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ABSTRACT

Vacuolar entrapment of indole alkaloids remains the factor which limits the use of
immobilisation technology for plant cell culture, which, otherwise, represents a more efficient
system than suspension culture for this biomass. In this initial study, the release of indole
alkaloids from Catharanthus roseus was evaluated in Alkaloid Production Medium using surface
immobilised and suspension cultures.

Relative unstimulated release in immobilised cultures reached 10 to 50% of total alkaloid
production which was higher than the 10 to 25% release observed in suspension cultures.
Further enhancement of release in the immobilised system was attempted by altering the
extracellular pH. An acidic solution (0.1N HCI) or an alkaline solution (0.1N KOH) was added
(2% v/v) periodically to different cultures.

Alkalinization (from pH 5.6 to 8.6) and acidification (from pH 5.6 to 4.3) caused rapid
transient variations in the extracellular pH. In both cases these variations provoked significant
increases in total alkaloid (5-10mg-L® to 15mg-L?’), ajmalicine (0 to 0.29mgLl’') and

serpentine (0 to 0.20mg-L") release without apparent cell lysis.



SOMMAIRE

Le piégeage vacuolaire des métabolites secondaires demeure un facteur qui limite
I'utilisation de 1’'immobilisation des cellules végétales 2 grande échelle pour la production, qui en
soi-méme, facilite 1a culture de cette biomasse par rapport a la culture en suspension. Cette étude
initiale évalue le relargage des alcaloides indoliques produit par Catharanthus roseus en milieu
de production Zenk (APM).

Le relargage relatif, non-stimulé des alcaloides observé en culture immobilisée a atteint
des niveaux de 10% 2 50% de la production totale ce qui surpasse les niveaux de 10% 3 25%
observés en suspension. Uﬁe amélioration du relargage des alcaloides en culture immobilisée a
été tenté en modifiant le pH du milieu de culture. Des solutions acides (0.1N HC) ou alcalines
(0.IN KOH) ont été ajoutées (2%v/v) périodiquement aux différentes cultures . L’acidification
(pH 5.5 2 4.3) et I’alcalinisation (pH 5.8  8.5) ont causé des changements rapides et temporaires
de pH. Dans les deux cas, une augmentation du relargage des produits totaux (5-10mgL.! a
15mgL") ajmalicine (de 0 3 0.29 mg-L") et serpentine (0 2 0.20mgL™) a été provoqué sans
lyse apparante ou diminution de la viabilité cellulaire. Le relargage représente environ 100% des

alcaloides produits.
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DAT : Enzyme used in final step of vindoline synthesis, Acetyl CoenzymeA
deacetylvindoline-O-acetyltransferase.
dw : Biomass dry weight (g dw).
EtAc : Ethyl acetate.
k. : Mass transfer coefficient (cm+™).
k,” : Association constant of an alkaloid for a complexing substance.
IAA : Auxin hormone indole acetic acid.
NMT : S-Adenosylmethionine: 16-methoxy-2,3-dihydroxy-3-hydroxy
tabersonine- N-methyltransferase.
OTR : Oxygen transfer rate (mmole O, h).
OUR : Oxygen uptake rate (mmole O, - h).
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L3

: Extracellular pH.
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Xvii
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: Gamborg’s B5 medium supplemented with 4.5 uM 2,4-D.

2,4-D : 2 4-dichlorophenoxy acetic acid.



chapter 1
1.0 INTRODUCTION

Plants are capable of many functions. They are abundant on earth and are used for a variety
of purposes. Plants are cultivated as a nutritious part of animal diets, dried herbs are used to
alleviate illnesses and some extracts such as curare and hemlock have been used as poisons.
Plant chemicals
are commonly obtained by cultivation in fields around the world. This type of cultivation falls
victim to many factors such as environment, infestation and government controls which hinder
regular, dependable supply.

In vitro cultivation of plant cells has been carried out for almost 30 years. Use of defined
culture medium has lead to reproducible culture methods. Callus cultures on solid agar medium
have been initiated from a variety of plant parts. These cells are generally totipotent, they are
maintained in a undifferentiated state but they possess the genetic capacity of the original plant.
Plant cell suspension cultures have been generated from calli and they can be cultivated under
conditions where light, aeration, mixing and temperature have been controlled.

Plant cell characteristics such as low doubling times, high shear sensitivity and high viscosity
at elevated cell densities have caused problems in the development of large scale suspension
cultures systems. Immobilized culture systems were introduced to protect the cells from the
shear sensitive environment and to improve mass transfer. However, wanted products from plant
cells are generally stored intracellularly. This represents the main drawback of immobilized
systems. Economic process development of this type of culture is dependent on product release

by viable cultures.



2
The objective of this research project was to study the release of indole alkaloids from
Catharanthus roseus immobilised cells. Indole alkaloids are believed to be stored in cells
according to an ion trap mechanism whereby acidic conditions within the vacuole cause
protonation of the lipophilic molecules, thus, altering their freely diffusible characteristics.
Changes in extracelluar pH were evaluated as a means of decreasing intravacuolar entrapment
of indole alkaloids. Both increases and decreases of extracellular pH were studied as the physio-
chemical stimuli specifically aimed to establish new balance of alkaloid cellular

compartmentation.



chapter 2
2.0 LITERATURE REVIEW

2.1 PRODUCTS FROM PLANTS

A divers number of products have been obtained from plant material. Mixtures of oils have
been used to fabricate perfumes. Natural colouring agents have been extracted and used in both
the cosmetic and the food industries. In 1980, 25% of the pharmaceuticals produced in the U.S.
were composed of plant products or derivatives(88).

Many plant products used in the pharmaceutical industry are secondary metabolites. These
substances are biosynthesized by complex pathways disassociated from primary, life-sustaining
activities of the cells. Secondary metabolism involves the formation of extraneous substances
unessential to normal cell function. |

Indole alkaloids are a group of secondary metabolites which are derived from an essential
amino acid called tryptophan. This essential amino acid combines with a mevalonate derivative
(secologanin) to form strictosidine, the precursor of indole alkaloids. This set of bioreactions
is prevalent in the Catharanthus roseus species. Products of interest are ajmalicine, serpentine
vindoline, catharanthine, vincristine and vinblastine (FIGURE 1).

Ajmalicine is a hypotensive agent(4). In 1983, its annual market was estimated to be
3000-4000 kg. at a price of $1500kg” (47). Vincristine and vinblastine are dimers of
catharanthine and vindoline and are used in the treatment of a special form of leukaemia (1,25).
The estimated market of these products was 20 kg per year at a price of $5 millionkg'(47).

Many factors contribute to the problematic supply of these products from plants such as the

following:
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FIGURE 1: Molecular structures of significant indole alkaloids produced by Catharanthus

roseus.



1) variability in production from plant to plant;
2) environmental dependency;
3) long growth period;
4) lengthy extraction procedures;
5) low concentrations of products.
These factors prompted the evaluation of plant tissue culture as a more trustworthy source.

2.2 IN_VITRO CULTURE OF PLANT CELLS

In vitro plant cell tissue culture began with the development of a suitable culture medium
which sustained cell growth. Many types of defined media are presently available (68,69,94).
A cell line can be derived from various plant organs such as leaves, roots or stems. The general
procedure involves surface sterilization of the plant tissue in question and placing it on an
appropriate solid nutrient medium. The cells proliferate forming a callus. Healthy callus cells
can be placed on fresh agar medium monthly. If cell suspension cultures are targeted the callus
can be transferred to liquid. The resulting suspension cultures allow for a greater supply of
nutrients to come into direct contact with the cells, thus accelerating cell growth (69).

2.2.1 METHODS OF ALKALOID PRODUCTION IN C. ROSEUS CELLS

Many cell cultures are able to proliferate without producing significant levels of secondary
metabolites. The failure of a culture to synthesize a given product may result from repression
of enzyme synthesis and/or lack of enzyme activity (89,92). Selection and cultivation of cell lines
which express high levels of desired products are essential for process development.

Callus tissue could be used to select high producing cell lines by analysing the product

spectra of these cells. The biosynthetic capacity of high producing cell lines of Catharanthus
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roseus cells has been shown to be unstable (4,3,24,30). This phenomenon could be attributed
to genetic instability upon successive subcultivations (4,24). Therefore, resulting cell lines must
be analyzed periodically to ensure efficient product synthesis.

2.2,2 CULTURE MEDIUM

Components of the growth medium 1B5 used for C. roseus cell lines were found to
adversely influence the secondary metabolism. The synthetic auxin hormone, 2,4-D, was known
to interfere with secondary metabolite formation (1,2,13,14,41,42,45). Indole Acetic Acid (IAA)
was a suitable replacement. The use of higher sucrose concentration (5% vs. 2% in BS5)
stimulated secondary product synthesis. levels of inorganic phosphate were found to improve
secondary metabolite production since phosphate decreased the activity of TDC (tryptophan
decarboxylase) an enzyme involved in the synthesis of indole alkaloids (8,13,12,24,30,32,39,46).
The presence of nitrate repressed the activity of enzymes involved in secondary metabolite
synthesis (85,120).

Enhanced alkaloid synthesis was accomplished by modifying the composition of the growth
medium. In 1978, an Alkaloid Production Medium (APM) was formulated with the following
characteristics (2);

1) 2,4-D and/or NAA were replaced with 1uM of IAA and SuM of
N°-benzyladenine; '

2) 5% sucrose replaced 2% used in 1BS;

3) inorganic phosphate was low (37);

4) nitrate levels were slightly lower (18.4mM vs. 25mM);

5) ammonium levels were 4.5 times higher.
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Other methods to increase secondary metabolite production have been studied. Elicitation was
developed whereby a homogenised, autoclaved preparation of a fungus was added to the cell
suspension. This caused a rapid (24-72 hours) accumulation of indole alkaloids as compared to
the 15 days required for increases in APM (2). The drawback of this protocol was the
deleterious effect of the elicitor on the viability of the cells. A browning effect occurred
coincidentally with alkaloid accumulation and this was correlated with loss of viability (12, 96).
Rapid removal of the elicitor prevented this deleterious effect.

Another method used to stimulate alkaloid synthesis by plant cell culture was the use of hairy
root cultures. These cultures were developed by the infection of plant cells with Agrobacterium
rhizogenes bacterial cells (97). The infection causéd the prolific formation of hairy roots by
introducing part of the R, plasmid into the plant cell. The transformed plant cells become
differentiated thus causing an increased degree of cellular organisation which is correlated with
improved biosynthetic capacity (76, 97).

2.3 LARGE SCALE CULTURE OF PLANT CELLS

The following characteristics of plant cells must be taken into account to select a suitable
bioreactor for large scale culture system:
1) long cultivation times are required because of slow growth rates(0.2 to 0.5 d™);
2) innate aggregation of cells causes heterogencous cultures (13,20,111,115);
3) large cell diameter (30-100pum)and rigid cell walls render the biomass shear
sensitive(20,24,25);
4) high viscosity of suspension cultures when the cell density is over 10 gdw L (24) ie.

20 g dw - L resulted in an apparent viscosity of 520 cps at 50 rpm.
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Catharanthus roseus cell cultures displayed uncoupled growth and alkaloid synthesis
(1,5,8,13,26). This characteristic suggested the development of a 2 stage production process
whereby the first phase supported cell growth with a growth specific medium while the second
stage focused on product sﬁmttmsis.
Large scale cultivation of suspension cultures display inherent process problems. The high
viscosities achieved at high cell densities cause mass transfer limitations, foaming and dead
zones. Increased mechanical mixing was not an option for this shear sensitive biomass. Some
exceptions exist for specifically designed impellers. The use of gentle airlift reactors (13,24,73)
was explored; however, they were unsuitable for highly viscous fluids.
The set of problems involved with suspension cultures has led tlo the development of
immobilized cultures. Immobilization has the following advantages:
1) aggregation is induced which increases cell stability and can increase cell differentiation;
2) biomass is protected from shear stress (52,67,111,115);
3) continuous processes can be more easily set up without washout of cells since the biomass
is separated from the medium (52,67);

4) simpler process control and product recovery when release can be achieved;

5) biomass is conserved for longer periods of time (7 months) which allows for reuse as
biocatalyst (52,111,115);

The immobilization of plant cells also displayed limitations. Aggregation caused mass transfer
problems and rendered the cell population heterogenous due to concentration gradients in the
biofilm(115). This indicated that growth must be closely regulated to avoid cellular nutrient

starvation. Another limitation of immobilized cultures was that targeted products were generally



9
stored inside the cells, as was the case for C. roseus cells. Large scale immobilized plant cells
could only be a viable process option if release and solubilization of products without damaging
the biocatalysts can be achieved.

The immobilisation technique must be gentle and cannot interfere with the secondary
metabolism of the cells (35,36). Many methods of immobilisation have failed due to the
harshness of the conditions. The strategies employed in some cases involved treatment with
chemical substances such as gluteraldehyde and acrylamide; these have proven toxic to the cells.
Gel entrapment has been the most widely used procedure (21,52,99,116) in which cellular
viability was retained. The significant disadvantage of this technique was the decrease of
nutrient transfer due to the intervening membrane barrier occuring between the cells and the
culture medium. There were also difficulties with large scale fabrication of the beads.

In 1983, adhesion was considered as an altemnative method of immobilisation, which could
not be relied (35) upon, however, due to weak and unpredictable adsorption (94); yet, in 1987
surface immobilisation on a man made geotextile had been successfully developed without the
problems cited above. This method was very gentle and did not inhibit cell growth or product

synthesis (36,127).
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2.4 SPECIAL PROPERTIES OF THE PLANT VACUOLE

Plant vacuoles are the site of most secondary metabolite storage. The usefulness of
immobilized plant cell cultures depends on the release of these products. A method to stimulate
release of intravacuolar alkaloids can only be elucidated once general vacuolar function is
understood.

A schematic representation of the plant cell is depicted in FIGURE 2. The golgi apparatus
functions as a transporter of cell wall material to the plasma membrane; the cell wall components
are then exocytosed. The vacuole is formed by fusion of small provacuoles which are
themselves the result of pinched-off vesicles from the rough endoplasmic reticulum. Gradually,
the vacuole increases in size to form a large aqueous compartment which contains sequestered
cytoplasmic components. 'fhe constituents are autodegraded within the forming vacuoles which
demonstrates the lysosomal nature of the vacuole.

A fundamental function of the plant vacuole is to protect the plant cell against environmental
changes (34,110). For instance, large quantities of water and nutrients are stored within the
vacuole. This limited reserve can sustain the plant during periods of drought for example.

Inorganic ions, small organic compounds and large organic substances are present in the
vacuoles. These osmotically active substances contribute to turgor pressure of the cell. Turgor
is an internal outward pressure caused by the imbalance of solutes between the internal and
external environments of the cell (33). The intracellular compartment composed mostly of the
vacuole, is hypertonic compared to the outside of the cell. More specifically the concentration
of salts and other osmotically active substances is greater inside the cell. Thus, water will have

a tendency to enter the cell. Lysis does not occur because of the resistant cell wall. Turgor is
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FIGURE 2: Schematic representation of the plant cell.
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responsible for cell expansion, however, it does not regulate cell proliferation (110).

The following is a list of inorganic ions found in the vacuole:

1) Ca**,Mg*, Cu*;

2) K*, Na*, HY;

3) CrI, PO,~, NO;.

The flow of these ions is dynamic and the mechanisms involved in their transport into the
vacuole is specific to each ion. Specific permeases are involved for nitrate and chloride
accumulation. Membrane transport can also occur by cotransport systems where the transfer of
one solute depends of the transport of another. The substances can either be moved in the same
direction (symport) or in opposite directions (antipbrts). Hydrogen ions (H") are sequentially
transferred in opposite directions to sodium and calcium ion transport (123).

Small organic substances include sugars, amino acids and tricarboxylic acidic cycle(TCA)
intermediates such as malate and citrate (112). The TCA intermediates are compartmentalized
because they would decrease the cytoplasmic pH which would interfere with normal enzyme
function of the cell. The amino acids may be considered as storage forms of nitrogen for the
plant cell.

Larger organic molecules found intravacuolarly include proteins and secondary metabolites.
Most acid hydrolases involved in lysosomal activity are confined to the vacuole
(34,106,112,113,114). The onset of senescence which occurs concomitantly with decreasing
content of proteins, nucleic acids and other cellular components (110) is related to tonoplast
breakdown. This process is known as autolysis. The content of the vacuole is therefore harmful

to normal cellular metabolism.
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It is hypothesized that the noxious nature of secondary metabolites (33) is the reason for

spatial separation of these metabolites (34). Generally, a large fraction of alkaloids are localized

in the vacuole (34). An exception is the root specific alkaloid berberine, which was shown to
adhere to the cell -wall components (100).

2.5 SECONDARY METABOLITE ACCUMULATION IN PLANT CELLS

2.5.1 ALKALOID SYNTHESIS IN PLANT CELLS

The process of secondary metabolite production by plant cells involves the biosynthesis,
transport, storage, further processing and degradation (92), all of which may occur at separate
locations in the cell. The spatial expression of these functions depends primarily on the location
of the enzymes involved in the process. The syhthesis of alkaloids is mostly restricted to
cytoplasmic enzymes (92, 113) although biosynthetic enzymes have been associated with the
chloroplastic and mitochondrial fractions of the cells(92).

In the case of Catharanthus roseus cells, for example, a key intermediate in the synthesis of
vinblastine and vincristine, vindoline has been shown to have a distinct site of synthesis. For
instance, the first two enzymes in the pathway (tryptophan decarboxylase and strictosidine
synthetase) are located in the cytoplasm (15,81). One of the key enzymes, thereafter, is an
N-methyl transferase which is believed to be associated with the chlorophyll (FIGURE 3)
fraction of C. roseus seedlings(80,81). This enzyme could not be isolated in undifferentiated
suspension cultures. The last step which involves an acetylation reaction occurred in the
cytoplasm. |

Transport of secondary metabolites is a complex process. In whole plants, for example,

alkaloid synthesis may occur in the roots and be transported through the cell sap to extremities
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such as leaves (100). The alkaloids must cross many membranes to achieve this feat and it has
been proposed that simple diffusion is involved (100).

Given a less complex system of in vitro suspension cultures for which cell organization is
minimal (except for immobilized cultures), the transport is restricted to short distance
translocations. In suspension cultures of Catharanthus roseus cells, two types of cells were
distinguished according to alkaloid storage capabilities (14). It remained unresolved whether
alkaloids were transported from synthesizing cells to storage cells or if synthesis and
accumulation occurred in the same cell. It is worth noting that the storage cells display vacuolar
pH values 1-2 units lower than non-accumulating cells. This hints at the importance of acidic
pH to the entrapment of indole alkaloid.

2.5.2 PRODUCT ACCUMULATION MODEL

Conflicting theories have been postulated to explain the preferential storage of secondary
metabolites in vacuoles. Originally, an "ion trap" model was postulated (FIGURE 4). This
model (14) is based on the lipophilic nature of the alkaloids. There is rapid permeation of the
newly synthesized neutral products from the cytosol across the tonoplast (vacuolar membrane).
Once inside the vacuole, the alkaloid is protonated according to its acidity constant (pK,). The
newly formed cationic species is lipophobic and unable to cross the tonoplast. A relationship
was found between the ratio of intracellular and extracellular (medium) concentrations of freely

diffusible substances depending on the vacuolar pH (101):

C/C.=_1 + 10[pKa-pHil (1)
1 + 10@KepHe]
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where:
C, = intracellular concentration of a given alkaloid
C, = extracellular concentration of the same alkaloid
pK,= acidity constant of the alkaloid
pH;= intracellular pH
pH.= extracellular pH.

2.5.3 ALKALOID ACCUMULATION IN CATHARANTHUS ROSEUS

The factors governing alkaloid storage are difficult to identify. The results ensuing from
studies on accumulation of secondary metabolites in the plant cell are controversial. Most of the
controversy stems from the variation in biological systems used to characterize alkaloid
compartmentation and special attention should be paid to these differences. Label tracing
experiments have been performed on whole cell, protoplasts and vacuole preparations.

Alkaloid sequestration was generally studied by placing the labelled secondary metabolite
in the medium surrounding the cell or organelle, then a time course evolution of cellular uptake
was determined. The factors contributing to intracellular alkaloid (or intravacuolar) retention
involved both transport and trapping of the substance. In experiments carried out with whole
cells, the secondary metabolite must be transferred through the cell wall, the plasmalemma and
the tonoplast (FIGURE 5) prior to entering the vacuole. The protoplasts are cells without cell
walls, which was one less barrier to overcome in alkaloid uptake. Accumulation with vacuoles

involved the simpler transport, only the tonoplast barrier needing to be overcome, Once the
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alkaloids were inside the vacuole they could be trapped by a variety of methods such as
protonation, complexation or crystallization.

Suspensions cultures of Catharanthus roseus cells were used to determine the importance
of pH gradient on transport of an exogenous alkaloid, tabemanthine (7). The ratio of
intracellular to extracellular tabemnanthine concentration reached equilibrium following 10 to 20
minutes of incubation. Acidification was carried out thereafter to obtain an extracelluar pH of
6.9. This caused a rapid efflux of the alkaloid, equilibrium being attained within 30 minutes as
demonstrated by constant intracellular concentration. The extracelluar pH was increased to the
initial value of 7.8 which incited alkaloid influx (7).

The indigenous alkaloid ajmalicine was also used to characterize transport(102). Whole cells
were allowed to uptake radiolabelled ajmalicine. Equilibrium was established at approximately
30 minutes. Modifications of extracelluar pH led to significant changes in the intracellular (C)
and extracellular concentrations (C,) of ajmalicine. An acidification from 7.9 to 4.9 effected a
decrease in C, to half the original value within 10 minutes. This value increased to its original
level as the external pH was buffered by the cells from 4.9 to 6.6 (60 minutes). These results
demonstrate the significant effect of extracelluar acidification on alkaloid release.

A more rigorous study was undertaken with protoplasts isolated from young leaves of a C.
roseus plant (79). The indigenous indole alkaloids displayed biphasic uptake into protoplasts:
an initial rapid incorporation followed by a slow linear influx. In the case of vindoline, the rapid
uptake was attributed to simple diffusion which was found to be pH dependent. The linear influx
was suggested to be energy dependent and specific for vindoline. The same protoplasts were used

to study two exogenous alkaloid species, morphine and nicotine. They displayed linear and
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monophasic uptake respectively; thus implying the non-specific nature of transport for these
exogenous alkaloids.

Vacuoles isolated from .Catharanthus roseus cells were also used (15). The uptake against a
concentration gradient was linear for ajmalicine. It required energy and was sensitive to the pH
of the medium. These vacuoles only transported specific alkaloids synthesized by the species
from which the vacuoles were isolated.

Different properties of alkaloid uptake (83,88) were found during other studies using
vacuoles. For instance, there was rapid influx of ajmalicine which attained equilibrium within
3 minutes, there was a 5 to 10 times greater concentration in the vacuole than in the medium
and ATP did not stimulate further transport. Of utmost importance was that pH modification of
the surrounding medium altered ajmalicine similarly to that observed in the whole cell (7).

The retention of alkaloids within the vacuole was suggested to influence transport. As
previously discussed, protonation may trap indole alkaloids in the vacuole. However, not all
results supported this model. Simple diffusion and protonation could not fully explain the extent
of ajmalicine accumulation in whole cells (102). It was proposed that complexation of alkaloids
within the vacuole was possible and a modified relationship was suggested to better explain these
findings:

Co=_1 + 10%%=#H1 (1 4k A" @)
C, 1+ 10@%

where:
C, = intracellular concentration of a given alkaloid
C, = extracellular concentration of the same alkaloid

pK,= acidity constant of the alkaloid
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pH;= intracellular pH

pH_= extracellular pH.

k, = the association constant with the complexing substance

A" = the concentration of free complexing sites
A value of 11.6 was calculated for k,-A" suggested that 11.6 molecules could exist for every
ionized molecule of ajmalicine. It has been suggested that phenolic compounds within the
vacuole could be complexing with alkaloids (79,92,93,102).

In studies carried out with protoplasts it appeared that ion trapping of the alkaloid by low pH
played an important role in the retention of alkaloid in the vacuole (79).

In vacuoles it was admitted that the level of ion trapping depended on the type of alkaloid
and that lipophilic alkaloids were the most influenced by protonation. However up to 30 % of
ajmalicine retention occurred by slowly exchangeable complexed forms of the alkaloid (83).
Other authors negated the ion trap model because of the observed exchange of radioactive and
non-radioactive species with vacuole preparations (15,49). True diffusion was not occurring in
these vacuoles because transport was active, saturable and required a specific carrier for the
alkaloid (15).

The discrepancies between results of (15) and (83) with isolated vacuoles could be attributed
to organelle isolation procedure which affected vacuole properties. One group stabilized the
vacuoles with a NaCl osmotically balanced medium. This procedure seemingly increased vacuole
pH from 5.6 to 6.3 (83). The increase was caused by stimulation of the Na'/H" antiport system
(83) present in the tonoplast. In this case, the intensity of vacuolar trapping of the alkaloid was

possibly diminished.
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The conclusions drawn from these studies were that pH alterations cause changes in vacuolar
and extracelluar fluxes of secondary metabolites when whole cells were used (7,102). However,
when isolated vacuoles were studied, transport of the alkaloids in the vacuoles was specific for
indigenous forms: thus, implying translocation into vacuoles by a more complex processes than
simple diffusion (15,79,83,88. The retention of alkaloids could not be fully explained by the ion
trap mechanism (102); thus, complexing substances in the vacuoles were suggested to be
responsible for the accumulation of the alkaloids against a concentration gradient (79,92,93,102).

The studies on secondary metabolite accumulation were controversial and complex. They
indicated the many facets which contribute to the sequestration of secondary metabolites in the
cells. The advent and refinement of isolation and stabilization techniques of the vacuole have
facilitated the study of alkaloid compartmentation which is schematically represented in FIGURE
6 (93). This model suggested a dynamic system which may be influenced by many
environmental conditions.

The cultured cells could be stimulated to release sequestered alkaloids without causing cell
destruction. The following modifications of the cell culture have been found to increase efflux
of intracellularly compartmented products:

1) Ca™ (5mM CaCl,) stimulated ajmalicine release (82);

2) K* (25mM K,SO,) stimulates ajmalicine efflux (82);

3) NacCl (final concentration 0.27 M) stimulated catharanthine release but this may have been

caused by cell lysis (86) because the viability decreased by 30%;

4) elimination of phosphate allowed for the release of protoberberine (84);
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5) elicitation of Catharanthus roseus with Pythium caused the release of indole alkaloids(12);

6) cell immobilization incites release of intracellular compounds (52,98,115);

7) alterations of ionic strength brought about release of intracellular enzymes;

8) extracelluar acidification (56,82,87,99,102) or alkalinization (36) incited release of

alkaloids.

An increasing number of studies implied that a diversity of systems may have been
responsible for alkaloid vacuolar accumulation. It is likely that specific carriers are responsible
for overall transport of a single alkaloid into the vacuole while the trapping of the alkaloids
inside the vacuole was caused by a combination of protonation and complexation. With this in
mind, it was difficult to find a simple, gentle method which could be used to incite alkaloid
release from immobilized cells. However, pH was acknowledged as an important element
influencing alkaloid retention (7,11,14,15,26,29,31,56,59,79,82,87,99,102). Thus, it was
warranted to evaluate this stimulus as a release effector for immobilized Catharanthus roseus
cells.

2.5.4 PH CONTROL IN PLANT CELLS

Control of intracellular pH is a requisite to ensure normal cellular activity in the plant cell.
Cytoplasmic pH is rigidly maintained (107) by a multitude of processes. Transport systems exist
which are coupled to H* or OH". There is a fast turnover of these ions resulting in a dynamic
equilibrium system t0 maintain cytoplasmic pH.

Vacuolar pH is more variable than the cytoplasmic pH. Values range from 3.5 to 5.5 (113).
Flexible vacuolar pH is necessary to maintain a constant cytoplasmic pH(~7). The vacuole

functions as a buffer and is the main site of cytosol pH regulation.
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Tonoplast ATP’ase/H* transport systems exist (113). There are other substrate specific
transport systems which cause release of H* from the vacuole. They may be symports where H*
and the substrate move in the same direction or antiports where H* and substrate move un
opposite directions(113).

A specific type of pH control is depicted in the following example. CAM ( Crassulacean
Acid Metabolism) is a process whereby CO, is stored in the form of malate (63,106). This
mechanism is stimulated in darkness. Malate formation consumes OH" ions which would cause
acidification of the cytoplasm. This does not, however, occur because malate is transported along
with one H' into the vacuole. The vacuole is normally 1-2 pH units more acidic during
obscurity than under normal photosynthetic conditions. This process occurs in both whole plants
(106) and in vitro plant cell cultures.

Proton associated transport also occurs at the plasmalemma whereby H* ions are secreted into
the medium. There are H'/ATP’ases on the plasmalemma. When extracellular pH is less than
9-10 there is an active efflux of H* (63). Proton extrusion is stimulated by the auxin IAA; it acts
as a redox driven H* pump at that plasmalemma (63,118). Increases in extracellular osmolarity
can also induce release of H* so as to acidify the culture medium.

Modification of extracellular medium has been carried out and rapid pH autoregulation was
observed repeatedly (87,102,119). With the wide range of pH regulators mentioned previously,
it seems that gentle momentary pH alterations of the medium should not pose a threat to normal

cell activity.



chapter 3
3.0 OBJECTIVES

The main objective of this project was to study the release of indole alkaloids from
Catharanthus roseus immobilized plant cells and to evaluate the effect of changing extracellular
pH on this release process. This was broken down as follows:

1) briefly review the growth characteristics of three systems namely the 200mL suspensions,

the 2L and the 6L immobilized plant cell bioreactors;

2) determine of natural release in suspension cultures and immobilized cultures of

Catharanthus roseus cells;
3) determine of the effect of changing the medium pH on normal cell activity;

4) determine of the effectiveness of acid and base on the release of indole alkaloids.



chapter 4
4.0 MATERIALS AND METHODS

4.1 SUSPENSION CULTURES

4.1.1 SUSPENSION CULTURE MAINTENANCE

Suspension cultures of Catharanthus roseus cells (line MCR17) were generated from the leaf
of the Periwinkle plant. The cell line has been maintained since 1984 in Gamborg’s BS (68)
medium supplemented with 4.5 UM of 2,4-dichlorophenoxyacetic acid (2,4-D) and 2% sucrose
(1BS). The media were steam sterilized (121°C,15psi,60minutes). Rigid sterilization was carried
out to ensure sterility. Weekly subcultures were carried out by inoculating 20 mL into S00mL
Delong flasks containing 200 mL (10% v/v inoculation ratio) of sterile medium. These were
kept at 28%1°C on a rotatory shaker at 150 R.P.M. under continuous diffuse light.

4.1.2 GROWTH KINETICS IN SUSPENSION

The growth of the cell culture was evaluated by sampling 10 mL every 2-3 days. The
samples were filtered, the liquid was collected for nutrient analysis. The biomass was rinsed
twice with distilled water; the fresh and dry (dried at 80°C until constant weight) weights were
determined.

4.2 SURFACE IMMOBILIZED PLANT CELL BIOREACTORS

4.2.1 THE 2 L BIOREACTOR

The 2L Surface Immobilized Plant Cell (SIPC) bioreactor consisted of a 2 L conical vessel
as per FIGURE 7A. The upper cover contained 4 ports. A sintered glass air sparger was placed
in the middle hole and penetrated the spiral matrix (FIGURE 7B). One port was used for

sampling, one port was used for a glass condenser and the final port was used to transfer
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medium. A Viton O-ring was placed between the vessel and the cover which were clamped to
ensure sterility.

The matrix material used was a man-made geotextile (A07 from Texel Inc.)
with an average thickness of 1.6mm. The material was washed prior to use by soaking in hot
MeOH, then rinsed with distilled water and dried. The material was cut into rectangular strips
of ~90 x 10 cm which resulted in an average surface area of 1845£135cm? The material was
wrapped around a stainless cage to form a spiral configuration as per FIGURE 1B. The spacing
between the each layer was 1.3 cm. The time required for cells to completely adhere to the
matrix surface is 24 hours.

The temperature of the bioreactor was maintained at 28+1°C using the following system. A
surface resistance temperature probe attached to the exterior of the glass vessel was connected
to a PID Viconics (TC300) regulator which controlled the temperature through a
heating/magnetic stirring plate (Thermolyne Sybron Inc.). This system was developed in 1988
(72).

Aeration was maintained at 0.0740.02VVM; mixing was achieved using a magnetic stirring
bar rotating at 300 r.p.m. (impeller tip speed of 121cm-=s” ; impeller Re=29000). These
operating conditions allowed for an oxygen transfer coefficient of (k;a)~ 6h* (APPENDIX 1).
This plot encorporates the O2 transfer attributed to surface aeration which explains the k; a ~4h
at 0 V.VM. One could flush the head space in the bioreactor to decrease this effect so as to
measure klLa strictly as a function of sparging.

The reactors were sterilized with 1.2 L of medium at 121°C and 15 psi for 60 minutes. A

10% inoculation was achieved by adding 180-190 mL of a 6 day suspension culture
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(~10gdw-L™) into the bioreactor. Thereafter, sterile medium was added to attain a total initial
volume of 1.8L.

Liquid samples were taken every 2-3 days for nutrient and/or alkaloid determination,

Biomass concentration could only be measured when the reactor was dismantled. Fresh and dry

weights were determined. The following equation was employed to calculate the true dry weight

biomass (36) which took into account the residual sugars retained in the matrix material:

X rC = vVM+X - wstmcmn: - 0'92*Vmatrix*CHOf (3)

Xpc = total dry weight biomass immobilized on the matrix (g);

Wux = weight of dry biomass and weight of structure (g);

W iruare = Weight of the original,dry structure and matrix prior to culture(g);
0.92 = void fraction of the matrix (cm® H,0/cm?);

Vpaeix = Yolume of matrix (cm®);

CHO, = final total alkaloid concentration (g/cm®),

4.2.2 METHODS OF PRODUCTION: THE 1-STAGE AND 2-STAGE PROCESSES

Indole alkaloids biosynthesis was induced in 2 manners. The 1-Stage process consisted of
a 15 day culture period in Zenk‘'s Alkaloid Production Medium (APM) (2). Refer to
APPENDIX 2 for a comparison between B5 and APM media composition.

The 2-Stage process was carried out with a 6 day growth period in Gamborg’s (BS) medium
supplemented with SuM of [AA, (medium = ABS). Up to 90% of the medium was removed at

day 6 and fresh APM was added . The production period lasted 15 days, similar to the 1-Stage
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process. In both processes, samples were taken every 2 to 3 days to determine culture
parameters (pH, NO,, conductivity and carbohydrates) and to quantify extracellular alkaloid
content.

4.2.3 THE 6 L SURFACE IMMOBILIZED BIOREACTOR

A glass cylinder 15.3 cm in diameter and 40 cm in height with a sampling port was used in
conjunction with upper and lower stainless steel flanges to form the shell of the 6 L modified
airlift reactor with an effective volume of ~5.2 L. The centrally placed riser tube within the
stainless immobilizing structure allowed the passage of air sparged from the bottom of the
reactor. Approximately 2.5 cm above the tube was a diverting plate to allow for better mixing.
A teflon profile was inserted at the bottom of the reactor to prevent the formation of dead zones
(FIGURE 8).

The inert immobilizing material AO7 was cut into strips of 24 x 130 (immobilizing
area=6270+150 c¢m?) and wound around the stainless steel cage in a spiral configuration. The
matrix covered cage (15 x 15 x 24 cm) was placed vertically into the 6L glass vessel of the
modified airlift bioreactor (IA). The upper plate was fitted with the appropriate accessories
(Freidrich condenser and calibrated pH probe) and the reactor was steam sterilized (121°C, 15psi,
1h). The media were filtered sterilized with a 0.22um Millipore (Millipak 20) system. The
media containers were connected to the bioreactor following bioreactor sterilization in a laminar
flow hood. Prior to the addition of the inoculum, 1 L of the starting medium was added to
prevent the clogging of cells. The bioreactor was inoculated with 1 L of a early exponential
phase culture (6-7 d, 10 g d.w..L"). The medium was initially filled just above the height of

the matrix structure (~4L) to ensure rapid immobilization of the cells to the matrix material
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which required 24 hours. The following day the medium level was increased to ~5.5 L.

The modified airlift was aerated at 0.3-0.5 VVM which fulfilled both the requirements for
aeration and mixing (k,a=6-8 h', APPENDIX 3). The temperature was maintained at 28+1°C
by a modified version of the 2L control system. All 6L bioreactors were shielded from light
with aluminum foil.

4.2.4 PH MODIFICATION EXPERIMENTS

The 2 STAGE process which was used, consisted of a 6 day growth period in BS medium
supplemented with 1 uM IAA . At day 6, 90 % of the medium was removed and fresh APM
was added to initiate the production phase. For reactors IA22(base) and 1A23(acid), release was
stimulated by adding 2% of 0.1N KOH or HCI starting at day 9. During the following 3 hours,
~100 mL samples were acquired at close intervals. This sampling schedule was deemed
necessary to pinpoint maximal product release which had been reported to occur shortly after
stimulation (7,36). Two(2) days following each experiment, fresh APM was added(~20% v/v)
to the reactor to replenish the system for subsequent product release experiments which were
performed at 3 day intervals up to and including day 21.

Other cultures IA12(base), IA19(base) were treated similarly except that pH modifications
were only carried out 2 times; at day 9 and 12 for IA12 and day 15 and 18 for IA19. IA20 did

not undergo any such pH modifications and was dismantled at day 12 of culture.



4.3 ANALYTICAL METHODS

4.3.1 CULTURE PARAMETERS.

Nutrient consumption was monitored for all cultures. Carbohydrate levels were evaluated
using high pressure liquid chromatography (HPLC). The system consisted of a Waters model
1590 pump, a Waters U6K injector, a temperature control unit, a Waters 410 refractometer
connected to a Spectra Physics SP4270 integrator. Sucrose, glucose and fructose were separated
using an Aminex carbohydrate HPX-87C column from Bio Rad. Water was the eluent and it
was filtered at 0.45um prior to use. The isocratic flow was maintained at 1 mLmin? which
gave rise to a back pressure of 1000psi . The temperature was maintained at 80°C.

Nitrate concentrations were determined using an Orion nitrate electrode (model 93-07) (5).
The ionic strength of the samples was adjusted by adding 2M (NH,),SO, (2%v/v) prior to voltage
reading. Standards ranging from 10" to 10*M were used for the standard curve as demonstrated
in FIGURE 9. There was a logarithmic relationship between voltage and nitrate concentration.
When the solutions were alkaline, as for the alkalinized cultures IA12, IA19, and [A22, a
significant interference was observed (FIGURE 9).

Conductivity of the culture was also evaluated. A YSI model 3 conductance meter was used.

The volume required for conductance measurement was ~27mL.

4.3.2 ALKALOID ANALYSIS AND QUANTIFICATION

Culture medium was extracted by a well known liquid-liquid extraction procedure (125) used
regularly for C. roseus alkaloid extraction. It was beyond the scope of this project to futher
explore this procedure.

Base (10N NaOH) was added to the sample of medium to increase the pH to 10. Thereafter
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it was extracted 3 times with an equal volume of ethyl acetate. The organic phase was
recuperated and evaporated to dryness with a rotoevaporator. The resulting alkaloid crystals were
dissolved in 4 mL of a 50% mixture of ethyl acetate/methanol.

The biomass was extracted in hot MeOH for 1 hour. The resulting methanol mixture was
evaporated to dryness under vacuum. The crude mixture was redissolved in ~100 mL of a IN
HC1 solution (fraction 1) and in ~100 mL of ethyl acetate (fraction 2). The ethyl acetate Fraction
2 was extracted 2 times with an equal volume of a solution of 1N HCI (fraction 3). The aqueous
phases (fractions 1 and 3) were combined and 10N NaOH was added to reach a pH of 10.
Further extraction was carried out with 3 times with an equal volume of EtAc. The resulting
organic fraction was evaporated to dryness. This alkaloid fraction was dissolved in a 50:50
MeOH:ethyl acetate mixture. The resulting alkaloid concentrates were analyzed by two types of
chromatography : High pressure Liquid Chromatography and Thin layer chromatography.

Thin Layer Chromatography was used to separate components of a mixture. The alkaloid
extract was eluted on glass plate covered with silicone. The Baker plates (Si 250f (4¢)) consisted
of 4 channels of treated silicone which allowed for component detection under UV light at 254
nm. Approximately 100pL of the alkaloid extract was placed at 2 ¢m from the bottom of the
plate. The separation occurred by elution against gravity with a mixture of 90% EtAc in MeOH.
The front of the eluent climbed upward on the plate until it reached 12 cm which required ~25
minutes. The plates were dried and observed under UV, The distance travelled by each
component was recorded and compared to the eluent front. Thereafter, R, values were calculated
in the following manner;

R; = distance travelled by component @)
distance travelled by the eluent front
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The plates were treated with a 1% (w/v) of ceric ammonium sulphate in phosphoric acid. The
chromogenic responses were determined and R; values were calculated as per equation 4. The
R, values and colour responses were compared to standards and alkaloids studied by Farnsworth
et. al.(107) for identification.

Individual alkaloids were quantified using reversed phase HPLC. A Brownlee Labs OS-SA
C® column was maintained at 48°C and the eluent was pumped at 2.0 mL/min, A gradient was
developed with a starting concentration of 50:50 MeOH:H,0. The MeOH was increased at
1%/min to a final concentration of 85% MeOH in H,O. The mixture had a constant level of
tetra butyl ammonium phosphate (1.87mM). The alkaloids were detected at 254 nm using a
Multiwavelength detector (Waters 490E) connected to a Spectraphysics Integrator. The retention
times of the alkaloids originating from the samples were compared to the available standards and
their concentrations were calculated thereafter.

Following extraction, many compounds were detected in the JPLC chromatograms; they
however, remained unidentified due to lack of standards. It has been well documented that a
great number of alkaloids are produced by the C. roseus species, and it was no suprise to observe
this multitude of unknown products. Some of the substances displayed interesting behaviours
during alkaloid release experiments. The absorbance was used to estimate a relative extracellular
concentration.

The total alkaloid concentration is determined as per Lee et. al. (108). A mixtre of 13
alkaloids was used as a standard solution (TABLE 1). A series of dilutions were carried out and
the absorbance at 280 nm was measured. Results were correlated by the following equation

which was utilised to determine the total alkaloid concentration of the alkaloid extracts:



TABLE 1: Alkalold mixture used for total alkalold determination

ALKALOID [Alkaloid]
(mg/L)
Tryptamine 51.6
Strictosidine lactam 54.7
Yohimbine 59.4
19-epi-vindolinine 344
Vindolinine 37.3
Vindoline 35.1
Catharanthine 63.6
Vinblastine 34.3
Tabersonine 72.2
Vincadifformine 53.2
Vincristine 33.1
Ajmalicine 52.2
Serpentine 3.3
Lochnerinine 19.3
Total alkaloid concentration 603

Standard curve for alkaloid determination

Dilution ABSORBANCE Total alkaloid

280nm Concentration
(mg/g)
5 1.79 0.120
10 0.92 0.060
16.25 0.56 0.037
20 0.45 0.030

40 0.13 0.015
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Concentration = [64.4 * Abs] + 2.8 &)

where concentration was in mg/kg of extract and Abs = absorbance at 280nm.

4.4 DETERMINATION OF NATURAL PRODUCT RELEASE IN DIFFERENT

CULTURE SYSTEMS

The relative basal release of alkaloids in the 200mL suspensions was determined by removing
~ 40mL from a shake flask. The cells were filtered and the medium was collated. The biomass
and the medium were extracted and analyzed for alkaloid content as explained previously. The
relative or percent release was calculated in the following manner:

RELATIVE release = content in medium 6)
content in medium + content in biomass

The relative natural release in the 2 L and 6 L immobilized cultures was evaluated differetnly
due to the inaccessability of the biomass. The bioreactor was dismantled while the medium was
recovered for extraction and alkaloid analysis. The biomass was extracted and similarly
analyzed. The percent release was evaluated as per equation (6). The absolute release was also
used to compare alkaloid concentrations in the culture medium. During the induced alkaloid
release experiments the absolute concentrations were used more often because the biomass could

not be evaluated for alkaloid content.



chapter 5
5.0 GROWTH AND NATURAL PRODUCT RELEASE

5.1 GROWTH KINETICS OF CULTURED CATHARANTHUS ROSEUS CELLS

Results presented in sections 5.1 to 5.3 summarize experimental work performed in
cooperation with R, Tom (120). They were essential to the understanding of subsequent

experimentation performed to induce product release.

5.1.1 SUSPENSION CULTURES GROWN IN 1B5 MEDIUM

Inocula for surface immobilized plant cell bioreactors were grown as suspension cultures in
1B5 medium. A characteristic growth pattern of the 200mL suspensions cultured in 500mL
shake flasks is presented in FIGURE 10. The biomass dry weight demonstrated a decline of
rapid cell growth (exponential) following day 4; this coincided with a slower consumption of
carbohydrates. The stationary phase occurred at day 6 with a concomitant depletion of
carbohydrates. The decrease of dry weight biomass at day 8 probably resulted in cell
deterioration and/or consumption of stored starch. Viability studies were not performed and the
cause of declining dry weight could not be pinpointed. The specific growth rate and biomass
yield relative to carbohydrates of these triplicate cultures were 0.50 d' and 0.59 g dw/ g
carbohydrate consumed respectively.

5.1.2 SUSPENSION CULTURES GROWN IN ALKALOID PRODUCTION MEDIUM

Shake flask suspension cultures (200mL) were grown in Alkaloid Production Medium
(APM). The growth characteristics of triplicate cultures are illustrated in FIGURE 11. The initial
sucrose level was 50 g-L"'. Biomass concentration reached a maximum of 24.2 g dw-L™" at day

15 and carbohydrates were exhausted by day 22. The specific growth rate was 0.34d? and an
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FIGURE 10: Growth of C. roseus suspension cultures (200mL).
Cultures were maintained in 1B5 medium at a temperature
of 2841°C on a rotatory shaker (150 RPM).
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® = Fructose, ¢ =Total carbohydrate.
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FIGURE 11: Growth of C. roseus suspension cultures (200mL)

Cultures were maintained in APM at a temperature
of 28+1°C on a rotatory shaker (150 RPM).

® = Sucrose, A = Glucose,

B = Fructose, ® =Total carbohydrate.
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average yield (Y,,) was 0.50 g dw/ g carbohydrate consumed.

Slow growth rate of these cultures compared to the 1B5 cultures was attributed to the lower
initial concentrations of nitrate (APM=18.4mM, 1B5=24mM) and inorganic
phosphate(APM=0.54M, 1B5=1.09M). High sucrose concentration was inhibitory to growth and
the phytohormone IAA used in APM was less potent a growth hormone compared to 2,4-D in
the growth medium 1BS. The high dry weight was due to starch accumulation.

5.1.3 TWO LITER IMMOBILIZED CULTURES GROWN IN 1B5

The growth characteristics of C. roseus cells in 2 L immobilized bioreactors cultivated in
1B5 medium is presented in FIGURE 12. Each point represents an average of two bioreator
cultures. A concomitant levelling off of biomass proliferation and carbohydrate consumption
between day 4 and day 6 was observed. The carbohydrates were not completely consumed. A
maximum dry weight concentration of 7 g dw-L-1 was obtained. The specific growth rate
(1=0.48d-1) was similar to that of the 200mL suspension cultures. The biomass yield (Yx/s) was
somewhat lower (0.40 vs. 0.59 g dw/ g carbohydrate consumed ).

5.14 TWO LITER IMMOBILIZED CULTURES GROWN IN APM:THE 1-STAGE

PROCESS

The growth characteristics of these cultures are presented in FIGURE 13. The cultures were
monitored until day 15. Incomplete consumption of carbohydrate was observed. The specific
growth rate was 0.19d" which was low compared to APM suspension cultures. The biomass
yield during linear growth phase was 0.53 g dw/ g carbohydrate consumed. The Yx/s for the
whole culture period was 0.40 g dw/ g carbohydrate consumed. Each point represents two

bioreactors.
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FIGURE 12: Growth of C. roseus immobilized cultures (2L).
Cultures were maintained in 1B5S at a temperature
of 2811°C, the aeration was constant at 0.07VWM
(Kja “6h—1) and stirring was kept at 300RPM.
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The maximum biomass dry weight occurred at day 9 (11 g dw-.L?). This biomass

concentration was higher than observed in immobilized cultures grown in 1B5 medium due to
high levels of carbohydrates in APM.

5.1.5 GROWTH IN THE 2L IMMOBILIZED CULTURES USING THE 2-STAGE

PROCESS

The characteristic growth parameters of the 2L, 2-stage immobilized cultures are summarized
in FIGURE 14 and TABLE 2. The growth of C. roseus cells was faster in 2,4-D than in IAA,
as demonstrated by doubling times of 2.1d and 3.2d in 1B5 and ABS5 respectively. The maximal
biomass is 12.3 g dw L which occurred at day 18 of the culture. This was higher than in 1B5
medium because of increased level of carbohydrate available for growth following APM addition.
The biomass yield for the whole culture was lower in this system than in the 200mL suspension

cultures grown for 22 days in APM (TABLE 2).
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TABLE 2

Comparison of growth parameters in the 200mL suspension cultures and In the

2. Immobilized bloreactors

Culture Total Medium Maximal Biomass yield | Specific
Culture Biomass (Y Growth
Period (g dw'L?) (g dw/ Rate
(d) g carbohydrate) | (d%)
200mL 10 1B5 10.3 0.59 0.50
200mL 22 APM 24.2 0.50 0.34
2L SIPC 18 1B5 74 0.40 0.48
2L SIPC 15 APM 11.1 0.40 0.19
2L SIPC 21 2-STAGE 12.3 0.14 2 0.31*
0.23 3

' 2-STAGE-= 2 stage culture with a 6 day growth period in ABS an a production
period of 15 days in APM.

? Biomass yield after 6 days in ABS.
* Biomass yield during whole culture period (21 days).
* Specific growth rate calculated after 6 days in ABS.
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5.2 NATURAL PRODUCT RELEASE

NATURAL or CONSTITUTIVE release of indole alkaloids by cultured Catharanthus roseus
cells into the medium was defined as the amount of product detected in the culture medium
during a typical culture. RELATIVE product release was calculated as the fraction of alkaloids
in the medium compared to the total alkaloids produced by the culture (Equation 6). The
ABSOLUTE release referred to the concentration of a given alkaloid detected extracelluarly.

5.2.1 NATURAL PRODUCT RELEASE IN 200ML SUSPENSION CULTURES

The 1-STAGE PROCESS 200mL suspensions were cultured for 15 days in APM. The
relative extracelluar total alkaloid content was initially detected at 13% on day 3. It increased
until the end of the culture where it reached 32%. The pH remained constant during cultivation
and did not seem to be responsible for the observed increases in release. The significant
excretion (21.6%)observed from day 9, may have resulted from cell lysis as indicated by the
ammonium ions detected in the medium from that point(102).

RELATIVE alkaloid release results obtained in suspension cultures performed according to
the 2-STAGE process are illustrated in FIGURE 15. The fractional release of total alkaloids was
high at day 3 during maximal growth and dropped rapidly at day 6. The medium exchange at
day 6 stimulated high release from 2% to 37%. Total alkaloid release dropped to a low level
of ~6% at day 9 which stayed mostly constant for the remainder of the culture.

The increase of alkaloids present in the medium following medium exchange was not the
result of cellular lysis because complete spectrum of alkaloids found intracellularly was not

detected in the medium.



Natural release of total alkaloids in C. roseus cell cultures

TABLE 3
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Culture Suspension cultures Immobilized cultures
Time Alkaloid concentration Alkaloid content
@ Medium Cells % Product | Medium Cells % Product
[mg/L] [mg/L] release [mg/L] [mg/L] release
1-Stage!
0 0 0 0 0 3.9 0
3 6.2 46.0 11.9 1.6 9.7 14.1
6 3.0 46.0 6.1 16.0 13.0 55.2
9 7.6 29.0 20.8 12.0 21.0 36.0
123 12.0 68.0 15.0 3.1 40.0 7.2
15° 19.0 45.0 29.7 6.2 46.0 12.0
2-Stage?
0 0 0 0 0.5 1.9 20.8
3 17.0 37.0 31.5 52.0 8.4 86.1
6 4.5 170.0 2.6 19.0 12.0 61.3
6 26.0 40.0 39.4 - - -
9 9.0 190.0 4.5 18.0 18.0 50.0
12 N/A 680.0 N/A 23.0 24.0 48.9
15 65.0 670.0 8.8 22.0 30.0 42.3
18 25.0 430.3 55 21.0 160.0 11.6
21 39.0 380.0 9.3 15.0 32.0 31.9

! 1-Stage: one stage cultivation in APM,

2 2-Stage: two stage cultivation first for 6d in AB5 then in APM.
* Suspected partial lysis as indicated by the release of 0.3 mM NH, * into the medium of
suspension cultures.
4 After medium exchnage from ABS to APM.
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The fraction of ajmalicine released into the medium began to increase at day 6. The medium
transfer incited a significant increase in release which coincided with a drop in pH from 6.0 to
5.6. Thereafter, the range of values obtained for fractional release were low. Ajmalicine
displayed similar percent release as observed for total alkaloids.

Serpentine was present extracelluarly prior to medium exchange at day 6. However, it could
not be detected immediately following APM addition. At day 6, 16% of the total serpentine in
culture was found extracelluarly compared to 5% for ajmalicine. Maximal percent release for
serpentine was attained at day 12 with 24%, whereas ajmalicine and total alkaloids levelled off
after medium exchange.

5.2.2 NATURAL PRODUCT RELEASE IN 2L IMMOBILIZED CULTURES

The release observed with immobilized cells cultured as per the 1-STAGE PROCESS is
depicted in TABLE 3. The biosynthesis, represented by the sum of cellular and medium alkaloid
content, continually increased. Total alkaloid release in the 1-STAGE system did not depend
on synthesis nor on extracelluar pH. Ajmalicine and serpentine were only observed in the
medium at the last day of culture (120) where an acidification from 5.6 to 5.1 occurred. This
may have been the result of cell lysis; however, the conductivity of the medium did not increase
at this point indicating no excessive release of inorganic ions as would occur during lysis(120).

Significant release of total alkaloids was observed in the 2L immobilized cultures when
cultivated according to the 2-STAGE PROCESS. Values ranging from 12% to 76% release of
total synthesized alkaloids were observed (FIGURE16 and TABLE 3). The release could not be
attributed to cell lysis since no increase in conductivity (indicative of high ion concentration in

the medium) nor nitrate concentration were detected in the medium. Moreover, the spectra of
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products detected in the medium was not equivalent to those found in the cells.

Percent release of total alkaloids, ajmalicine and serpentine peaked at staggered intervals
between day 3 and day 12 (FIGURE 16). Total alkaloid release maximized during rapid cell
growth at day 3. A slow linear decrease from 50% to 30% was observed between day 9 and day
21 except for a sudden decline during maximal biosynthesis at day 18 (TABLE 3). Relatively
constant ABSOLUTE concentrations of total alkaloids were seen in the medium although
increases in secondary metabolite production occurred. This caused a decrease in the relative
release and implied that alkaloid secretion was not a function of the intracellular accumulation
of the products.

Ajmalicine and serpentine were both released at day 6 prior to medium exchange (FIGURE
16). The maximal release for these alkaloids differed; ajmalicine peaked at day 9 with 50%
release while serpentine reached its maximum 3 days later (day 9) with 57% excretion(FIGURE
16).

The ABSOLUTE concentrations of ajmalicine and serpentine were followed in different
cultures in order to characterize the pattern of release during the culture. FIGURE 17A&B
represent 2 separate cultures where ajmalicine, serpentine and pH were monitored. In FIGURE
17A , maximal ajmalicine level seemed to depend on acidity of the medium. The serpentine
level remained constant from day 9 onward.

In FIGURE 17B the release of ajmalicine and serpentine were similar. The peaks of both
alkaloids occurred at the lowest pH. The level of ajmalicine was lower in culture B than in
culture A (800 pgL’ in FIGURE 17A vs. 180 ugLl’ in FIGURE 17B). The pH attained 5.0

in FIGURE 17A while the lowest pH was only 5.7 in FIGURE 17B during the production
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period. This difference in pH may have been responsible for the 5 fold difference in alkaloid
release. The inconsistent pH profile between the two cultures demonstrated high variability of
incompletely monitored/controlled plant cell cultures used to produce secondary metabolites.
The culture in FIGURE 17C differed from those in FIGURES 17A and 17B because results
obtained on a given day were extracted from separate cultures; seven 2 L immobilized cultures
were run and harvested at different intervals. The release of ajmalicine and serpentine was
similar to the culture monitored in FIGURE 17B. The lowest pH occurred at day 12 (pH 5.3)
while serpentine release peaked at day 9. The ABSOLUTE alkaloid concentrations in these
reactors were lower than that shown in FIGURE 17A and 17B. Decreasing culture pH seemed

to parallel increasing release of ajmalicine and possibly serpentine in two of the three cases.



chapter 6
6.0 STIMULATED ALKALOID RELEASE

6.1 ALKALINIZATION EXPERIMENTS

6.1.1 GROWTH OF 6L IMMOBILIZED CULTURES USING THE 2-STAGE PROCESS

The 6L cultures were carried out as per the 2-Stage Process which consisted of a 6 day
growth period in AB5 medium followed by a 15 day production period in APM medium. The
culture parameters monitored included pH, conductivity, nitrate and carbohydrates. These were
followed during the whole culture.

The behaviour of culture IA22 is presented in FIGURE 18. During the growth phase, the
consumption rates for nitrate and carbohydrate were 2.22mM-d" and 1.7 gL' d? respectively
(TABLE 4). These were significantly lower than those found for the 2L immobilized cultures
(TABLE 2). Carbohydrates, NO, and inorganic ions as detected by conductivity readings, were
being consumed beyond the end of the growth period. Indicating sustained viability of the
culture during the beginning of the production phase.

The final biomass yield on carbohydrate was 0.14 g dw/ g carbohydrate consumed. The
culture reached a final dry weight of 27.9 g (TABLE 4). Inorganic ions, monitored off-line as
conductivity, and carbohydrates were consumed up until day 12: thereafter, they remained
constant. Thus, the cells reached stationary growth 6 days following medium exchange. The
carbohydrate stabilized at 40 gL' while conductivity remained at ~2000psiemens,

The variations in NO, concentrations measured did not correlate with the conductivity
measurements, It was demonstrated previously that these two parameters paralleled one and other

(120). The abnormal phenomenon observed herein was caused by the interference of
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TABLE 4
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Comparison of culture characteristics of 2-Stage 6L immobilized systems

Culture | Culture | Stimulation NO3 CHO Final Y,
Period | Experiment | Consumption | Consumption | Biomass
@ (mM g (gL'dh) (®
T1A20 12 NONE 3.36 1.64 31.8 0.56
1A12 12 KOH 2.98 1.56 30.5 0.33
I1A19 18 KOH 2.37 1.46 25.8 0.17
1A22 21 KOH 2.17 1.77 27.9 0.14
1A23 21 HCl1 2.44 1.91 314 0.13

! Calculated during 6 day growth period in AB5 medium



60
KOH and/or high pH on NO, determination using the Orion probe as demonstrated in FIGURE

9 (section 4.3). Alkalinization did not induce cell lysis because conductivity remained constant
following the modification of the pH (FIGURE 18).

Following three alkalinization pulses, there was an obvious decreases in sucrose hydrolysis
at day 15. A similar behaviour was also noted in culture IA23. This may have been caused
an interference of low [ H* ] ions on invertase activity.

Cultures IA12 and IA19 showed similar nitrate and carbohydrate consumption rates as IA22
(TABLE 4). The high biomass yield on carbohydrate for IA12 was related to the shorter
production period (12 days compared to 21 days for IA22). The conductivity remained constant
following alkalinization. The erratic fluctuations of carbohydrate and NO, concentrations for
IA12 (FIGURE 19) and 1A19 (FIGURE 20) may have resulted from improper treatment of
samples. For instance, NO, and carbohydrate concentrations were quantified after the samples
for TA12 and IA19 were stored at -20°C which may have caused anomalities in the
measurements.

As for 1A22, the alkalinization of the medium in IA12 (FIGURE 19) and IA19 (FIGURE 20)
did not cause cell lysis since pH was consistently reestablished, the conductivity remained stable
and because the spectra of alkaloids detected in the medium was different from that observed

intracellularly.
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6.1.2 ALKALOID RELEASE

Results from the product release experiment IA22 are summarized in FIGURE 21. During
the growth phase, there was a peak of released total alkaloids was observed at day 4
(11.4mgL") which dropped to 6.2 mg-L"! at day 6. A similar peak was observed in the 2L
system at day 3 with 52 mgL"' (TABLE 3). The absolute concentration decreased when AB5
was removed and replaced with APM. This resulted from a dilution effect. In fact 8.6 mg-L™*
are released within 24 hours (from day 6 to day 7).

The addition of KOH caused significant efflux of alkaloids. During the first stimulation,
increase of total alkaloids from 4.8 to 10.2 mgL™' was effected within 105 minutes of
stimulation (FIGURE 22). The second pH change, at day 12, stimulated a five fold increase
(from 2-10 mg-L?) in total alkaloids in a much shorter period of time (10 minutes, FIGURE
23). Subsequent stimulations at days 15, 18 and 21 did not cause significant increases in the
total alkaloid release (FIGURES 24-26).

Two quantifiable alkaloids, ajmalicine and serpentine, were also monitored (FIGURE 21 ).
Prior to alkalinization both serpentine and ajmalicine were found in the medium at day 4 of
culture which corresponded to the peak of total extracellular alkaloid concentration. The
exchange of medium from ABS to APM at day 6 incited an absolute release of 0.03 mg of
ajmalicine and 0.05 mg of serpentine. The period between day 7 and day 9 showed a constant
concentration of ajmalicine and serpentine in the medium, 0.01 an 0.02 mg-L" respectively
(FIGURE 21).

The first change in pH at day 9 (pH 5.3-pH 8.0) caused a transient increase in serpentine

concentration of 0.13 mg-L"! (FIGURE 22) at 105 minutes while ajmalicine concentration
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APM. B= Addition of 20% APM.

0.1

[mg/L med.]

0.0



AJMALICINE  TOTAL ALKALOIDS pH

SERPENTINE

9.0}

8.0

7.0+ e

~—
6.0 .\‘\.\0——0\
——

5.01 ————
~ 15
b
g
S 10 o /'\
f. S ."H/ \o—/’—‘-——-o \
3
E
S
&

e et . *
3
€
S
g /
g8
100 150 200
TIME (min.)

FIGURE 22: Culture 1A22: Details of pH stimulated alkaloid release
at day 9 during 3 hour period following alkalinization.



9.0*
1'e.
8-0" .\.\
T ]
b -
6.0+
5.0* l — + t
[72]
g3 15
it i
S 7 \0 N
22 N SN
-
vy
S ¢
R
<k
S—t *+— ¢ e
& g
.’.-\ 3 + b + , 4 . 4
100 150 200
TIME (min)

FIGURE 23: Culture 1A22: Details of pH stimulated alkaloid release
at day 12 during 3 hour period following alkalinization.



TOTAL ALKALOIDS

AJMALICINE

[ mg/L med. ]

SERPENTINE
{ mg/L med. )

pH

{ mg/L med. )

67

9.0
8.0 "\

- = O o
© o o u o o o
s

0.30

L]

0.20 %
0.101

3

0.00?.'0'0'*—0-1-—;‘0#—0—»—9—0_‘_.. B — e

0.30%
0.20

0.104
.,0—0*0——0——&————"'

0.00 ——p

o 50 100 150
TIME (min)

FIGURE 24: Culture 22: Details of PH stimulated alkaloid release

at day 15 during 3 hour period following alkalinization.

200



TOTAL ALKALOIDS

AJMALICINE

SERPENTINE

XI

[l

5

£

-~

~

(=]

E

_ 0.30

£ 0.20

S

E 010
0.00

030

E  0.20

S

E  0.10
ooo

.‘\.___._‘__‘__. e &

p\/\,ﬁ,_,ﬁ/

Iw;;/\

'\._/'—0—-——ﬂ;..___ .\ ./'

. 4 — + - 4

G e e T—

150

: 50 100
TIME (min)

200

FIGURE 25: Culture 1A22: Details of pH stimulated alkaloid release
at day 18 during 3 hour period following alkalinization.

68



TOTAL ALKALOIDS

AJMALICINE

SERPENTINE

[ mo/L med.] [ mg/L med. ] pH

[ mg/L med. )

St
O + 1 + t + } +
0.30 T ]
0.20% /'\ /
] - —
0.10?./ -
0.00 + s :
0.30
0.20 ./‘\ o
0.10 ./\./ \o
0-00 T + + + + + + + 4 + +
0 50 100 150 200
TIME (min)

FIGURE 26: Culture 1A22: Details of pH stimulated alkaloid release

at day 21 during 3 hour period following alkalinization.



70
peaked at 90 minutes to 0.05 mg-L" (FIGURE 22). During the next 48 hours, the

extracellular alkaloids remained constant. A noticeable decrease in ajmalicine and serpentine
extracellular concentrations was effected following the addition of the 20% (v/v) of fresh APM
(FIGURE 21). The second pH change at day 12 from pH 5.4 to pH 8.6, effected a 111 fold
increased release of ajmalicine (0.001mg-L’ to 0.111 mg-L") compared to a 4 fold increase
(0.015 to 0.060 mg - L") of serpentine (FIGURE 23). The third stimulation at day 15 (;?h 5.7
to 8.4) provoked insignificant alterations in the concentrations of ajmalicine and serpentine
(FIGURE 24).

On day 18, alkalinization from pH 6.1 to 8.9 caused ajmalicine to increase from 0.13mgL"*
to 0.29 mgL' (1=120 min) while serpentine increased to 0.20mg-L" form 0.11 mgL" in 1
minute (FIGURE 25). The final alkalinization (day 21) (pH 5.5 to 8.6), stimulated the ajmalicine
levels to triple (0.10 mg-L™ to 0.29 mg-L") while serpentine concentration increased from 0.13
mgL! to 022 mgL' (FIGURE 26). These last two stimulations resulted in similar
magnitudes of release induction of the two alkaloids.

The level of serpentine consistently increased during the resting time between alkalinizations
(FIGURE 21). Ajmalicine did not display this behaviour. Generally, short intervals were
required to stimulate serpentine release (days 12, 15, 18 and 21) whereas ajmalicine release was
more sluggish.

Other unknown alkaloids were also found to be released during alkalinization stimulation as
shown in FIGURE 27. However, these could not be identified/quantified because standards were
unavailable. FIGURE 27 presents a time course of HPLC chromatograms which can be used

as a qualitative tool to observe relative quantities of unknown alkaloids at a given time during
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FIGURE 27 Time course release of unidentified alkaloids in the
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A= medium exchnage ABS for APM.
B= addition of 20% APM.
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the alkalinization at day 12. The relative concentrations of the 12 unknown compounds which
displayed interesting behaviours during the alkalinization experiments were monitored during the
whole culture. Some examples are included in FIGURE 28. A summary of the effectiveness of
pH modification on these unknown alkaloid release is presented in TABLE S which illustrates
whether unidentified compounds were present, increased or decreased following pH modification.
Three hours after the first §timu1ation, 7 out of 12 compounds increased, 4 out of 12 decrease
and 1 out of 12 remained undetected. On day 12, all of the compounds’ extracellular
concentrations increased during the addition of base of which 8 out of the 12 were not found
prior to KOH addition. The fewest enhancements of alkaloid liberation occurred on day 21
where only 6 out of 12 demonstrated higher levels following alkalinization.

Culture IA12 displayed a different pattern of total alkaloid release during the growth period
than IA22. This may have been affected by the high consumption rate of nitrate which occurred
in this culture during the growth period. The high concentration of total alkaloid (17 mgL™)
at day 3 coincided with increased ajmalicine release and natural acidification of the culture
medium (FIGURE 29). The results for scrpentine were not available for this culture. Prior to
medium transfer of ABS to APM, the pH increased while total alkaloid and ajmalicine both
declined to 0.09 mg-L" and 0.01 mg-L" respectively. During the first three days in APM (from
day 6 to day 9), the pH declined slowly while total alkaloid and ajmalicine concentration
concomitantly increased.

The first alkalinizaton at day 9 induced an overall decrease in ajmalicine (0.023 to
0.008mg-L ") and total alkaloid (11.7 to 5.6 mgL?) release. However, a transient peak occurred

for both of these at 105 minutes. At day 10 of culture, 24 hours following the alkalinization the
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TABLE 5

Effect of alkalinization on release of unidentified indole alkaloids

—
Day 9 Day 12 Day 15 Day 18 Day 21

Retention | pH 5.3-8.0 || pH 5.4-8.6 pH 5.7-8.6 PH 6.1-8.9 || pH 5.6-8.7
time ' '
(min) 11 | p2 | u3 11 [ p2 | u3 || 12 | D2 |u3 || 11 | D2 | U3

“M____4
=T pr——
——T—r——y

7.0 X X x | x X X
8.0 X x || x X X X X
9.5 X X X X X
18.9 X x || x x | x| x X X X
20.1 X X X X X
21.0 X x I x X X X
22.8 x || x x | x X X
23.9 X X X X X
23.5 x || x X X X
24.5 X X X X X X X
25.4 X X X X X X
26.9 X X X || x X X X

roras | 7 | a |5 Ji2]| o |8 |74 3 o1 ZZ'L6 5 1

W N
coMH
wnu

Increase of extracellular concentration during three hour sampling period.
Decrease of extracellular concentration during three hour sampling period.
Undetected prior to alkalinization.

vL



75

A B
0o, LA
8.0 I
:g_ 70f
6.0+ o
} \0"""/.#. o—o__. e 4
50"— + > ;\~
1
8 151 ) I
g E i o/ \ 1
g 107 ./
-t o : @ o
£ .5 51 SV :
= ] °
0 o
0.08}
Y5 0061
O E ]
S ]
S 0.047 .
<5 ] . °
0.02 1 -
A
1 ®
0.00 +—e : . : :
0 5 10 15 20

TIME (d)
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exchange ABS for APM. B = Addition of 20% APM.
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pH was reestablished and a slight release of total alkaloid and ajmalicine was observed. The 2™
stimulation at day 12 induced fluctuations in ajmalicine and total alkaloids with peak values
greater than the starting levels (FIGURE 29). The positive effect was only transient and return
to lower concentrations towards the end of the three hour sampling period was observed.

The maximal alkaloid concentration in IA19 (FIGURE 30) was seen at day 6 with 11.5
mg-L"?. This occurred during the growth period and coincided with an acidification of the
culture medium. At day 9, three days following medium transfer, the level of alkaloids was
maintained at 10 mg-L". Fresh medium was added at days 14 and 16. The first addition at day
14 did not incite any release of total alkaloids while at day 16 a total of 20 mg were released.

Day 15 was the time chosen to stimulate release by increasing pH from 5.2 to 7.9. This
induced a slight increase of extracellular total alkaloids concentration(5.9 to 8.8 mg-.L?). The
second alkalinization at day 18 stimulated excretion to a larger extent (10.6 to 18.4 mgL™?)
within 1 minute of pH change. The concentration returned to below the starting level by the end
of the three hour sampling period.

The ajmalicine concentration showed a peak at day 6 which coincided with that of total
alkaloids and a decrease in pH. No serpentine was detected in the medium during the growth
period. The exchange of medium at day 6 did not incite increased release of either ajmalicine
or serpentine. At day 13 the extracelluar concentrations of ajmalicine and serpentine were
approximately equal (0.02 and 0.03 mg-L™” respectively).

The addition of 20% fresh APM at day 14 caused release of ajmalicine and serpentine (0.095
mg and 0.062 mg). The first alkalinization stimulated sustained release of ajmalicine from 0.04

mgL’ to 0.06 mg L. Serpentine release was transient and the initial level was reestablished.
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The concentration of these alkaloids increased 24 hours after stimulation. The final
alkalinizationat day 18 stimulated release in both cases. The extracelluar concentration of
ajmalicine increased from 0.053 to 0.095 mg-L' while serpentine increased from 0.11 to 0.18
mg-L?.

6.2 ACIDIFICATION EXPERIMENT

6.2.1 GROWTH IN 6L IMMOBILIZED CULTURE USING THE 2-STAGE

PROCESS

The growth parameters of the 6L, 2-stage culture IA23 were monitored as shown in FIGURE
31. During the first 6 days (growth phase), high consumption of carbohydrate and NO, was
observed (TABLE 4). Similar consumption was seen in the 2L reactors (2.72gL"d" for
carbohydrate and 2.5 mM-d" for NO;) (120). The medium exchange at day 6 effected an
increase in NO, from 13.3 mM to 15 mM and an increase in carbohydrate concentration from
8 gL 10 ~50 gL',

Nutrients were consumed during the first three days of the production period at rates of 2.4
mMd" and 6.5 g.L"'d" for NO, and sugars respectively. During the period from day 9 to
day 21, feed cycles of APM caused increases in the NO; concentration (14-20%), carbohydrate
concentration (4%-10%) and conductivity level(10%).

At day 18, reduced hydrolysis of sucrose was observed. This may have been the effect of
declined invertase activity as observed for IA22. The biomass yield (Y,,) for the whole culture
was 0.13 g dw/ g carbohydrates consumed and the total final biomass in the reactor was 31.4 g
dw. This corresponded to a final biomass concentration of 6 g dw-L!, The specific growth rate

could not be calculated because of the inaccessibility of the immobilized biomass during the
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experiment.

Decreases of 1 to 1.5 pH units induced by acid addition were all compensated for by the
cells. Within one hour after the change in pH, the culture pH returned to within 0.2 to 0.8 units
of the original value (FIGURE 31). This demonstrated the repeated buffering capacity of the cells
except for the lagging pH reestablishment at day 12 which may have indicated slower metabolic
activity of the cells. In this case, however, the initial pH was attained 48 hours following pH
modification.

6.2.2 ALKALOID RELEASE

Results of indole alkaloid release stimulated by medium acidification are presented in
FIGURES 32 to 37. The pH profile and alkaloid release during the whole culture are presented
in FIGURE 32. During the growth phase, maximal total alkaloids (8.2 mg-L™) detected in the
medium was achieved at day 6 (FIGURE 32).

Medium transfer (AB5 to APM) at day 6 effected a dilution of extracellular alkaloid
concentration from 8.1 mg-L™" to 4.2 mg-L. Nonetheless ,during this transition, a total of 8.1
mg of alkaloids was in fact released by the cells. The total alkaloid concentration remained
constant from day 6 to day 9 (FIGURE 32), The first acidification at day 9 stimulated a 2.3 fold
increase (4.0 to 9.4 mgL™) of total alkaloids within three hours (FIGURE 33) . The
extracellular alkaloid level remained stable until day 11 at which time APM was added to refill
the culture for the next acidification; this medium addition effected the release of 22.4 mg of
total alkaloids.

The second experiment at day 12 induced a 47% increase in medium total alkaloid

concentration from 10 to 15 mg-L"! (FIGURE 34) within approximately 60 seconds. The
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alkaloid concentration retumed to the initial level within 60 minutes. A similar but weaker
response (from 9.5 to 13.2 mg-L™" in 5 minutes) was observed at day 15 (FIGURE 35). A pH
modification from 6.0 to 4.5 did not significantly alter the extracellular alkaloid content at day
18 (FIGURE 36) while release of total alkaloids was seen at day 21 (from 6.4 to 9.2 mgL.")
(FIGURE 37).

The identifiable alkaloids detected in the medium were ajmalicine and serpentine. During the
first three days of culture, neither ajmalicine nor serpentine were found extracelluarly.
Ajmalicine was first detected at day 4 where pH dropped from 6.5 to 6.1. Medium exchange
caused release of 0.22 mg of ajmalicine between day 6 and 7 (FIGURE 32). Acidification at day
9 (FIGURE 33) significantly decreased the medium ajmalicine concentration while at day 12 a
pH drop of 1.2 units(from pH 5.5 to 4.3) induced an overall increase from 0.05 to 0.12mgL™.
At day 15 (FIGURE 35), the extracellular ajmalicine in fact decreased to an undetectable limit.
The acidification at day 18 was ineffective at causing ajmalicine release (FIGURE 36). The fifth
acidification at day 21 induced the most pronounced alteration of ajmalicine levels; an increase
from 0.077 to 0.17 mgL"! occurred (FIGURE 37). Many products found intracellularly were
detected in the medium at harvest (day 21) (FIGURE 38). However, no observable changes were
observed in NO, concentration nor in conductivity levels thus cell lysis was excluded as the
reason for significant ajmalicine release.

The acidification at day 9 provoked a first appearance of serpentine (0.02 mg-L-1) (FIGURE
33) which seemed to be degraded or be taken up by the cells .Thereafter, a slow increasing trend
was observed and a maximum of 0.06 mg-L-1 of serpentine was attained at the end of the three

hour sampling period. This level was maintained for the next 2 days then decreased following
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APM replenishment at day 11. The second acidification (day 12) induced a decrease in the

extracellular levels of serpentine (FIGURE 34) while at day 15 the concentration increased from
0.04 to 0.08 mg-L', one minute after HCl addition (FIGURE 35). The serpentine seemed to
be degraded or taken up by the cells by the end of the sampling period. The acidification at day
18 did not effect release of serpentine. On day 21 the pH was decreased from 5.4 to 4.3 which
resulted in two peaks in extracellular serpentine levels. The first at 10 minutes reached 0.115
mg-L-1 and the second occurred at 45 minutes attained 0.133mg-L-1 serpentine (FIGURE 37).

Some as yet unidentified alkaloids were quantified on a relative basis in order to determine
whether acidification had a positive effect on their release. The effects of decreasing pH are
summarized in FIGURE 39 and TABLE 6.

The first stimulation at day 9 caused an increase in 2 out of 14 alkaloids while 8 out of 14
were undetected. A large percentage (62.5%) of the undetected alkaloids appeared at day 12
prior to external pH adjustment which was 48 hours following acidification. The time course
evolution of unidentified extracellular alkaloids as detected by HPLC on day 12 are depicted in
FIGURE 40. These can only be used qualitatively to compare the presence or absence of a given
product. Significant release of alkaloids were observed as early as 5 minutes. The alkaloids
detected at ~25 minutes started to increase at t=90 minutes and it remained a significant alkaloid

component of the medium until and possibly beyond 150 minutes.
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TABLE 6

Effect of acidification on release of unidentified indole alkaloids

Day 9 Day 12 Day 15 Day 18 Day 21
Retention PH 5.2-4.11 pPH 5.5-4.3 PH 5.8-4.5 PH 6.0-4.5 PH 5.4-4.3
time :
(min) (o2 | ud [z} |p2 | w3 11| D2 | ud || 11 |p2 |u3 | 11 | D2 | U3
5.8 X X X X X
7.8 X X X X X
8.6 X X X X X
9.2 X X X X X
11.2 X X X X X
12. X X X X X X X
21.4 X X X X X
23.2 X X X X X
24.9 X X X X X
25.5 X X X X X
26.7 X X X X X
27.5 X X X X X
19.8 X X X X X
28.6 X X X X X X
TOTALS 2 4 9 S 4 2 12 1 2 6 7 1 9 5 0
1l 1= Increase of extracellular concentration during three hour sampling period.
2 D= Decrease of extracellular concentration during three hour sampling period.
3 U= Undetected prior to alkalinization.



chapter 7
7.0 DISCUSSION

7.1 GROWTH CHARACTERISTICS OF CATHARANTHUS ROSEUS CELLS

The larger culture system had lower maximal biomass for similar culture conditions. A
comparison of the cultures using the 2-stage process and cultured at 27°+1°C showed marked
differences. For instance, the maximal biomass concentrations were 6g d.w.-L?, 12 g d.w.L?
and 20 g d.w.-L" for the 6L immobilized culture, the 2L immobilized culture and the 200 mL
suspension culture, respectively.

The differences may have stemmed from the inconsistent process conditions between the
systems. The oxygen-transfer coefficient (k a) value recommended for plant cell cultivation has
been quoted to be 15 h! (20). Previous mass transfer studies(36) have measured the Ka for the
2L immobilized culture and the 6L immobilized culture (APPENDICES 1 and 2). The 200 mL
suspension cultures were measured to have a kja ~10 h'. The 2 L was operated at
0.07+0.02VVM and mixed with a magnetic stirrer at 300 RPM which resulted in a K; a of 6h™.
The 6 L reactor was aerated at 0.3-0.5VVM which gave a K;a of 6-8h™’. All measurements were
done in water @ 27+1°C.

The lower K; a values did not directly imply oxygen limitation. The cultures are not stunted

by lack of O, as long as the O, transfer rate (OTR) is greater than the O, uptake rate (OUR):

OTR= dc = K,a*(C"- C) ©)
dt

Where k; = mass transfer coefficient (cmh);
a = gas liquid interfacial area per unit volume (cm?*/cm?);

C'= is the saturated liquid concentration of 0, (0.25mmole-L1);



C = is the actual O, concentration (mmole-L");
Qq,= specific O, uptake rate (mmole O,g dw!h);
X = cell concentration (g d.w..L™?

Direct specific uptake rates were not determined for MCR17 in the 1 and 2-Stage processes.
Values for k;a as per appendices 1 and 3 were measured using water as the liquid phase.
Changing the composition of the medium greatly influences the solubility of O, (C"). For
instance increasing the sucrose from 0.4mM to 1.2mM (0.43 g-L ) causes a drop in C" by 27%.
In the case of APM the sucrose concentration was 50 g-LL'. The fact that solubility of O,
during the production phase in APM was greatly reduced implied that there was likely O,
limitation in all cases.

A phenomenon which possibly hindered the growth in the 6L SIPC culture was excessive
CO, stripping. Low partial pressures of CO, have been implied to interfere with normal growth
of C. roseus cells (37,51,61,64,66). The higher aeration in the large immobilized cultures (0.4
vs. 0.07VVM) has a tendency to decrease the partial pressure of CO, (66) which could have been
responsible for a 2 fold lower biomass maximum (6 vs. 12 g dw L) and lower yields of
biomass on carbohydrate (Y,, = 0.13 vs. ~0.23) in the 6Lcompared to the 2L.

The inferior yield factors (Y ,,) obtained for the immobilized cultures may have been the
result of restricted unidirectional growth allotted to these cultures. The diffusion of growth
limiting substances was probably the more important factor influencing primary metabolism. The
transport of nutrients through the biofilm is a function of the biofilm thickness, uptake rate and
diffusivity. It was reported that the time required to pass through this resistant solid interface is

~4h (36). Since the fastest doubling time of MCR17 is ~2d, one can assume that diffusion may
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not have limited cell metabolism.

7.2 NATURAL INDOLE ALKALOID RELEASE IN SUSPENSION CULTURES AND 2L

IMMOBILIZED CULTURES

The 1-Stage suspension cultures grown in APM released a greater percentage of their
alkaloids compared to the surface immobilized cultures in APM which conflicted with previous
claims that immobilization increases alkaloid release (36). However, cell lysis was likely
responsible for this increase in the suspension cultures. The level of alkaloids released into the
medium of the suspension cultures increased starting at day 6 whereas the immobilized cultures
displayed a peak of extracelluar alkaloids between days 6 and 9 (16.0-12.0 mg-L"). The
absolute alkaloid concentrations achieved in the suspension and the immobilized cultures never
exceeded 20 mg-L" (TABLE 3). The release of ajmalicine and serpentine were low for these
cultures which may have been the result of low productivity of the 1-STAGE process.

The 2-STAGE process displayed high fractional release during the growth period in ABS.
At day three, maxima of 31% (17.0 mgeL™) and 76% (52 mgeL™") release were observed for
the suspension and the 2L immobilized cultures respectively. The high release was transient and
at day 6, prior to medium exchange, the level of relative release decreased in both systems. At
this point the release was greater in the 2L SIPC (60%) than in the suspension cultures (5%).
This may have been due to adhesion of the cells onto the immobilization matrix since significant
secretion of unidentified substances has been shown to occur as cells bind to the man-made
geotextile (124). This may alter the formation of normally impermeable membranes and increase
their permeability. If this is the case, consistently higher release of intracellularly stored products

such as alkaloids will occur. Higher relative releases occurred in the immobilized cultures; an
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average of 44% release was calculated during the production phase in 2L SIPC whereas the
suspensions had an average release of 16%.

Increased release has been observed previously with immobilized cultures (35,98,115). For
instance, ionotropic gelation with polycationic chitosan caused increased release of intravacuolar
oxalate (52). It was reported that 80% of ajmalicine was released due to sodium alginate
encapsulation (98). Provoked excretion may have resulted from transient alterations of the cells
caused by interactions of the immobilizing matrix with the cells (52).

The patterns of indole alkaloid release in the immobilized system and in the suspension
cultures were dissimilar. The SIPC showed declining relative release (FIGURE 16) whereas the
relative release was constant for the suspension culture (FIGURE 15). In the 2L culture, the
absolute concentrations oi_" total alkaloids found in the medium were constant during the
production period; the concentration was maintained below 25 mgL™'  The transport
mechanisms were possibly saturated and or feedback inhibited. Slowed extracellular
sequestration of the alkaloids was further substantiated when a sudden rise in synthesis at day
18 occurred without concomitant increase in the extracellular content; the extracellular content
in the medium remained unchanged at 22mgL?. This may demonstrate that the absolute
extracellular concentration was limited by the toxicity of the secondary metabolites and/or there
was turnover and reuptake of the alkaloids so as to maintain this level. Another hypothesis was
that a constant level of extracellular alkaloids were detected because only those cells closest on
the outer surface of the matrix could release these products. The surface area did not
significantly increase during the production period, thus, the indole alkaloids remained unaltered.

The suspension cultures demonstrated different behaviour. Between days 9 and 15 the
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intracellular content increased almost 4 fold while the extracelluar concentration rose by 7 times
(9.0-65.0mg L-1). This showed that release in the suspension cultures was likely a function of
intracellular content.

According to the above mentioned discrepancies between the two cultures, it seemed that
the mechanisms governing extracellular release were dependent on the system in which the cells
were cultured. The cell physiology of the two culture systems differed as seen by varying
nutrient consumption rates. Immobilization increases the level of aggregation which may have
allowed increased communication between the cells which incited increased transport.

A fundamental physical difference of the two cultures was the development of a biofilm layer
in the surface immobilized system. In freely suspended cells, alkaloids can be released by
moving from the vacuole to the cytoplasm then across the cell wall into the extracellular space.
Alkaloids in the immobilized system must follow the same path, however, once outside the wall,
the alkaloid must diffuse through/around a multitude of cells. Although, the biofilm is a highly
hydrated and permeable film (~6.6x10°cm?/s) the alkaloids may have been taken up by the cells
and sequestered into the vacuole or possibly degraded. It requires ~4 hours for a substance to
move through the biofilm and it has been reported that ajmalicine was partially degraded within
the same amount of time when added to cell suspension cultures (102).

The ABSOLUTE release of ajmalicine was probably dependent on the acidity of the medium
(FIGURE 17A &17C); as the pH decreased the ajmalicine concentration rose in two out of three
cases. This effect has been observed previously (7,83,87,88,99,102) and could be attributed to
reversal of vacuolar trapping. As the H* concentration increases, equation 1 predicts a decrease

in the C/C, ratio:



98

C/C= 1+ 10 PRa-pHl )
1 + 10 [pXa-phel

This should effect a higher liberation of intracellularly stored alkaloids. The most significant
factor which could be manipulated is (pK, - pH,). As the external pH decreases the denominator
increases and the external concentration concomitantly rises.

The release of serpentine was similarly influenced. However, when the extracellular content
is exceedingly high (FIGURE 17A; 300ugl) the level of release was unaffected by pH
modification. In this case, the release of serpentine may have been subject to feedback inhibition
and/or liberation may have been equilibrated between synthesis, release and degradation.

7.3 STIMULATED RELEASE OF INDOLE ALKALOIDS

7.3.1 EFFECTS OF ALKALINIZATION ON CULTURE

The addition of KOH to the cultures IA12, 1A19, and IA22 did not cause
noticeable cell deterioration because of the following characteristics of these cultures:
firstly conductivity readings did not increase, the fluctuations in NO, concentrations
resulted from interference of unusually high pH with the measurements with the Orion
probe. This explanation was corroborated by the lack of concomitant increase in
conductivity. The second characteristic which supported retained cell viability following
KOH addition was the fact that nutrients were continuously consumed upon APM
addition. The third was that pH increases were neutralized to initial values within 24-48
hours after treatment.

7.3.2 EFFECT OF ALKALINIZATION ON PRODUCT RELEASE

The addition of KOH induced significant changes in extracellular alkaloid
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concentrations. When alkaloid concentration was decreasing and base was added,
increase in excretion was observed. On the other hand, when constitutive concentration
was increasing and alkalinization was effected, the extracellular concentration generally
declined. An exception to this was when ajmalicine levels were increasing at day 15 in
IA19; alkalinization further increased release of ajmalicine. This indicated that the best
suited time to incite ajmalicine release by alkalinization was towards the end of
production period when cellular content was high.

Sudden alkalinization caused transient increases of serpentine levels in all cases of
KOH addition studied; however, the serpentine concentrations were generally
reestablished to the initial concentration three hours following the pH modification. The
long term effect of alkalinization (24 to 48 after stimulation), caused a more sustained
release of serpentine, increasing extracellular concentrations by an average of almost 2
fold.

The swift restoration of extracellular levels may be the result of many phenomena.
For instance, alkaloid turnover has been reported to occur (92) and decrease of alkaloid
content may be effected by exoenzymes known to be released into the culture medium
(92) when levels are exceedingly high. Another possibility was that alkaloids could be
translocated intracellularly into storage cells (92) once extracellular pH is reestablished.
A consistent increasing trend of extracellular alkaloid concentration was observed 48
hours after alkalinization. These two phenomena implied that there was a dual system

involved in transport. The first being a rapid transient release while the second required
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more time and incited a permanent level of extracellular alkaloids.

The rapid biomechanism of alkaloid release was difficult to assess since transport in
the biofilm was believed to be dampened by slow diffusion. A possible explanation for
this quick release was that translocation through the cells was not involved and that rapid
release was the result of desorption of alkaloid from the outer surface of the biofilm.
Cell wall adsorption of berberine alkaloid has been reported (100). Reabsorption may
be the cause of decreased level of alkaloids in the medium within a short time following
alkalinization.

Comparison of cultures IA12 and IA19 showed some interesting points. Culture
IA12 was alkalinized early in the production phase (day 9) and excretion was not
substantially stimulated. The decrease in alkaloid concentration as induced by
alkalinization may have been the result of insufficient biosynthetic capacity of the cells
and/or the depletion of intracellular stores. Culture IA19 was alkalinized for the first
time at day 15, the gt day of production, which induced sustained alkaloid release.
Therefore, alkalinization should be effected in the later stages of production to cause a
more positive and maintained release of alkaloids.

The pattern of total alkaloid release was not reproduced upon successive
alkalinizations of the same culture. The variability could be attributed to the
modification in the physiological state of the cells, which may infer alterations in
secondary metabolism and/or product accumulation of the culture.

7.3.3 EFFECTS OF ACIDIFICATION ON CULTURE
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Conflicting results render the determination of the effect of acid addition on cell viability
difficult. Estimated average nitrate and carbohydrate uptake rates in the acid stimulated cultures
were 130% and 70% higher than calculated for the alkalinized culture. Slight increases in the
conductivity and nitrate levels were noticed on the 9™ day and at the 12™ day. The conductivity
remained stable from day 15 onward. Surprisingly, at harvest (day 21), similar intracellular and
extracelluar alkaloid spectra indicated cell lysis. The lowest pH effected was 4.1 at day 9, a

more moderate acidification would likely have been more appropriate

7.3.4 EFFECT OF ACIDIFICATION ON PRODUCT RELEASE

Acidification caused variable alkaloid release responses. The first three acid additions
positively effected release of total alkaloids and serpentine, however, ajmalicine concentrations
were significantly decreased. The second acidification incited a increase in the extracellular
concentration of total alkaloids, ajmalicine and serpentine.

The ion trap model as explained by equation 1 predicted a higher level of release of
ajmalicine and serpentine upon acidification. Research has been carried out in order to confirm
or negate the role of ion trapping on vacuolar compartmentation of alkaloids. Acidification of
the culture medium in suspended cell cultures from pH 7.9 to pH 4.9 diminished the ajmalicine
C/C, ratio from 66 to 47.5 (102). This was the result of a combination of decreased
intracellular levels and increased extracellular levels.

Another group studied the effect of decreasing pH on the release of ajmalicine and serpentine
(87). A continuous 2L cell suspension system was used, fresh medium of pH 4.3 was fed into

the reactor. It required 6 days of continuous operation to attain the lowest pH level of 5.5. At
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this time maximum release of ajmalicine (85%, 0.14 mg-L™") was effected while serpentine
release remained constant at 30% (0.03 mgL*). The pH was autoregulated back to pH 6.3 and
ajmalicine release levelled off at 64%. It was concluded that decrease in pH stimulated excretion
of ajmalicine as was predicted by the "ion trap model”. This conclusion was misleading because
the cell viability was very low (10 to 50%) and the biosynthesis of ajmalicine and serpentine
decreased by ~15% and 65% respectively (87).

On the contrary, results from this work indicated that a sudden decrease of pH from~6.0 to
~4.3 in immobilized cultures did not evoke efflux of ajmalicine. This was opposite to what the
ion trap model predicted. The inconsistencies in the release of ajmalicine upon acidification in
the suspension and immobilized systems was not surprising because the immobilized state of the
cells could have introduced morphological changes in the biomass which conceivably altered the
mechanisms governing alkaloid compartmentation. This in tum, may have affected the ion
trapping of alkaloids in the vacuole. The buffering capacity of the immobilized cells and
dissimilar mass transfer across the biofilm were other parameters causing comparison of the
suspension and immobilized cultures difficult. The harshness of acidification may have also
interfered with normal cell metabolism causing different secondary metabolite production and/or

accumulation.
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7.4 COMPARISON OF NATURAL ALKALOID RELEASE IN THE 2L IMMOBILIZED

CULTURES AND STIMULATED RELEASE IN THE 6L IMMOBILIZED CULTURES

The fundamental differences between the protocol used for the 6L cultures and
the 2L cultures were the following :

1. Inoculum size

2. Aeration rate (VVM)

3. Nutrient consumption
The 6L reactors were inoculated with 20% (v/v) while the 2L reactors were inoculated
with 10%. Inocula were grown in medium containing 2,4-D as auxin; thus, a higher
percentage of 2,4-D carry over was introduced into the 6 L immobilized cultures and
2,4-D has been reputed to be deleterious to secondary metabolite synthesis in
Catharanthus roseus cell cultures which substantiated the lower production in the 6L
cultures.

The aeration rate in the 6L reactor varied from 0.3 to 0.5 VVM while the 2L reactor
was aerated at 0.07VVM. This discrepancy caused 2 parameters of the culture to differ.
The first was the oxygen transfer coefficient (6L: k;a=6-8 h™ and 2L: K;a=6h"). The
lower K;a may have possibly interfered with cell proliferation and may have hindered
secondary metabolite synthesis (111). The other characteristic which was different was
the partial pressure of CO, dissolved in the medium. High VVM incited more CO,
stripping which interfered with normal growth (61).

The lower consumption rate of NO, in the 6L cultures as compared to the 2L cultures
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(2.67mM d, 3.33mM d*' respectively) caused a higher level of NO, to remain in the

medium during the production phase in APM. Essentially all NO, in 2L cultures was
depleted by day 15 and maximal alkaloid production was attained three days later (120).
The NO, levels remained between 5-10 mM during the course of the production period
in the 6L reactors. Depletion of NO, has been correlated with increased secondary
metabolite enzymatic activity (85). Therefore, high level of this nutrient could have
decreased indole alkaloid production. The 6L SIPC cultures were generally less
productive than the 2L cultures. This was the result of high 2,4-D carry over, high basal
levels of NO, and possibly high CO, stripping.

Taking into the consideration the lower production in the 6L system, the percent
release of alkaloids scemed to compare. The 6L SIPC culture attained 2 fold lower
biomass per liter and the product yield was 4 fold lower in the 6L culture. This should
resulted in a 8 fold lower concentration of alkaloids in the medium if the percent release
were comparable. In fact, the total extracellular alkaloid concentration was 10 fold
lower.

The average release the 2L system was 44%. If alkalinization in the 6L reactor
stimulated a further 60 to 70% release in extracellular alkaloid concentration it would
suggest that 100% of the intracellular stores were released.

The NATURAL release of ajmalicine in the 2L reactor was related to the acidity of
the culture medium similar to the prediction of the ion trap mechanism. However, when

acidification was carried out the release of ajmalicine was not reproducibly stimulated.
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This may have been due to the transient nature of the acidification process caused by the
natural buffering capacity of the cells.

7.5 COMPARISON OF ALKALINIZATION AND ACIDIFICATION ON RELEASE OF

INDOLE ALKALOIDS IN THE 6L IMMOBILIZED CULTURES

A summary of the efficiency of product release in the 6L, 2-STAGE cultures is presented in
TABLE 7. The total quantities of indole alkaloids accumulated in the biomass at the end of a
culture are compared to products present in the medium. The percent releases were then
calculated as per equation 6.

The highest relative release of total alkaloids at harvest occurred in culture IA19 at day 18
(59.4%) following alkalinizations at days 15 and 18. The maximal product yield of 4.2 mg-g
dw™ occurred at day 18 similarly to the peak (18 mg-g dw™ that was observed in the 2L SIPC
reactors cultivated by the 2-STAGE process (122).

The percent releases were comparable at harvest with 44% release for IA22 and 43% release
for IA23 (TABLE 7). The most noticeable difference was the low product yield for the acidified
culture. It seemed that acid interfered with production [Y,= 1.8 mg-g dw'] to a greater extent
than base [Y,=3.1 mgg dw].

Reproducibility is difficult in plant cell culture. Two cultures grown under similar culture
conditions can display significant differences in their growth and production. For instance, in
IA19 (FIGURE 30) the extracellular level reached 10mg-L" prior to stimulation while 1A22
released only half this concentration. The estimated average nitrate levels were ~18mM, 15mM
,15mM, 12mM for cultures 1A12, IA19, IA22 and IA23 respectively. This variability of NO,

concentrations demonstrated the difficulty in reproducing exact culture conditions from one



TABLE 7

DISTRIBUTION OF TOTAL INDOLE ALKALOIDS, AJMALICINE AND SERPENTINE
EETWEEN CELLS AND MEDIUM AT THE END OF 6L IMMOBILIZED CULTURES.

Total Indole Alkaloids Total Ajmalicine Total Serpentine
Culture|Culture Stimulation
Duration| Experiment mo|X? %R |V, ¢ | m X R Y m X | R (Y
(d) (mg) | (mg) (mg) | (mg) (mg) | (mg)

IA12 12 Alkalinization 15.3| 37.0| 29.3| 1.7 | 0.06| 0.05| S4.5/0.004(0 0.49| 0 |0.016
at days 9 and 12 .

IA19 18 Alkalinization 64.8| 44.4| 59.4| 4.2 | 0.47| 0.10| 82.4/0.022|0.89 | 0.21(|80.9 |0.042
at days 15 and 18

IA20 12 - 29.3| 34.0| 46.3| 2.0 | 0.09| 0.03| 75.0/0.004|0 0.12| 0 |0.004

TA22 21 Alkalinization 38.2| 48.8| 43.9| 3.1 | 1.44| 0.18| 89.0(0.058|0.95 | 0.37|71.9 |0.047
at days 9,12,15,18 ‘
and 21

IA23 21 Acidification 25.4| 33.4| 43.2| 1.8 | 0.52| 0.05| 91.2/0.017/0.47 | 0.18(72.3 |0.020
at days 9,12,15,18
and 21

(1) m : Alkaloids detected in the medium.

(2) X : Alkaloids detected in the biamass.

(3) ¥R : Percentage of alkaloids released into the medium.
(4) Y, ¢ Product yleld (mgegdw-!)

901
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culture to another. The result of having different NO, levels were significant to the product
expression in C. roseus cell culture(120).

The results presented in this study showed that both acid and base stimulations yielded
transient and/or permanent increases in product release, estimated to attain ~100 % of production
without significant apparent damage to the cultures. These results
indicate that alkaloid sequestration within the vacuole of C. roseus cells was partly reversible by
pH alterations.

7.6. LITERATURE COMPARISON OF AJMALICINE AND SERPENTINE LEVELS

Variability in cell lines and discrepancies in culture parameters, particularly composition of
culture medium rendered the comparison of results quoted in the literature difficult. The
maximal ajmalicine in the 6L reactor was 0.29 mg-L"! while peak concentrations of serpentine
was 0.21 mg-L". Both of these peaks occurred in IA22(base). Similar levels of ajmalicine
occurred 180 minutes following KOH addition at days 18 and 21. Serpentine peak occurred at
day 21, 10 minutes following alkalinization.

The influence of variability in cell line and of unstandardized production media composition
are demonstrated in the following examples. In one case, maximal levels of 0.09mg-L" and
0.05mg-L? were reported for ajmalicine and serpentine respectively (28,29). A different cell
line released 100 times more alkaloid: ajmalicine = 9.1 mg-L" and serpentine = 6.5 mg-L™*
(19). In all cases, cell suspension cultures were employed but differént media were used.
Previous results were available for MCR17 in the 6L bioreactor (36) reported serpentine peaks
of 0.03 mgL' while extracellular ajmalicine concentration reached 0.05 mg-L-1 when the

single stage process in APM was used (36). The results obtained in this study compare to those
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quoted from (36) however a different 2-STAGE culture process was utilized.



CHAPTER 8

8.0 CONCLUSIONS AND RECOMMENDATIONS

Primary metabolism is dependent on culture system. The growth parameters such as nutrient
consumption, specific growth rate and yield were different for the 200 mL suspension culture,
the 2L immobilized culture and the 6L immobilized culture. Inconsistent culture parameters such
as working culture volume, pCO,, dissolved O,, acration rate and degree of aggregation rendered
direct comparison of the three culture systems difficult. The larger systems require optimization
with stringent control of DO, and pCO, to evaluate the usefulness of the different systems for
plant cell tissue culture. Controlled dissolved O, and CO, supplementation are being studied
presently.

The production of indole alkaloids was maximized by the 2-STAGE process. The low
product yields in the 6L reactor were attributed to high 2,4-D carry over, incomplete nitrate
consumption and possibly low dissolved O, and CO,. Decreasing initial nitrate levels during
production could increase the product yields. Development of a new production medium or
selection of a higher producing cell line would bring about higher levels of secondary metabolite
production,

Elicitation of Catharanthus roseus cell cultureshas been reported to rapidly increase the
production and release of indole alkaloids (12). This technique would be highly facilitated in the
immobilized culture since interference from the biomass upon removal of potentially deleterious
substances would not occur. This may potentially be an alternative method to stimulate
production.

Once production has been optimized, intensive study is required to understand alkaloid

release mechanisms. On a absolute level, release is highest in the smaller system (200 mL
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suspensions). This can be attributed to the higher product yields found in these cultures (120).
The flux of alkaloids seems to be a function of biosynthesis in the 200 mL cultures. Limitations
of release are observed for the SIPC cultures. A maximum of 33 mg1.-1 is recorded for the
2L system and 18-19 mgL-1 for the 6L reactor. This plateau may be overcome decreasing
potentially toxic effects of secondary metabolites using on-line harvesting of products.

The NATURAL ajmalicine release increased when the medium was acidic. The maximal
extracellular level was 45 ug-L" for 200 mL (pH=6.0) suspensions, 40ugL’ for the 2L (pH
5.6) and 67.5ugL’ for the 6L immobilized culture (pH 5.17).

High relative release of total alkaloids, ajmalicine and serpentine occurred with the 2 STAGE
process in the 2L system. This indicated the positive effect of cell aggregation on release of
intracellular products. The generally elevated release observed in the immobilized systems may
eliminate the need for further stimulation.

The 6L system was offered as a first model in the study of the effects of pH alteration on
the release of alkaloids. The stimulated release of alkaloids by pH alterations was unpredictable.
The ion trap could not explain the observed extracellular fluxes. The reasons for the
unpredictability are unclear.

The first stimulations in cultures 1A12, IA22 and IA23 were carried out at an inopportune
times when secondary metabolism was beginning (day 9 which was day 3 of the production
period). The first alkaloid release should be undertaken when alkaloid production was maximum.
High alkaloid production has been recently shown to occur 3 days following NO, depletion
(120). This may be used to determine the exact moment to initiate alkaloid release.

Base may be the preferred stimulus because it did not affect cells while acidification as carried
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out in culture IA23 gave conflicting results as to whether lysis occurred. If acidification was
done moderately the results may have been less controversial.

A more predictable effect of pH alteration on alkaloid flux is essential to determine the
effectiveness of this method on product excretion. Transient fluctuations in alkaloid levels may
be the result of buffered pH of the extracellular medium. This suggested the necessity of
controlled pH changes to determine a more reliable alkaloid release response. Selection of a cell
line which expresses high release of alkaloids could also increase the value of this immobilized
process.

Alkaloid production, as carried out by an immobilized process, creates product recovery
problems due to dilute concentration of the desired product in the effluent medium. A method
which could aid in concentrating the product prior to extraction is alkaloid adsorption onto
polymeric substances which is able to concentrate the alkaloids by 2 orders of magnitude (77).

Analytical improvements such as ameliorated extraction procedures would facilitate alkaloid
analysis; lengthy liquid-liquid extractions were undertaken. A suitable solid-liquid extraction

protocol could increase efficiency of alkaloid determination.



REFERENCES

1.Fowler, M.W., "Plant Cell Culture: Products and Applications". Biotech. & Genetic
Engineering Reviews, 2:41-66 (1984).

2.Zenk, M.H., El-Shagi, H., Arens, H., Stockigt, J., "Formation of Indole Alkaloids
Serpentine and Ajmalicine in Cell Suspension Cultures of Catharanthus roseus” in Plant Tissue
Culture & its Biotechnological Exp.(Barz, Reinhard, Zenk, eds.) Springer-Verlag, N.Y.,
pp-27-43,(1977).

3.Kargi, F., Rosenberg, M.Z., "Plant Cell Bioreactors: Present State & Future Trends".
Biotech. Progress, 3:1(1986).

4.Deus-Neumann, B., Zenk, M.H., "Instability of Indole Alkaloid Production in Catharanthus
roseus Cell Suspension Cultures”. Planta Medica,50:427-431(1984).

§.Mérillon, J., Chenieux, J.C., Rideau, M., "Cinétique de Croissance, Evolution du
Métabolisme Glucido-Azoté et Accumulation Alcaloidique dans une Suspension cellulaire de
Catharanthus roseus”. Plant Medica. J. of Medicinal Plant Research, 47:169-176 (1983).

6.Gershenzon, J., "Changes in the Level of Plant Secondary Metabolites Under Water and
Nutrient Stress". Recent Advances in Phytochemistry, 18:273 (1980).

7 Renaudin , J.P., "[*] Tabemanthine, by Cell Suspension Cultures of Catharanthus
roseus(L.) G.Don and Acer pseudoplantanus L.”. Plant Science Letters, 22:59(1981).

8.Knobloch, K.H., Berlin, J., "Influence of Phosphate on Formation of the Indole Alkaloids
and Phenolic Compounds in Cells of Catharanthus roseus. Comparison of Enzyme Activities
and Product Accumulation”. Plant Tissue Organ Culture, 2:333(1983).

9.Courtois, D., Guem, J., "Temperature response of Catharanthus roseus Cells Cultivated in
Liquid Medium". Plant Science Letters, 17:473(1980).

10.Fowler, M.W., "Substrate Utilisation by Plant Cell Cultures". J. Chem. Tech.
Biotechnol.32:338(1982).

11.Bailey, C.M., Nicholson,H.,Stafford A., Smart N.J., "A Model for Biosynthesis of Indole
Alkaloids by cell Suspensions of Catharanthus roseus(L.) G. Don". Applied Biochem.& Biotech.
12:215(1986). :

12.Eilert, U., Constable, F., Kurz, W.G.W., "Elicitor stimulation of Monoterpene Indole
Alkaloid Formation in Suspension Cultures of Catharanthus roseus". J.Plant
Physiol,126:11-22(1986).



113

13.Berlin, J.,"Secondary Products from Plant Cell Cultures” in Biotechnology vol. 6(Reed
and Rehm eds.) Verlag Chimie, p.629(1986).

14.Neumann, K.H ,Krauss, G., Hieke, M., Groge, D., "Indole Alkaloid Formation and Storage
in Cell Suspension Cultures of Catharanthus roseus". Planta Medica, 48:20-23(1983).

15.Deus-Neumann, B., Zenk, M.H., "A Highly Selective Alkaloid Uptake System in Vacuoles
of Higher Plants". Planta, 162:250-260 (1984).

16.Felix, H.R., Mosbach, K., "Enhanced Stability in Permeabilized and Immobilized Cells".
Biotechnology Letters, 43:181-186(1982).

17.Hahne, G., Hoffmann, F., "Dimethylsulfoxide Can Initiate Cell Divisions of Arrested
Callus Protoplasts by Promoting Cortical Microtubule Assembly". Proc.Natl.Acad.Sci. USA.,
81:5449-5453(1984).

18.Pétiard, V., "Mise en évidence d’Alcaloides dans le Milieu Nutritif de Culture de Tissus
de Catharanthus roseus G. Don". Physol. Vég., 18(2):331-337(1980).

19.Suzuki H., Matsumoto T., "Effects of Physical factors and Surface Active Agents on the
Formation of Anthroquinonoes by Rubia cordifolia Cells in Suspension Cultures".
Agri.Biol.Chem., 49:519-520(1985).

20.Shuler, M.L., "Production of Secondary Metabolites from Plant Tissue Culture.Problems
and Prospects”. Annals N.Y. Academy of Sciences, 369:65(1981).

21.Schiel, O., Berlin, J., "Some Technological Aspects on the Production of Cinnamoyl
Putrescines by Cell Suspension Cultures of Nicotina tabaccum". Third European Congress on
Biotechnology, pp.1-67(1986).

22 Frischknecht, P.M., Baumann T.W., "Stress Induced Formation of Purine Alkaloids in
Plant Tissue Culture of Coffea arabica". Phytochemistry, 24(10):2255-2257(1985).

23 Lockwood, G.B., "Alkaloids of Cell Suspension Derived from Papaver spp. and the Effect
of Temperature Stress”. Z. Pflazenphysiol. Bd., 114:361-363(1984).

24 Kurz, W.G.W., Constable, F., "Aspects Affecting Biosynthesis Biotransformation of
Secondary Metabolites in Plant Cell Cultures”. CRC Critical Reviews in Biotechnology,
2:105-118(1985).

25.Berlin J., "Plant cell Cultures: a Future Source of Natural Products?". Endeavour New
Series, 8(1):5-8(1984).

26.Pareilleux, A., Vinas, R.," Alkaloid Production by Growing or Resting Cell Suspension of



114

Catharanthus roseus(L.) G. Don" in Proc. 5th Intl. Cong. Plant Tissue & Cell Culture in Plant
Tissue Culture(1982), p.323.

27.Dicosmo, F., Misawa, M., "Eliciting Secondary Metabolism in Plant Cell Culture". Trends
in Biotechnology 3(12):318-322 (1986).

28.Stockigt, J., Treimer, J., Zenk, M.H., "Synthesis of Ajmalicine and Related Indole
Alkaloids by Cell Free Extracts of Catharanthus roseus Cell suspension Cultures”. FEBS
Lerters, 70(1):267(1976).

29.Renaudin, J.P., Brown, S.C., Guem, J.,” Compartmentation of Alkaloids in a Cell
Suspension Culture of Catharanthus roseus: A Reappraisal of the Role of pH Gradient" in
Primary and Secondary Metabolism of Plant Cell Culture(Neumann, Barz, Reinhard
eds.)Springer-Verlag, Berlin, pp.124-132(1985).

30.Berlin, J., Beier, H., Fecker, L., Forshe E., Noé, W., Sasse, F., Shiel, O., Wray, V.,
"Conventional and New Approaches to Increase the Alkaloid Production of Plant Cell Cultures”.
ibid., pp-272-279(1985).

31.Parr, A.J., Robins, R.J., Rhodes, M.J.C.," Product Release from Plant Cells Grown in
Culture” in Secondary metabolism in Plant Cell Cultures (Morris, Fowler, Scragg, Stafford eds.)
Cambridge Press, pp. 173-177(1986).

32.Fujita,Y., Namoru, T., "Secondary Metabolites from Plant Cells. Pharmaceutical
Applications and Progress in Commercial Production” in Plant Tissue and Cell Culture- Proc.
of 6th International Congress on Plant Tissue and Cell Culture (Minnesota 1986) (Green,
Somers, Hackett, Biesber, Liss eds.) N.Y.,pp 169-185(1987).

33.Alberts,B., etal, Molecular Biology of the Cell, Garland Publishers, N.Y,,
pp.1099-1124(1982).

34.Boller T.,Wickem A., "Dynamics of Vacuolar Compartmentation". Ann. Rev. Plant
Physiol., 37:137-164(1986).

35.Lindsey, K., Yoeman M.M., "Immobilised Plant Cell Culture Systems" in Primary and
Secondary Metabolism of Plant Cell Culture (Neumann K.H., Barz, Reinhard eds.)
Springer-Verlag, pp.301-315(1985).

36.Archambault, J., "Surface Immobilised Plant Cells”". Ph.D. Thesis, McGill University,
(1987).

37.Hegarty, P.K., Smart, N.J., Scragg, A.H., Fowler, M.W,, "The Aeration of Catharanthus



115

roseus(L.)G. Don Suspension Cultures in Airlift bioreactors: The Inhibitory Effect at High
Aeration Rates on Culture Growth". J. Exp. Botany, 37(185):1911- 1920(1986).

38.Kurz, W.G.W., Constable, F., Kutney J.P., "Biosynthesis and Biotransformation of Indole
Alkaloids in Catharanthus roseus Cell Cultures ", in Plant Tissue Culture:Proc. Sth Int. Cong.
Plant Tissue and Cell Culture, pp. 361-364(1982).

39.Sasse, F., Knobloch, K.H., Berlin, J., "Induction of Secondary Metabolism in cell
Suspension Cultures of Catharanthus roseus, Nicotina tabaccum and Peganum harmala®. ibid,
pp. 343-344,

40.Morris, P., "Regulation of Product Synthesis in Cell Culture of Catharanthus roseus:
Effect of Culture Temperature”. Plant Cell Reports , 5:427(1986).

41 Pareilleux, A., Vinas, R, "A Study on the Alkaloid Production by Resting Cell Suspension
of Catharanthus roseus in a Continuous Flow Reactor". Applied Microbiology and
Biotechnology, 19:316-320(1984).

42.Ambid, C., Roustan, J.P., Nef,C., Fallot, J.," Influence of 2,4-Dichlorophenoxyacetc Acid
on the Production of Ajmalicine and Serpentine by Cell Suspension Culture of Catharanthus
roseus” in_Proc. 5th Int. Cong. Plant Tissue and Cell Culture, pp.331- 332 (1982).

43.Vinas, R., Pareilleux, A., "Production par les Suspensions Cellulaires de Catharanthus
roseus cultivée in Vitro". Physiol. Vég., 20(2):219-225(1982).

44 Robins, R.J., Rhodes, M.J.C., "Polymeric adsorbents stimulate Anthroquinone Production
by Cell Suspension Culture of Cinchona ledgeriana" in Secondary Metabolism in Plant Cell
Cultures, (Morris, Fowler, Scragg, Stafford,eds.) Cambridge Press, pp.35-40(1986).

45.Morris, P., "Kinetics of Growth and Alkaloid Accumulation in Catharanthus roseus Cell
Suspension Cultures”, ibid, pp.63-67(1986).

46.Vienne, P., Marison, A.G., "Description of a System for the Continuous Cultivation of
Plant Cells", ibid, pp.195-201 (1986).

47.Scragg, A.H.,"The Economics of Mass Cell Culture", ibid, pp.202-207(1986).

48 Rudge, K., Morris, P.,, "The Effect of Osmotic Stress on Growth and Alkaloid
Accumulation in Catharanthus roseus", ibid, pp.75-81(1986).

49.Deus-Neumann, B., Zenk, M.H., "Accumulation of Alkaloids Does Not Involve an Ion
Trap Mechanism". Planta, 167:44-53(1986).



116

50.Miura, Y., Hirata, K., Kurano, N., "Isolation Of Vinblastine with differetiated Roots of
Catharanthus roseus(L.)G. Don". Agric. Biol. Chem., 51(2):611-614(1987).

51.Ducos, J.P., Pareilleux, A., "Effects of Aeration Rate and Influence of Partial Pressure of
CO, in Large Scale Culture of Catharanthus roseus”. Appl. Microbiol. Biotech., 25:101-105
(1986).

52.Knorr, P, Teutonico, R.A., "Chitosan Immobilisation and Permeabilisation of Amaranthus
tricolor Cells". J. Agric. Food Chem., 34:96-97(1986).

53.Maurel, B., Pareilleux, A., "CO, Fixation and Growth of Heterotrophic Cell Suspension”
J. Plant Physiol., 122:347-355 (1986).

54.Smith, J.I., Smart, N.J.,, Misawa, M., Kurz, W.G.W., Tallevi, S.G., Dicosmo, F.,
"Increased Accumulation of Indole Alkaloids by Some Cell lines of Catharanthus roseus in
Response to Addition of Vanadyl Sulfate". Plant Cell Reports, 6:142-145 (1987).

55.Goodbody, A.Z., Lambe, C.A., ,Rosevear, A., "Serpentine Release by Suspension Cultures
of Catharanthus roseus". Biotechnology Letters, 9(9):629-632(1987).

56.Hattori, T., Ohta, Y., "Induction of Phenylalanine-Ammonia Lyase activation and
Isoflavone Glucoside Accumulation in Suspension-Cultured Cells of Red Bean, Vigna angularis
by Phytoalexin Elicitors, Vanadate, Elevation of Media pH". Plant Cell Phisiol. 26(6):1101-1110(1986).

57.Hagege, 1., Hagege, D., Derot, S., Despeghel, J.P., Bonnemain, J.L., "Physiologie
Cellulaire Végétale :Effet de 1a Pression Osmotique sur L’Excrétion des Protons et L’ adsorption
de K*( ¥Rb) de Glucides et D’Acides Aminés par les Tissues Foliaires de Vicia faba L.".
C.R.Acad. Sc. Paris , 299(10):435-440 (1984).

58.Kurz, W.G.W., "Biological and Environmental Factors of Product Synthesis, Accumulation
and Biotransformation by Plant Cell Cultures". New Zealand J. of Technology, 2:77-81(1986).

59.Marigo, G., Delorme, Y.M., Liittge, U., Boudet, A., "R6le de L’acide Malique dans la
Régulation du pH Vacuolaire dans les Cellules de Catharanthus roseus cultivées in vitro”.
Physiol. Végétales, 21(6)1135-1144(1983).

60.Rhodes, M.J.C, Robins, P.J., Hamill, J., Parr, AJ., "Potential For Production of
Biochemicals by Plant Cultures". N. Z. J. of Tech., 2:59-70(1986).

61.Maurel, B., Parcilleux, A., "Effect of CO, on the Growth of Cell Suspensions of
Catharanthus roseus”. Biotechnology Letters 7(5):313-318(1985).

62.Drapeau, D., Blanch, HW., Wilke, C.R., "Ajmalicine, Serpentine and Catharanthine
Accumulation in Catharanthus roseus Bioreactor Cultures". Planta Medica, pp. 373-376(1987).



117

63.Smith F.A., Raven, J.A., "Intracellular pH and Its Regulation". Ann. Rev. Plant Physiol.,
30:289-311(1979).

64.Gathercole, R.W.E., Mansfield, K.J., Street, H.E., "Carbon Dioxide as an Essential
Requirement for Cultured Sycamore Cells". Physiol. Plant, 37:213-217(1976).

65.Bown, A.W., "CO, and Intracellular pH". Plant Cell and Environment, 8:459-465(1985).

66.Nesius, K.K., Fletcher,J.S., "CO, and pH requirement of Non-Photosynthetic Tissue
Culture Cells". Physiol. Plant., 28:259-263(1973). .

67.Rhodes, M.J.C., "Immobilised Plant Cell Cultures” in Topics in Enzyme and Fermentation
Technology (Wiseman ed.) John Willey & Sons, pp. 51-87(1985).

68.Gamborg, O.L., Miller, R.A., Ojima, K., "Nutriment Requirements of Suspension Cultures
of Soyabean Root Cells". Experimental Cell Research, 50:151-158(1968).

69.Gamborg, O.L.," Callus and Cell Culture” in _Plant Tissue Culture Methods 2nd edition
(Wetter, Constable, eds.) NRC of Canada Publications, pp. 1-9(1982).

70.Pétiard, V., Bariaud, J., Fontall, A., "La Culture de Cellules". La Recherche,
18:602-610(1987).

71.Brodelius, P., "Permeabilisation of Plant Cells For Release of Intracellularly Stored
Products: Viability Studies”. Applied Microbiology & Biotechnology, 27:561-566(1988).

72.Valiquette, J., "Etude de la Dynamique de Contréle de la Température de Bioréacteur”.
Projet de Fin D’Etude, Ecole Polytechnique, Décembre, 1987.

73.Payne,G F., Payne,N.N., Shuler,M.L., "Bioreactor Considerations for Secondary Metabolite
Production from Plant Cell Tissue Culture: Indole Alkaloids from Catharanthus roseus”.
Biotech. Bioeng., 31:905-919(1988).

74.Guemn, J., Mathieu, Y., Pean, M., Pasquier, C., Beloeil, J.C., Lallemand, J.Y.,
"Cytoplasmic pH Regulation in Acer pseudoplantus Cells: 1. A “'P NMR Description of Acid
Loading Effects". Plant Physiol., 82:840-845(1986).

75.Felle, H., "Short Term pH Regulation in Plants". Physiologia Plantarum, 74:583-591,
Copenhagen(1988).

76.Endo,T., Goodbody,A., Misawa, M., "Alkaloid Production in Root and Shoot Cultures of
Catharanthus roseus”. Planta Medica,pp.479-482(1987).



118

77.Payne, G.F., Shuler, M.L., "Selective Adsorption of Plant Products". Biotechnology &
Bioengineering, 31:922-928(1988).

78 Payne, G.F., Payne, N.N., Shuler, M.L.,Asada, M., "In Situ adsorption for Enhanced
Alkaloid Production by Catharanthus roseus”. Biotechnology Letters,10(3):187-192(1988).

79.McCaskill, D.G., DeAndra, L M., Scott,A.I., "Characterisation of Alkaloid Uptake by
Catharanthus roseus (L.) G. Don Protoplasts". Plant.physiol., 87:402-408(1988).

80.DeLuca, V., Balsevich, J., Tyler, R.T., Kurz, W.G.W,, "Characterisation of a Novel
N-Methyltransferase (NMT) from Catharanthus roseus Plants: Detection of NMT and Other
Enzymes of the Indole Alkaloid Biosynthetic Pathway in Different Cell Suspension Culture
Systems". Plant Cell Reports, 6:458-461(1987).

81.DeLuca, V., Fernandez, J.A., Campell, D., Kurz, W.G.W., "Developmental Regulation of
Enzymes of Indole Alkaloid Biosynthesis in Catharanthus roseus”. Plant Physiol., 86:447-450
(1988).

82.Bouyssou, H., Pareilleux, A., Marigo, G., "The Role of pH Gradients Across the
Plasmalemma of Catharanthus roseus and its Involvement in the Release of Alkaloids". Plant
Cell, Tissue and Organ Culture , 10:91-99(1987).

83.Renaudin, J.P., Guemn, J., "Compartmentation of Ajmalicine in Vacuoles from
Catharanthus roseus”. Biochemical Society Transactions,16:36-64(1988).

84.Berlin, J., Mollenschott, C., Wray, V., "Triggered Efflux of Protoberberine Alkaloids from
Cell Suspension Cultures of Thalictrum rugosum”. Biotechnology Letters,10(3):193-198(1988).

85.Hahlbrock, K., "Correlation Between Nitrate Uptake Growth and Changes in Metabolic
Activities of Cultures Plant Cells" in Tissue Culture and Plant Science (H.E. Street ed.)
Academic Press, pp.363-378(1974).

86.Smith, J.I., Smart, N.J., Kurz, W.G.W., Misawa, M., "The Use of Organic and Inorganic
Compounds to Increase the Accumulation of Indole Alkaloids in Catharanthus roseus (1.) G.
Don Cell Suspension Cultures". Journal of Experimental Botany, 38(194). 1501-1506(1987).

87.Nef, C., Ambid, C., Fallot,J., "Influence of External pH on Alkaloid Production and
Excretion by Catharanthus roseus Resting Cell Suspensions”. NATO Advanced Science
Institute Series(Series A), 134(Plant Vacuoles):529-533(1987).

88.Renaudin, J.P., Guem, J., "Ajmalicine Transport Into Vacuoles of Catharanthus roseus
Cells". ibid,134(Plant Vacuoles):339-347(1987).

89.Parr, AlJ., "Secondary Products from Plant Cell Culture". Adv. Biotechnol.



119
Processes,9(Biotechnol. Agric.):1-34(1988).

90.Carew, D.P, Staba, E.J., "Plant Tissue Culture :Its Fundamentals Application and
relationship to Medicinal Plant Studies”. Lloydia, 28:1-26(1965).

91.Constabel, F., "Cell Culture in Phytochemistry" in Cell Culture and Somatic Cell Genetics
of Plants,(Constabel, F., Vasil, LK., eds.), Vol. 4, Academic Press, San Diego, pp.3-13(1987).

92. Wink, M.,"Physiology of the Accumulation of Secondary Metabolites with Special
Reference to Alkaloids" in ibid., pp.17-42.

93. Guem, J., Renaudin, J.P., Brown, S.C.,"Compartmentation of Secondary Metabolites in
Plant Cell Cultures” in ibid., pp.43-76.

94 Murashige, T., Skoog, F., "A Revised Medium for Rapid Growth and Bioassays with
Tobacco Tissue Cultures". Physiol. Plant, 15,:473-497(1962).

95. Schiel, 0., Witte, L., Berlin, J., "Geranoil- 10- Hydroxylase Activity and Its relation to
Monoterpene Indole Alkaloid Accumulation in Suspension Cultures of Catharanthus roseus”.
Z. Naturforsch 42C:1075-1081(1987).

96. Eilert, U., DeLuca, V., Constabel, F., Kurz, W.G.W., "Elicitor-Mediated Induction of
Tryptophan Decarboxylase and Strictosidine synthetase Activity in Cell Suspension Cultures of
Catharanthus roseus”. Archives of Biochemistry and Biophysics, 254(2):491-497(1987).

97. Kamada, H., Okamura, N., Satake, M., Harada, H., Shimomura, K., "Alkaloid Production
by Hairy Root Cultures of Atropa belladonna”. Plant Cell Reports, 5:239-242(1986).

98.Rosevear, A., Lambe, C.A., "Immobilized Plant and Animal Cells". Topics in Enzyme
Fermentation Biotechnology, 71:13-37(1983).

99.Majerus, F., Pareilleux, A., "Production of Indole Alkaloids by Gel Entrapped Cells of
Catharanthus roseus in a Continuous Flow Reactor". Biotechnology Letters, 8(12):863-866
(1986).

100.Mothes, K., "Physiology of Alkaloids". Ann. Rev. Plant Physiol., 6:393-432(1955).

101.Waddell, W.J., Butler, T.C., "Calculation of the Intracellular pH from the Distribution
of 5,5-dimethyl-2,4- oxazolidine-dione(DMO): Application to Skeletal Muscle of the Dog". J.
Clin. Invest., 38:720-729(1959).

102.Renaudin, J.P., Guem, J., "Compartmentation mechanisms of Indole Alkaloids in Cell
Suspension Cultures of Catharanthus roseus”. Physiol. veg., 20(3):533-547(1983).



120

103.Verzele, M., DeTaege, L., VanDyck, J., DeDecker, G., DePauw, C., "High Performance
Liquid Chromatography of Vinca rosea Alkaloids and the Correlation of Plate Height and
Molecular Weight". J. Chromatography,214:95-99(1981).

104.Briskin, D.P. Poole, R.J., "Plasma Membrane ATP’ase of Higher Plant Cells". What's -
New in Plant Physiology, 14(1):1-4(1983).

105.Colombo, R., De Michelis, M.J., Lado,P., "3-O- Methylglucose Uptake Stimulation by
Auxin and by Fusicossin in Plant Material and its Relationship with Proton Extrusion”. Planta,
138:249-256(1978).

106.Salisbury, F.B., Ross, C.W., Plant Cell Physiology.3™ Edition, Wudsworth Publishing
Co., Belmont Ca.,(1985).

107 Famsworth, N.R, Blomster, R.N., Damratoski, D., Meer, W.A,, Cammarato, L.V.,
"Studies on Catharanthus Alkaloids. V1. Evaluation by Means of TLC and Ceric Ammonium
Sulfate Spray Reagent". Lloydia, 27(4):302-314(1964).

108.Lee S.L., Cheng, K.D., Scott, Al, "Effects of Bioregulators on Indole Alkaloid
Biosynthesis in Catharanthus roseus Cell Cultures". Phytochemistry,20:1841(1981).

109 Bailey,J.E., Ollis, D.F., Biochemical Engineering Principles 2™ Edition, McGraw-Hill
Book Company, N.Y., pp.280-286(1986).

110.Matile, P., "Vacuoles" in Plant Biochemistry 3" edition (Bonner, J., Varmer, J.E.)
Academic Press, N.Y., pp189-200(1976).

111.Payne, G.F., Shuler, M.L., Brodelius, P., "Large Scale Cultivation of Plant Cell Culture”
in Large Scale Cell Technology (Lyndersen ed.) Hanser Publishing, Munich, pp. 194-229(1987).

112.Marty, F., Bronton, D., Leigh, R.A., "Plant Vacuoles" in Biochemistry of Plants- A
Comprehensive Treatise Vol.I (Stumpf, P.K., Corin, E.E., Tolbert, N.E. eds.) Academic Press,
N.Y., p.625(1980).

113.Wagner, G.J., "Compartmentation of Plant Cells: The Role of the Vacuole". Recent Adv.
in Phytochemistry 16:1(1981).

114 Matile,P., "Biochemistry and Functions of the Vacuoles". Ann. Rev. in Plant Physiol.,
29:193(1978).

115.Shuler, M.L., Hallsby, G.A., "Bioreactor Considerations for Chemical Production from
Plant Cell Cultures". Biotechnology in Plant Science, pp.191-205(1985).

116.Brodelius, P., "Potential Role of Immobilization in Plant Cell Biotechnology”. Trends



121
in Biotechnology, 3(11):280-285(1985).

117.Drapeau, D., Blanch,H.W., Wilke, C.R., "Ajmalicine, Serpentine and Catharanthine
Accumulation in C. roseus Bioreactor Cultures". Planta Medica, 53:373-376(1987).

118.Cleland, R.E., "Auxin Induced Hydrogen Ion Excretion correlation with Growth and
Control by External pH and Water Stress". Planta,122:233(1975).

119.Robins, R.J,, Parr, A.J., Rhodes, M.J.C., "The Use of Continuous Product Removal to
Influence the Distribution and net Production of Alkaloids in Cell Cultures". Biochemical
Society Transactions, 16:67-71(1988).

120.Tom, R., "A Study of Indole Alkaloid Production By Surface Immobilized Catharanthus
roseus Plant cells". Masters Thesis, Ecole Polytechnique de Montréal, 1991.

121.Tom, R., Jardin, B., Chavarie, C., Archambault, J., "Effect of Cell Culture On Alkaloid
Production By Catharanthus Roseus Cells" in press.

122.Tom, R., Jardin, B., Chavarie, C., Rho, D., Archambault, J., "Effect of Cell Culture
Process On Alkaloid Production By Catharanthus Roseus Cells" in press.

123.Maretzi, A., Tham, M., "Transport of Organic and Inorganic Substances by Plant Cells"
in Frontiers of Plant Tissue Culture 1978, (T.A. Thorpe ed.) University of Calgary Press,
Calgary, (1978).

124.Archambault, J., Volesky,B., Kurz, W.G.W., "Surface Immobilization Of Plant Cells"
Biotech. Bioeng., 33:293-299(1989).

125.Kutney, J.P., Aweryn, B., Choi, L.S.L., Houda, T., Kolodziejczyk, P., Lewis, N.G., Sato,
T., Sleigh, S.K., Swart, K.L., Worth, BR., Kurz, W.G.W., Chatson, K.B., Constabel, F.,
“Studies in Plant Tissue Culture: The Synthesis and Biosynthesis of Indole Alkaloids".
Tetrahedron, 39(22):3781-3795(1983).

126.Archambault, J., Volesky,B., Kurz, W.G.W., "Development of Bioreactors for the
Culture Of Surface Immobilized Plant Cells". Biotech. Bioeng., 35:702-711(1990).

127.Archambault, J., Volesky,B., Kurz, W.G.W., "Production of Indole Alkaloids by
Surface Immobilized C. roseus Cells". Biotech. Bioeng., 35:660-667(1990).



APPENDIX 1

122

ke (n)
24
] 0, ABSORPTION
20
= / )
16
] / /1
12+ [

02

Aeration rate (VVM)

Oxygen transfer capacity (K, a) of 2L surface immobilized bioreactor as a function of the aeration
rate at the mixing rate of 300 RPM (Re;~ 29645).
V= 2L level (16 cm) with the immobilizing structure. A = 2L level (16 cm) without the
immobilizing structure. @ = 1.6L level (13.5 cm) with the imobilizing structure. 3 = 1.6 L level
(13.5 cm) without the immobilizing structure (36).




APPENDIX 2

Nutrient composition of media BS and APM.

Nutrients BS APM
(mg/L) (mg/L)
Macronutrients
NH,NO, --- 720
KNO, 2500 950
CaCl, 150 220
MgSO, 7H,0 250 185
KH,PO, - 68
(NH),SO, 134 ---
NaH,PO, H,0 150 -
SUCROSE 20000 50000
Micronutrients
K1 0.75 0.375
H,BO, 3.0 2.4
MnSO, H,0 10 7.0
ZnSO, 7TH,0 2.0 4.05
Na,MoO, 2H,0 0.25 ---
(NH)Mo,0,, 4H,0 --- 0.0925
CuSO, 5H,0 0.025 0.01
CoCl, 6H,0 0.025 ---
EDTA-ferric salt 43.0 559
pH 5.5 5.5
Glycine - 2.0
Vitamins and hormones
Inositol 100 100
Nicotinic acid 1.0 5.0
Pyridoxine HCl1 1.0 0.5
Thiamine HCl 10.0 0.5
1AA .- 0.1752
Kinetin 0.1 ——
2.4-D 0.1-1.0 ---
Folic acid - 0.5
Biotin --- 0.05

6-Benzylaminopurine
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APPENDIX 3
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Oxygen transfer capacity of 6L. modified airlift bioreactor (IA) as a function of the aeration rate.
(Volume of liquid = 5.2 L, height of liquid = 30.5 cm).

¥ = DO probe in the external layer. A = DO probe in the immobilizing matrix.

0O = without the immobilizing structure (36).
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