min"1. Culture age is expressed
in days in the legend. Adapted from Hooker et al., (1989).
phase (culture age 5 and 7 days) showed a higher susceptibility to shear damage than cultures in the
lag phase, early exponential phase, or the later stages of the stationary phase (culture age 3 and 10
days). The excretion of their secondary metabolites (phenolics) increased with increasing shear, but
this will only be useful if the viability of the cells is not affected.

Low shear bioreactors
The most salient of these low shear reactors are of course the bubble column or the airlift loop
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reactors, where no moving parts are present that could damage the cells and where mixing is
accomplished bytheairbubblesmovingupwards inthereactor. Someauthors (e.g. Piehletal., 1988,
James et al. 1988and Hegglin et al., 1990) even prefer to use bubble-free aeration systems. Piehl et
al. (1988) and James et al. (1988) used a rotating membrane stirrer, while Hegglin et al. (1990)
aerated their culture medium in a separate vessel. All authors report good cell growth, although no
comparison is given with systems having direct aeration.

Scale
In spiteof the facts stated above, the largest reactors used for plant cell cultures are still stirred tank
reactors. By far the largest at present is the facility of Diversa in Hamburg, Germany, where plant
cells are cultured in stirred tank fermenters with volumes up to 75 m3. Their results with cell lines
as Echinaceapurpurea and Rauwolfia serpentina look very promising (Rittershaus et al., 1989 and
Westphal, 1990). The first commercial product with plant cells (the production of shikonin with
Lithospermumerythrorhizoncells) isalsoproduced in0.75 m3stirred tank reactors. The largest plant
cell fermenters of other types are to the authors knowledge a 0.3 m3 airlift fermenter, used for the
biotransformation offl-methyldigitoxinto 8-methyldigoxinby Digitalis lanata cells (Reinhard et al.,
1989) and the 0.5 m3reactor to grow hairy roots, that will be discussed later in this chapter (Wilson
et al., 1990).

Impeller design
The design of the impeller in stirred tank reactors for plant cell cultures is an important factor. It is
obvious that there are still many plant cell cultures that are shear sensitive and especially for those
cases, it is important that the culture is treated gently to preserve the viability and the production
capacity. The classical, flat-bladed turbines were designed for a high mass transfer coefficient k,A.
Plant cellshave amuch lower respiration rate than microbial cultures; ak,Aof 20-30h"1is sufficient,
whereas bacterial cultures need k,A values of 100-1000 h'1 (Treat et al., 1989 and references cited
therein). Several authors designed or adapted special impellers for plant cell cultures. Treat et al.
(1989) used a so-called 'cell-lift' impeller, see Figure 1.7. With this impeller, suspensions with the
smallest aggregates and thehighestbiomass concentration were obtained, when compared to standard
flat-blade and marine impellers. Hooker et al. (1990) also tested various impellers, comparing the
regular, flat-blade impeller with alarge, flat-blade impeller and with asail impeller, wheretheblades
are made of nylon cloth. The fermenter culture (with Nicotiana tabacum cells) using the sail-cloth
impeller experienced a relatively long lag phase but yielded a high maximum growth rate. The
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productivity of the cells was lower in these fermenter systems than in shake flasks, butthis can also

Figure 1.7
Cell-lift impeller with
draft tube, adapted from
Treat et al., 1989.

very well be the result of shear damage to the cells. The results obtained with the sail impeller
resemble the results obtained by Tanaka (1987), where he used a large wide impeller to obtain
relatively good mixing at low shear rates.

Cell density
Especially with plant cells, a high cell density is a prerequisite to obtain a high volumetric
productivity. The calculated theoretical maximum cell density varies per author. Tanaka (1987)
calculates 30 g DW/dm3 to be the maximum possible, while Matsubara et al. (1989) calculate a
maximum of 90 g DW/dm3. This variation isbased on different assumptions of the water content of
the cells (95 and 80%, respectively), which is indeed varying between these values for plant cell
cultures. Because the mixing properties of airlift fermenters are less than those of stirred tank
reactors, it can be imagined that at high cell densities, the mixing in airlift reactors will not be
sufficient. This was indeed reported by, among others, Tanaka (1987). Matsubara et al. (1989)
achieved sufficient mixing in cultures of Coptisjaponica with cell densities of up to 75 g/dm3 by
using a stirred tank fermenter with astirring wing ofthehollow-paddle type. To ensuregood growth
atthesehigh cell densities,the mediumhad to contain ahigh concentration of nutrients, and itproved
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tobe compulsory to adaptthe nutrient concentration tothecell concentration intheearlyphaseof the
fermenter run.
The cell density can also have its influence on the mass transfer in the reactor. Tanaka (1987) found
that an increase of cell density caused a decrease in lqA, because of insufficient mixing and
insufficient gas dispersion. This phenomenon was more pronounced in airlift reactors than in stirred
fermenters. With hairy roots, Kondo et al. (1989) found just the opposite effect: an increase ofk,A
with increasing root concentration, caused by anincreased gas-liquid interface dueto thehairy roots.
This effect was only present in the immobilized-cell rotating-drum reactor: for airlift fermenters the
k,Adecreased againfor higher root densitybecauseofpoorer circulation. Themechanisms that affect
thek,A canbedifferent for suspension cultures andhairy roots.Wilson et al. (1987) reportthat hairy
roots excrete far less glycoproteins and polysaccharides as compared to suspension cultures. The
medium thus remains a Newtonian fluid and this iscertainly notthe case with suspended cells. In the
previouslymentioned 75m3stirred tank reactor (Westphal, 1990),theimpellerhasalsobeendesigned
in aspecial, not specified, wayto ensurelow shear combined with adequatehomogeneity and oxygen
transfer.
Productivity
In many cases the productivity of cell cultures decreases with increasing scale for yet unexplained
reasons. This can be overcome by several means. One way isthe selection of special cell lines. This
was done by Scragg et al. (1989), who selected a cell line of Catharanthusroseus that was able to
producehigh amountsof alkaloids whengrown inbioreactors (7and 30dm3)withlongterm retention
of this ability. In contrast to the original cell line, the productivity was higher in bioreactors than in
shake flasks.
Another way to keep theproductivity at an acceptable level isthe use of semi-continuous processes.
Reinhard etal. (1989)noticedthatthebiotransformation ratesofDigitalislanatacellsdecreased when
the concentration of theproductfi-methyldigoxininthe0.3 m3airlift fermenter had reached thevalue
of 500 g/m3. At this point, 0.18 m3 of the culture broth was withdrawn and replenished with fresh
medium. Inthisway,thebiotransformation levelremained high and sixconsecutivefermentation runs
were performed, as can be seen in Table 1.3.

Miscellaneous reactors
Apart from the classical stirred tank reactors, bubble columns and airlift fermenters, a wide variety
of bioreactors has been designed for the growth of plant cell cultures. Afew examples will be given
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here. Thepredominant 'other' reactor isthepacked-bed reactor. It canbeused inseveral ways:Kargi
(1988) packed a column with sterilized alginate beads. Then, a cell suspension was added to the
Table 1.3
Semicontinuous production of /S-methyldigoxinby Digitalis Janata cells in a0.3 m3 airlift bioreactor
(adapted from Reinhard et al., 1989)
Run
1

2

3

4

5

6

Production
period (d)

14

13

14

15

16

17

Initial dry
weight (g/m3)

21.1

18.7

18.0

21.0

22.1

17.0

Suspension
harvested (m3)

0.18

0.18

0.18

0.19

0.20

0.21

Culture
medium gained
(m3)

0.15

0.16

0.15

0.16

0.17

0.19

Production of
methyldigoxin
Level in
medium (g/m3)

505.5

558.1

583.1

580.2

669.2

559.0

Production
(g/m3)

505.5

488.0

505.0

493.2

615.5

529.0

Product yield
(g)

77.8

76.6

77.3

80.2

103.3

97.9

Productivity
(g/(m3.d))

30.7

32.6

31.5

28.0

32.2

27.4

column and the cells were allowed to settle and attach to the surface of the beads before the liquid
circulation was started. In this way, the Catharanthus roseuscells formed abiofilm or aggregates in
the void volume of the reactor. The cells rapidly lost their viability in this experiment, but it is not
clear whether this was caused by the experimental conditions or by problems with the oxygen
electrodes used. The 'classical' way to use a packed-bed reactor was reported by Schmidt et al.
(1989). They immobilized cells of Nicotiana tabacum in calcium alginate beads and the beads were
transferred tothe column. Inthisway, thevolumetricproductivity in acontinuously operated column
was twice as high as that achieved in any batch run.
28

Chapter 1
Hairy roots
The morphology of hairy roots implies that special measures must be taken to ensure an efficient
growth of these cultures in bioreactors. When Wilson et al. (1987) tried to grow hairy roots of
Nicotianatabacwn in a standard stirred tank fermenter, the roots losttheir specific morphology and
returned to callus-likestructures,withtheconcomitant lossofthehighproductivityofthe transformed
roots. It is not the liquid velocity caused by the stirring itself that causes the damage but especially
the direct contact between the impeller and the roots is very destructive.
Kondo et al. (1989) compared three types of bioreactors for their suitability to grow hairy roots of
Daucuscarota(seeFigure 1.8):aturbine-bladereactor (astirred tankwherethe stirring compartment

B

Figure 1.8
Three reactor types (simplified schemes), adapted from Kondo et al. (1989) for the cultivation of
hairy roots of Daucus carota. A: turbine-blade reactor; B: rotating drum reactor and C: 'airlift
reactor'.
was separated from the cell compartment), a rotating drum reactor with free or immobilized hairy
roots and an airlift reactor, which was not atrue airlift reactor but a sort of round-bottomed bubble
column. The turbine-blade reactor and the 'immobilized-cell rotating drum reactor', where the cells
were attached to apolyurethane foam sheet inside the reactor, gavethebest growth rate. The growth
rate of the cells appeared to be directly related to the mass transfer rate k,A and the authors conclude
that the k,Avalue of the reactor is one of the most important factors to be considered for bioreactor
design in plant cell culture, although the oxygen demand of plant cells is relatively low, as stated
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before. This isdemonstrated inFigure 1.9, where agraph ispresented of the specific growth ratein

0.2

0.4
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Figure 1.9
Relationship between specific growth rate (1/X dX/dt) and X/k,A for hairy roots of Daucus carota,
where Xisthe root concentration. Adapted from Kondo et al., (1989). ALR is 'airlift reactor'; RDR
is rotating drum reactor; IRDR is immobilized-cell rotating drum reactor and TBR is turbine-blade
reactor
relation to the root concentration divided by the mass transfer. Kondo et al. (1989) calculate from
simple equations for oxygen transfer and for cell growth that this specific growth rate (1/X dX/dt)
is alinear function of X/k,A when the specific oxygen uptake rate is constant, for cell concentrations
not exceeding 5 g DW/dm3. When the rotating drum reactor was used with free hairy roots, root
disruption occurred due to the fact that they adhered to the reactor wall and dropped back into the
medium as the drum rotated. In other cases immobilization in polyurethane foam proved to be
favourable for the growth of hairy roots in fermenters as well. Taya et al. (1989) also compared the
growth of hairy roots in bioreactors and they found the airlift fermenter with cells immobilized on
apolyurethanefoam sheet (seeFigure 1.10)tobesuperiortoErlenmeyer flasks, stirred tank reactors,

airlift reactors with free roots and airlift reactors where the medium was circulated along the roots,
leaving the roots exposed to air for most of the culture time in the free root airlift fermenter. The
roots (Armoraciarusticana) were blown out above the medium by the air bubbles, when they were
grown as free roots in the airlift fermenter, causing severe cell disruption. When the roots were
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attached to a foam sheet, these problems did not occur any more. It is evident from literature that
hairy roots should be attached to a matrix when they are grown in fermenters, in order to prevent
them from being damaged by the hydrodynamic forces in the reactor.

Air out

Air in

Figure 1.10
Hairy roots attached to apolyurethane foam sheet inside abubble column, adapted from Taya et al.,
(1989).
Hilton and Rhodes (1990) grew their hairy root cultures of Datura stramonium in a stainless steel
cage inside a stirred tank fermenter. Direct contact of the roots and the stirrer was prevented in this
way andthecage alsoprovided agood supportmatrix for theroots, allowingamore evendistribution
in the bioreactor.
Recently, somereports appeared abouttheuseoftrickling-bed or 'mist' reactors, wherethe roots are
in contact with air most of thetime and themedium issprayed over the roots,butthereports are still
very few (Hokama et al., 1990 and Whitney, 1990). The first results look rather promising: good
growth occurs in these systems.
The largest fermenter for the culture of hairy roots is used in Norwich (UK) where Wilson et al.
(1990) areusing a0.5 m3fermenter with internal matrix to grow hairy root cultures. Again, the first
results look very promising for this approach.
Since it is not possible to take representative samples from the hairy root cultures in bioreactors to
determine the biomass present, indirect ways have to be used. Buitelaar et al. (1991d) compared
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several methods for the growth determination ofhairy roots inbioreactors.The easiest way appeared
to be the determination of the conductivity of the medium, as proposed by Taya et al. (1989) among
others, but in case of cell lysis, the results were not reliable any more.

Concluding remarks
The choice of the appropriate bioreactpr for secondary metabolite production with plant cells is
dependent on many factors thathave to be established for each individual case. The shear sensitivity
of the cells, their oxygen requirements, the effects on the production of secondary metabolites of all
kinds of environmental conditions are among the factors that affect the choice. For a longperiod, it
was generally accepted that airlift reactors were the reactors of choice for plant cell processes.
However, recent developments in impeller design and shear tolerance of the cellshave facilitated the
useof stirred tank reactors insome cases. Theadvantages of thelatter reactor typearetheir presence
in industry and their capabilityto create high masstransfer conditions. Inother cases, likethegrowth
of hairy roots or very shear sensitive cells, airlift reactors provide better conditions for cell growth
and secondary metabolite production.

MODELS

Introduction
Mathematical models of biological processes are often used for hypothesis testing and process
optimization. Oneof the most important aspects of these models isthatthey must enablethephysical
interpretation of the results, in order to yield more insight into the process behaviour. This is only
possible when structured models are used, which consider several parts of the fermentation system
separately.

Structured models
In general, models derived for micro-organisms consider the biomass to be a black box without
examining it in more detail. For these organisms, the results of these models can be satisfactory,
because their composition is relatively constant in time. For plant cells however, they appear to give
unreliableresults. Amongthe reasons for this isthe fact thattheseunstructured (usually Monod-type)
models do notdescribe alagphase, which isusually encountered withplant cells;they assumesteady
state, which does often not occur in a plant cell culture system; and they do not acknowledge the
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competition between growth and secondary product formation that often occurs in plant cell cultures
(Hooker and Lee, 1990a).
So most authors reporting on plant cell culture models have used structured models. It is interesting
to see that all of them use different entities to describe the cell growth and production. Bailey et al.
(1985, 1989 and 1990) have developed a simple log-linear model (1985) that was merely based on
curve-fitting without much physical interpretation possibilities, into a structured model (1989 and
1990), where they use a five-state mathematical model for the description of the system. They
describe the limiting substrate concentration, the viable and non-viable dry weight, the fresh weight
and the product concentration. Besides, they define three phases in the growth of plant cell cultures:
the growth phase, the expansion phase and the lysis phase. They assume that viable dry weight
reproduces with aspecific growth rate that is first order in the limiting substrate concentration. With
this model, they can predict among others the susceptibility of the cells to shear, which gives more
information about the lysis phase. They could also design an optimal temperature control trajectory
for the production of alkaloids with Catharanthus roseuscells, but it is not clear whether they have
experimental validation for this temperature-dependence of the production.
During batch culture, nearly all parameters change with time, which makes it difficult to draw the
right conclusions from an experiment. To circumvent this, Van Gulik (1990) tried to describe the
growth kinetics of Catharanthusroseus and Nicotianatabacum in a chemostat. The first model used
was ablack box (unstructured) modelbased on Monod kinetics. Theresults werenot satisfactory and
this was supposed to be due to the difference in NH4+- and N03"-uptake rate (which was prevented
in later experiments by using only one nitrogen source), the changes in the elemental composition of
thebiomassand thebyproduct formation. Allthesefactors werenotexplicitlydetermined inthe first,
unstructured model. The structured model that was used later, divided the biomass in four pools:
phosphate, enzymes, carbohydrates and the rest - yielding a much better correspondence between
model predictions and experimental results. In this way, the changing elemental composition of the
biomass and the byproduct formation were taken into account.
Hooker and Lee (1990a) use a three-compartment model to describe the batch growth of Nicotiana
tabacum. The three pathways they describe are the structural component (biomass) production,
secondary metabolite synthesis and cellular respiration. They havevery good resultswith thismodel,
i.e. matching experimental and theoretical values, except for the substrate concentration. The latter
could be explained by the fact that cell expansion occurred, which was not included in the model.
Growth of Echinaceapurpurea in the large (75 m3) fermenter system at Diversa (FRG) has been
described with a structured model by Posten and Munack (1989) with satisfactory results, although
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they neglected the product formation rate in the mass balances.
An original idea for the modelling of plant cell suspension growth was used by Frazier (1989), who
designed a'leaky cellgrowthmodel' basedontheleakageofmetabolitesfrom cells.Thismodelgives
good results, including the prediction of the lag phase with good experimental validation with cells
of Dioscorea deltoidea. The leakage of metabolites was used as a tool to describe the interaction
between growing plant cells and their environment.

Concluding remarks
Upto now, not many authors tried to model thegrowth of plant cells in suspension. There is general
agreement nowthatunstructured modelsdo notperform well enoughfor these cells. Good results are
obtained now with structured models. However, most authors do not use cell aggregates but single
cells, which is not often the form in which the cells are predominantly present.
For hairy root growth, no one has yet tried to model these cells, and most probably, the existing
models willhave tobe adapted before anaccurate descriptionof hairy root growth canbegiven. One
of the reasons for this is that cell division is limited to the top meristem of the roots (Wilson et al.,
1987).
Another point is that the variation in and between plant cell lines is so large, that it is very unlikely
that, at the present state of the art, it would be possible to develop models that have a general
meaning for at least a large number of different plant cell lines.

COMMERCIAL PROCESSES

Introduction
One of the ultimate goals of the research efforts invested inplant cell biotechnology is the industrial
implementation ofproduction processesbased onthistechnology. Inrecent years, quiteafew authors
have shed their light on this subject and, although their view in the articles range from pessimistic
to optimistic, they all share the conclusion that many problems have to be solved before
commercialization of plant cell biotechnology will have become a common practice.

Commercial processes
It isnot easy to obtain straightforward information aboutthe state of the art in the commercialization
of products. The processes that are commercial beyond dispute, are of course the production of
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