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ABSTRACT

In spite of the importance of filamentous actinomycetes, the number of published
reports for engineering aspects of fermentation (e.g. effect of agitation) are rare
compared with filamentous fungi. Intensive mechanical agitation is necessary for
adequate oxygen transfer rate and bulk mixing. However, excessive physical damage
due to high agitation on the filamentous mycelia during the fermentation is usually
undesirable. This report investigates the effect of agitation, and in particular, shear on

S. erythraea fermentation.

Initially a relatively poor defined medium was used for S. erythraea fermentation at 7-
L scale. It was shown that growth was inhibited at a low constant dissolved oxygen
tension of 10% air saturation. However, the specific erythromycin production was
virtually identical to that of a culture where DOT did not fall below 65%. In addition,
at constant DOT (10%) a stirrer speed of 750 rpm caused serious mechanical damage
to the mycelia compared with at 500 rpm. A bioassay was used for erythromycin
measurements in this part of the study. A solid phase extraction method was
developed for the purification and concentration of erythromycin for analysis by

HPLC for future work.

A complex medium was used to investigate the effects of shear on the S. erythraea
fermentation at laboratory scale (7-L) and pilot scale (450-L) fermenters.
Morphological measurements using image analysis showed that the major axis of the
mycelia (both freely dispersed and clumps) decreased after the end of the rapid growth
phase to a relatively constant value (equilibrium size) dependent on the stirrer speed.
Variation of other morphological parameters are also discussed. A model of hyphal
breakage was set up based on stress cycling (fatigue) resulting from continuous
recirculation through the high shear zone of the impeller. The critical strain energy of
failure was used, the mycelium was assumed to have fractal properties and the

individual hypha was assumed to behave elastically with a thickness that increases



linearly with the distance away from the growing tip. The comparison of the

experimental data and the model showed reasonable agreement.

The effect of shear on growth is discussed in terms of dry cell weight. Maximum dry
cell weight was slightly lower at higher speeds. Maximum biomass was 11.1 £ 0.5
gL at 1250 rpm (tip speed = 4.45 ms™), whereas it was 12.7+ 0.2 gL' at 350 rpm (tip
speed =1.07 ms™). Specific erythromycin production was not stirrer speed dependent
in the range of 350 to 1000 rpm (tip speed = 3.56 ms™) at 7-L scale, and it decreased
by 10%, when the stirrer speed increased to 1250 rpm.

The rheology of the culture changed dramatically during the fermentation. Power law
model had a good agreement with the experimental data and the consistency index
was generally lower at higher stirrer speeds. A correlation was recommended between
the consistency index and biomass (K o (DCW)*') and the relation between

morphology and rheology is discussed.

The mechanical properties of the cell wall of the S. erythraea were examined by
disruption of fermentation broth in a homogeniser and it was shown that mechanical
strength of the cell wall increased in a large extent during deceleration phase. These

results were used to explain some aspect of mycelia breakage in the fermenter.

This research has shown that shear affects morphology of the S. erythraea culture.
These effects are generally less compared with filamentous fungi culture and are not
detrimental to growth and erythromycin production, if enough nutrients are provided
in the medium. A consequence of this is the ability to rise the agitation rate to increase
oxygen transfer and bulk mixing without significant mechanical damage or loss of

productivity.
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1.0 INTRODUCTION

1.1 Morphology of filamentous actinomycetes

Actinomycetes range from true mycelial organisms, e. g. the streptomycetes to groups
such as the nocardia, which form mycelia that fragment readily and, under certain
conditions, grow only as unicells. Filamentous actinomycetes and filamentous fungi
exhibit major differences at the cellular level. Fungi possess membrane-bound
organelles and cytoskeleton, providing subcellular structure and organisation which is
important in cellular growth. These are absent in filamentous actinomycetes, which
must therefore possess different growth mechanisms (Prosser and Tough, 1991).
Another major difference is the size of the hyphae. Mycelial hyphae of fungi usually
have a diameter of about 3-10 pm. Hyphae of actinomycetes are much narrower than
those of fungi and usually have a diameter of only 0.5-1.5 pm. Despite this, the two
groups show remarkable similarities, providing an example of convergent evolution

(Prosser and Tough, 1991).

1.1.1 Growth and morphology of filamentous actinomycetes

Filamentous actinomycetes grow like filamentous fungi in multicellular structures
called hyphal elements, which make up the mycelium. In submerged culture the
hyphal elements may be present as pelleted and dispersed forms (Figure 3.18 & 3.19).
There is no clear boundary between the two types. The filamentous form is widely
referred to as freely dispersed mycelia which can entangle to form mycelial clumps.
The entanglement of freely dispersed mycelia to form clumps may be permanent or
temporary as a result of interaction between two or more mycelia in the liquid culture

(Yang et al., 1996).

Because of the fungus-like growth and differentiation, it is generally assumed that
filamentous actinomycetes hyphae elongate by apical extension, that is, by deposition
of wall polymers only at the very tip of the hyphae (Kretschmer, 1982). However,
autoradiographic studies seem to indicate that wall synthesis was not restricted to the
hyphal tip. Although there was a preferential incorporation of the N-acetyl-D-[1-°H]

glucosamine label, a precurser of peptidoglycan label at the tip, a relatively broad

15



segment of the hyphae also appeared labelled. The length of the labelled segment
varied from 4 to 20 pm, depending on the strain and labelling conditions (Brana et al.,
1982; Gray et al., 1990). Gray et al. (1990) believed labelling in distal regions was
because of wall synthesis, turnover and thickening. However, further experiments by
Miguelez et al. (1993) demonstrate that in S. antibioticus, wall growth takes place
without the turnover of the peptidoglycan. The cell wall thickening could be one of
the consequences of the addition of cell wall components in the region away from the
tip (Miguelez et al., 1993). It should be noted that increasing the thickness of the cell
wall as a consequence of secondary wall formation in the regions away from tips for
the filamentous fungi also have been previously reported by Trinci and Collinge

(1975).

For fungal hyphae, there is strong evidence (Wessels, 1993) that new cell wall
material is incorporated at the hyphal apex in plastic form which becomes more rigid
in a time dependent process through covalent cross-linking of wall components.
Wessels (1993) proposed that the cell wall initially is a semi-liquid matrix, and is
rigidified as extension continues. A similar process may occur in prokaryotes (Davis,
1980). There appears to be four phases of peptidoglycan incorporation: 1) the rapid
synthesis of water-soluble complex precursors 2) attachment to a membrane lipid,
followed by further addition; 3) formation of linear polymer outside the membrane;

and 4) crosslinking of these polymers, which may occur simultaneously with step 3.

Because the cytoplasm of walled cells typically contains more solute than the
environment, these cells develop an hydrostatic pressure called turgor and the process
of tip growth results from the balance between the extensive force of turgor pressure
and the controlled extension of the apical cell wall (Kaminsky; and Heath, 1996).
Turgor level and wall strength must be correlated, since turgor is balanced by tension
in the cell wall (Koch, 1994). If a cell is growing when turgor is known to be low,
then the apical wall must be soft in order to be deformed by low internal pressure.
Conversely, if the wall is known to be soft, then turgor pressure must be low to
maintain cellular integrity (Heath, 1995). Heath (1995) suggested that F-actin-rich

elements of the cytoskeleton are important in tip morphogenesis of filamentous fungi.
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There is no cytoskeleton to perform mechanical work in actinomycetes filamentous
organisms, but instead has a covalently cross-linked fabric covering the entire cell that
resists the cell’s turgor pressure (Koch, 1994). Therefore, the growth appears to be

driven by internal hydrostatic pressure which acts on an extension zone.

Studies on the early growth of S. tendae show that the total length of hyphae and the
number of branches increase exponentially at the same specific rate (Reichl ez. al.,
1990). The relationship between septation and branching in actinomycete hyphae is
less well defined than in fungi. Branch formation have been associated with formation
of septa in the case of the filamentous fungi and it usually forms behind the septum
(Nielsen., 1992). However, in the case of the filamentous actinomycetes branches
frequently formed in front of, rather than behind the septum (Gray et al., 1987). This
suggested that branch formation in filamentous actinomycetes does not result from
accumulation of material behind septa and may be more closely related to the sites
nucleoid aggregation (Prosser and Tough, 1991). The extent of branching also reflects
the nutritional status of the medium, and on a nutritionally poorer medium, supporting
lower specific growth rates, branching density can be reduced (Prosser and Tough,
1991; Martin et al., 1996), where the mycelium will extend itself in the hope of
reaching an environment where the growth condition are better, and it therefore forms
long threads with very few branches. In the case of actinomycete filamentous
organisms, lower branching frequency in a nutritionally poor media could be as a
means of discovering fresh nutrients within the soil particle micro-habitat. An analogy
of this would be long highways of hyphae radiating out into the soil (Martin et al.,
1996). On the other hand, Glazebrook and Vining (1991) have reported that slower
grow rate was associated with increasing the percentage of clumps in the S.

akiyoshiensis fermentation.

1.1.2 Fractal geometry for cellular morphology of filamentous actinomycetes

A fractal is an object in which similar structural pattern are repeated at different length
scale, with the result that small sections of the object, upon magnification, appear very
similar to the original object (Mihail et al., 1995). The morphology is quantified in

fractal model by the value of fractal dimension (), a parameter that represents the
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distribution of mass in a fractal object. The mass m, contained in a volume element
inside a three-dimensional fractal object is related to linear size, r, of the element

according to the following power law equation which defines the fractal dimension:

m(r) o< r° (L.1)

The value of B can in principle vary between 1 for a rod to 3 for a perfect compact

circular object.

The fractal model has been successfully applied and found very useful in various
systems such as solution of branched polymer chains (Muthukumar, 1985), activated
sludge flocs (Ganczarczk, 1990), microbial flocs (Longan, 1991), colloidal aggregates
(Meakan, 1988) and protein aggregates (Ayazi Shamlou et al., 1995). In mycelia, the
repeated branching of the hyphae in a tree-like form during organism growth gives
rise to self-similarity and the fractal structure, and several studies have focused on the
application of fractal geometry to understanding mycelia growth and biology (Jones et
al., 1993; Obert, 1994; Mihail et al., 1994; Mihail et al., 1995). Patankar et al. (1993)
using ultrasonic scattering procedure for measuring fractal dimension of three
different mycelia organism reported a value of 2.0 to 2.7 for §. tendae and S. griseus
and a value of 1.9 to 2.4 for P. chrysogenum. Even though fractal dimension is useful
in quantifying structural properties of objects, it is not a unique, sufficient measure.
For example, two objects may appear visually very different from one another in their

structural characteristics and yet have the same fractal dimension (Smith ez al. , 1996).

1.1.3 Factors affecting the morphology of filmentous actinomycetes

It has been reported for a number of filamentous actinomycetes that the number of
viable spores in inoculum affects morphology. High concentration of spores tends to
produce a mycelial form of growth, whereas a low concentration normally results in
pellet formation (Hobbs et al., 1990). Vecht-Lifshitz et al. (1990) found that the
average pellet size seemed to be inversely proportional to the order of magnitude of

inoculum size.
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Mycelial growth is more likely in rich, complex media, and pellets occur in
chemically defined media. However, the effect of media can be extremely varied, and
an individual component may only change the morphological state of a few strains
(Whitaker, 1992). Kretschmer (1985) has reported that lower growth rate of S.
hygroscopicus stimulates branching in casamino acids-limited chemostat culture,
however in glucose limited chemostat culture the response was opposite. They
concluded that an additional factor to growth rate determine the appearance of a
branch. In §. granticolor culture, filamentous clumps were obtained in a complex
medium but it was grown as fragmented mycelium in a defined medium (Whitaker,
1992). Shomura et al. (1979) found that S. halstedii fragmented in concentrated media
and retained mycelium form in diluted medium. The presence of polyethylene-glycol
in medium has been reported to favor the dispersed growth of S. coelicolor strain
which normally form pellets (Hodgon, 1982). Addition of charged polymers to S.
lividans cultures resulted in more dispersed growth and there exists an inverse
relationship between pellet diameter and polymer concentration (Hobbs et al., 1989).
It may be that both electrostatic repulsion and increased medium viscosity contribute

to dispersed growth (Hobbs et al., 1989).

Physical fermentation condition (e.g. pH, stirrer speed and dissolved oxygen tension)
can affect the morphology of filamentous actinomycetes. Glazebrook and Vining
(1992) have reported that low pH of the media in the early stage of the growth phase
minimize the percentage of clumps in S. akiyoshiensis fermentation. The effect of the
environmental conditions (dissolved oxygen concentration and shear) is discussed

comprehensively in section 1.3.
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1.2 Saccharopolyspora erythraea

1.2.1 Taxonomy and growth conditions

The genus Saccharopolyspora are aerobic, gram positive, sporoactinomycetes. They
were considered originally in genera of streptomyces and particularly
Saccharopolyspora erythraea was known as Streptomyces erythreus. Thus, a lot of
relevant literature is found under its old species name. The main differences between
them and streptomyces are, that the cell wall of Streptomyces normally contain L-
diaminopimelic acid (DAP) and mycolic acids while Saccharopolyspora species cell
walls contain large amounts of mesodiaminopimelic acid, but no mycolic acid. This is
the main reason that S. erythraea was renamed from the genus Streptomycetes in 1987
by Labeda. However, the two genera are not completely strange to each other. They
share many macroscopic morphological characteristics, such as the form of colonies

or creation of spores (Holt ef al., 1994).

S. erythraea grows through the formation of long multicellular hyphae with hyphal
diameter of 0.4-0.8 um, developed as branched septate. It grows between 20 to 42 °C,
with an optimum of 28 to 30 °C. Like other filamentous actinomycetes the liquid
cultures of S. erythraea require considerable aeration and agitation for the supply of
oxygen and mixing necessary for maximum growth. For better supply of oxygen and
mixing, flasks need to be incubated on a shaker at high speeds (e.g., 200-250 rpm).
High number of growth sources (spores or hyphal fragments) must be introduced into
a flask or fermenter to achieve heavy, dispersed growth and avoid pellet formation. S.
erythraea 1s resistant to many antibiotics, but susceptible to lysozyme. Its cell wall

envelope is rich in iso- and anteiso- branched fatty acids (Holt ez al., 1994).

The spores of S. erythraea are hydrophobic and their suspensions can be transferred
more successfully if 1% Tween 80 (Polysorbitan mono-oleate) is added to the
suspending medium to decrease the apparent high affinity of the spores for glass
containers and pipettes (Stark and Smith, 1961). Stark and Smith (1961) have reported
a decrease in erythromycin production as well as a change in morphological type

when the wild strain was transferred repeatedly on agar media.
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1.2.2 Biosynthesis of erythromycin

1.2.2.1 Erythromycin properties

Erythromycins which is produced by S. erythraea fermentation are known as one of
the safest antibiotics used in human medicine. They act mainly bacteriostatically at
low concentration 0.01-0.5 pg mL"' by binding covalantly to prokaryotic ribosomes.
Bactericidal action has been reported at high concentration above 2.5 pg mL™" (against
S. aureus). Erythromycin A is usually the main product with B, C, D, E and F as
minor component. The structure of erythromycins is shown in Fig 1.1. All types of
erythromycin have a desosamine ring but vary from four R groups. Erythromycin A
and B have cladinose sugar, whereas erythromycin C has a mycarose sugar. They

have very similar properties.

Erythromycin | R, R, R, R,

A OH H H OCH,
H H H OCH,

C OH H H OH

D H H H OH

E OH -O- OCH,

Fig 1.1: Chemical structure of erythromycin
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1.2.2.2 Effect of fermentation environment on erythromycin production

Saccharopolyspora erythraea can grow over a wide pH range (pH 5-9), but the
optimum for erythromycin production is between pH 7-7.2 (Osman et al., 1968,
Warren, 1994), and therefore a very strict pH control within + 0.2 pH unit is required.
In the literature there is very little information about the effect of temperature on
erythromycin production in S. erythraea fermentation. Cheury and Durand (1979)
recommended 35 °C for optimum erythromycin production, and Kuzentov ( 1985)

recommended 30-35 °C.

Only a few studies have been published on the impact of the engineering environinent
on erythromycin production which is necessary for process optimisaton. The lack of
published papers in this case is presumably due to the commercial sensitivity of the
research. Brinburg (1959) reported that improving the aeration conditions increased
erythromycin production (mgL™"). The increase in volumetric erythromycin synthesis
was due to a higher biomass production. Nikoli et al. (1993) reported an increased
percentage of erythromycin D production, when using a mutant strain of S. erythraea
at low dissolved oxygen tension (5% of air saturation). They have not reported any
quantitative results for their experiments. Clark et al. (1995) reported that oxygen
limitation can induce microbial secondary metabolite formation of erythromycin. Dry
cell weight decreased from 6 gL in oxygen-sufficient culture to 3 gL’ in oxygen-
limited-culture, while specific erythromycin production (mg (g cell)') in oxygen-
limited culture was 4.2 times more than oxygen-sufficient cultures. They concluded
that oxygen limitation acts in an analogous manner like other substrate limitation (e.g.

glucose limitation) and stimulates erythromycin production .

The effect of partial pressure of carbon dioxide was studied by Nash (1974). Carbon
dioxide was added to the incoming air at 0.1 vvm or 11% (v/v) of the inlet air from 15
h to 138 h fermentation. The exposure of the cells to increased partial pressure of
carbon dioxide inhibited erythromycin synthesis by 40% but had no effect on growth.
The inhibition of erythromycin was not due to a reduction in pH as it remained

between 6.8 and 7.0 in both carbon dioxide sparged and unsparged systems.

22



Martin and Bushell (1996) have shown that when S. erythraea biomass from
submerged culture was filtered (100-120 pm sintered glass filter), the antibiotic yield
of the retentate (mean hyphal particle diameter 103 um) was significantly higher than
that of the filtrate (mean hyphal particle diameter 88 pum). They hypothesise that there
is a critical particle diameter, below which the particle is incapable of producing
antibiotic. This would be a consequence of the site of the antibiotic production
occurring at a fixed distance from the growing hyphal tip. They have proposed a
protocol for calculation of the hypothetical critical hyphal diameter which led to 88
pm critical diameter for erythromycin production in their case. They have also shown,
while mean hyphal diameter decreased from 124 pm at 750 rpm to 70 pum at 1500
rpm, the specific erythromycin production (mg (g cell)’) at 1500 rpm was only 5%
less than 750 rpm experiments. Bushell et al. (1997) also studied the morphology and
erythromycin production of S. erythraea fermentation in shake flasks without baffle,
shake flasks with baffle and in stirred tank. The final morphology and erythromycin
production was the same in all three experiments, while at the beginning, hyphal
diameter and erythromycin production was higher in shake flasks without baffle

compared with the two other experiments.

1.2.2.3 Composition of the medium for erythromycin production

The proposed pathway for the latter stages of macrolide antibiotics and in particular
erythromycin biosynthesis have been reviewed by Higashide (1984). Erythromycin
production has been observed to take place during the transition from logarithmic
growth phase to stationary phase when a specific nutrient becomes growth rate
limiting (Stark and Smith, 1961). Stark and Smith (1961) argued that once the
nitrogen source is depleted, carbohydrate is then available for antibiotic production.
Hence, the majority of erythromycin at a fast production rate occurs after the growth
phase. Trilli et al. (1987) found evidence to suggest that erythromycin production was
strongly growth-linked from the relationship between the specific growth rate and
specific erythromycin production rate in a phosphate limited chemostate culture.
Bushell et al. (1997b) have shown that in carbon limited batch culture, induction of
erythromycin coincided with glucose limitation later in the culture. On the other hand,

they have shown that in a nitrogen-limited culture, erythromycin production occurred
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throughout the culture when nitrate was used as the only nitrogen source. They
suggested that the substrate affinity for nitrate is significantly lower than that of
glucose, resulting in nitrogen limitation effectively occurring throughout the culture.
Wilson and Bushell (1995) have shown that in both carbon- and nitrogen-limited
cultures, onset of antibiotic production coincided with the minimal protein synthesis

rate.

Glucose, fructose or sucrose are all useful carbon sources for erythromycin production
(Corum et al., 1954) although D-glucose may have a repressive effect at high
concentration (Wallace et al., 1992, Escalante et al., 1982). Erythromycin production
enhanced when galactose was used rather than glucose (Badyopadhyay et al., 1990).
Glycine, glutamine, analine, valine, leucine, theonine and aspargine are appropriate
nitrogen sources for growth and erythromycin production (Stark and Smith, 1961).
Nitrogen limiting media have been found to produce greater yields of antibiotic than
carbon limited due to the repressive effect of ammonium salts on erythromycin
production (Flores and Sanchez, 1985; Potvin and Peringer, 1994). Inorganic
ammonium salt was shown to severely suppress erythromycin A production (a 92%
yield decrease at 50 mM ammonium initial content compared to 10 mM) (Flores and
Sanches, 1985). Ammonium sulphate exerted the most suppressive effect compared
with ammonium chloride and nitrate (Potvin and Peringer, 1994). There is some
indirect evidence that high levels of phosphate may have a negative effect on
erythromycin production. For example, high extracellular phosphate concentrations
have been reported to repress the synthesis of antibiotic. Furthermore, the intracellular
level of ATP (adenosine triphosphate) has often been shown to drop sharply prior to
secretion of secondary metabolites (Bushell, 1988).

Typical complex industrial medium for erythromycin production includes corn starch,
soybean meal, corn steep, and soybean oil as used by Abbott Laboratories (Martin and
Rosenbrook, 1967). The fed batch control of erythromycin with carbon source feeding
is the usual industrial procedure for optimising erythromycin production (Warren,
1994). The mineral requirements for the erythromycin fermentation have been

determined (Stark and Smith, 1961). The requirement for magnesium and phosphate
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appear to be the most critical, followed by a need for iron, zinc, cobalt and calcium.
When either magnesium or potassium phosphate are excluded, both cell growth and
erythromycin synthesis can become very poor. Mandal et al. (1988) found that,
magnesium sulphate was essential for erythromycin biosynthesis and its optimum

level was 0.05% (w/v).

The influence of n-propanol on growth and antibiotic production by an industrial
strain of S. erythraea (p-1060) was examined by Potvin and Peringer (1993). When
1% propanol was supplemented before inoculation, the erythromycin final titre

increased by 106% after 72 hr.
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1.3 Effect of environment on micro-organism fermentation

1.3.1 Effect of dissolved oxygen concentration

1.3.1.1 Effect of dissolved oxygen concentration on growth and morphology

The effect of dissolved oxygen on cell growth is reported by many authors (Kubick et
al., 1980; Vardar and Lilly 1982; Yegneswaran and Gray 1991; Suphantharica et al.,
1994; Rollins et al., 1991; Chen and Wilde 1990). Onken and Liefke (1989) reported a
review for the effect of dissolved oxygen on growth of some organisms. Oxygen, like
any other substrate, may be limiting factor for growth in aerobic cultures when its
concentration in the medium falls below a critical value. Often it is considered that
respiration rate becomes independent of dissolved oxygen concentration above its
critical value. Critical oxygen concentration depends not only on the strain of micro-
organism, but also on other variables such as the state of growth, concentration and
nature of carbon, nitrogen, mineral and vitamins, accumulation of toxic compounds and
products, temperature and pressure (Kargi and Moo-young, 1985). The critical oxygen
concentration, below which the reaction rate is oxygen concentration controlled, is a
variable that is determined by biological as well as by mixing parameters (Wang and
Fewkes, 1977; Enfors and Mattiason ,1988). Wang and Fewkes (1977) showed that any
change in morphology of mycelium organisms can affect response to the level of
dissolved oxygen concentration. Wang and Fewkes (1977) reported lower critical

dissolved oxygen for Streptomyces niveus fermentation at higher agitation speed.

The mass transfer of oxygen molecules from gaseous into the culture fluid is a physical
process involving a number of resistances (see figure 1.2):

(i) gas film resistance between the bulk of the gas and the gas-liquid interface,

(ii) gas-liquid interfacial interface,

(iii) liquid film resistance between the bulk of the liquid and the liquid-gas interface,

(iv) liquid path resistance.
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Figure 1.2: Mechanism of oxygen transfer from the air bubble to the microbial
cell (produced from Bailey and Ollis , 1986).

The gas film resistance (i) is negligible compared to the liquid film resistance (iii). The
gas-liquid interface has been proven as the major limiting step (Bartholomew et al.,
1950a). The liquid path resistance is negligible due to eddy diffusion.
Two oxygen transfers (OTR) are involved in dissolving oxygen in liquid as:

OTR =Ka (Pg, - Pgy) (1.2)
and

OTR =K;a(C'-C)) (1.3)
Where Pg, is oxygen partial pressure in gas phase, P, is oxygen partial pressure in gas-
liquid interface, C’ is oxygen concentration at gas-liquid interface, C, is oxygen
concentration in liquid phase, K; is oxygen transfer coefficient and ‘a' is the gas-liquid

interfacial area per unit volume dispersion.

For perfectly mixed vessels, these two equations are connected by Henry’s constant, H,

as follows:
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H=C"/P,, (1.4)

The resistance of gas interface is very much less than liquid interface, so it can be

assumed that

Pg, = Pg (1.5)

therefore:

OTR=K,a(H x Pg, - C,) (1.6)

After oxygen has been dissolved, it must be distributed and delivered to individual
microbial cells or their aggregates. Without adequate solid-liquid contacting, stagnant
layer of liquid low in oxygen and high in carbon dioxide will surround the cells or the
aggregates. While in unicellular culture, usually the limiting step is the solubility of
oxygen, in filamentous cultures it is usually the transfer of oxygen to the cell surface

(Bushell, 1988; Wang and Fewkes, 1977).

The effect of high dissolved oxygen concentration on morphology of filamentous
organism has been investigated by various authors. Dion et al. (1954) have reported
thicker, shorter and highly branched mycelium in penicillin fermentation when oxygen
was used instead of air for aeration. Zetelati and Vas (1968) when using oxygen instead
of air found a considerable decrease in the viscosity of A. Niger culture, even though
the biomass concentration in the oxygenated culture was higher. They also found that
the cell wall in the oxygenated culture were thinner and they suggested that higher
flexibility of these walls could be the reason for the lower viscosity. They did not report
any changes in hyphal morphology. Van Suijdam (1981a) examined the effect of
dissolved oxygen concentration on filamentous fungi continuous cultures and found no
significant influence of oxygen tension upon morphology for a wide range of dissolved

oxygen tensions.
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Vecht et al. (1990) studied pellet formation and cellular aggregation in Streptomyces
tendae in submerged fermentation. They found, conditions leading to oxygen limitation
tended to reduce the average pellet size and induced pulpy growth, whereas oxygen
sufficiency induced pellet formation. They proposed that main forces inducing cellular
aggregation in S. tenadae are hydrophobic interactions and are controlled by availability

of dissolved oxygen.

1.3.1.2 Effect of dissolved oxygen concentration on secondary metabolite
production

Dissolved oxygen concentration is known to be an important parameter in industrially
antibiotic fermentation. The importance of maintaining dissolved oxygen concentration
above certain minimum level for maximum specific productivity of Penicillin has been
reported by various authors (Konig et al., 1981; Vardar and Lilly, 1982). However, not
all antibiotic fermentations are improved by maintaining DOT at relatively high levels.
For example, increased production of gramcidin S has been observed under low DOT

levels in Bacillus brevis fermentation (Vandamme et al., 1981; Agathos et al., 1986).

Chen and Wilde (1991) examined the effect of different dissolved oxygen
concentrations and aeration rates imposed on a S. fradiae batch culture during the
antibiotic producing phase. The rates of cellular growth, oil consumption, and tylosin
production were severely reduced when the DOT fell below 25% saturation. In
organisms that produce antibiotic after the end of the rapid growth phase, the yield of
secondary metabolites can be influenced by the culture's previous growth history. Thus
a high degree of oxygen transfer during the exponential growth phase may ultimately
lead to improved antibiotic production. However, when antibiotic biosynthesis and rapid
growth are taking place concurrently, and if both require oxygen as in S. clavuligerus,
the much greater competition for oxygen could create severe dissolved oxygen
deficiencies at a critical stage in antibiotic production (Rollins et al., 1988). During
growth of S. clavuligerus, control of DOT at 50% and 100% saturation increased the
rate of specific cephamycin C production 2- and 3- fold respectively, compared to the

experiments without DOT control (Rollins et al., 1988). They suggested that the higher
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antibiotic production was likely the result of increased biosynthetic enzyme activities

(Rollins et al., 1990).

Clark et al. (1995) suggested that oxygen limitation acts in an analogous manner to
substrate limitation imposed by dissolved nutrients, stimulating secondary metabolite
production in some cases (e.g. erythromycin production of S. erythraea) and inhibiting it
in others (e.g. vancomycin production of A. orientalis). To summarise, while there are
many reports for the effect of dissolved oxygen concentration on secondary metabolite
production, there have been only few attempts to find the exact rule of dissolved oxygen

on secondary metabolite production.

1.3.1.3 Effect of fluctuation of oxygen concentration

The region around the impeller represents a zone of high energy dissipation and
therefore a region of high mass transfer rate. The remainder of the fermenter volume
may suffer from inadequate supplies of nutrients and oxygen because of relatively poor
mixing and stagnant zones. The viscosity of a mycelial culture with pseudoplastic
properties decreases with increasing shear stress. Therefore, culture broth viscosity
increases with increasing distance from the agitator in a stirred fermenter. Air bubbles
sparged into the bottom of the fermenter rise through the vessel by the path of least
resistance through the well-stirred, less viscous, central zones. Therefore there is an

oxygen gradient in radial direction especially in large commercial fermenters.

As an effect of insufficient mixing, the oxygen transfer rate in the fermenter will vary. In
combination with the slow solubility of oxygen in fermentation broths and high oxygen
consumption rate this will give local variation in the oxygen concentration in a
fermenter. Therefore, the culture may suffer from oxygen limitation or even oxygen
starvation. Oosterhuis and Kossen (1984) have shown that this is true even for a low
viscosity broth. The micro-organisms in a large fermenter are thus subjected to a
continuously changing dissolved oxygen concentration in their environment. Exposure
to low levels of dissolved oxygen could result in loss of productivity on scale-up. The
influence of oscillating dissolved oxygen has been reported by many authors

(Yegneswaren et al., 1991; Bucs et al., 1992; Trager et al., 1992; Rollins et al., 1988).
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Vardar and Lilly (1982) showed that cycling oxygen concentration reduces the product
formation rate and when the respiration rate is reduced to 90% of maximum value no
product is formed at all. They also showed, when the conditions in a large fermenter
were simulated by cycling the DOT (23-37%) in a small fermenter the specific
production rate of penicillin was lower than for fermentation at constant 30% air
saturation. Larsson and Enfors (1988) showed the oxygen starvation for a period of 1
minute corresponded to a 4.7% inhibition of the oxygen uptake capacity of P.
chrysogenum. The mixing time in large fermentors is in the range of minutes (Charles et
al., 1978) and is sufficient to damage the metabolic capacity of cells due to oxygen
starvation. To summerise, the variation of dissolved oxygen in a stirred tank usually is
undesirable for growth and productivity of many organisms. This variation in dissolved
oxygen will be increased with increasing the scale and pseudoplastic behavior of the

cultures and it is a problem in scale up.

1.3.2 Effect of mixing and shear

For an aerated stirred tank fermenter the agitator has two main functions: the mixing of
the vessel contents and the enhancement of heat and mass transfer. Many cells are
delicate and can be adversely affected by agitation. Damage due to hydrodynamic forces
in a bioreactor is generally referred to as shear damage. In the strict sense of the word,
‘shear' should only refer to the action of a force on, and parallel to, a cell surface.
However, ‘shear' in common usage in biotechnology has become rather ambiguous,

referring to all sorts of mechanical forces that might influence cells (Thomas, 1993).

In general, the size of a typical unicellular bacteria and yeast are less than the size of the
microscale of turbulence (10-50 pm) in a stirred tank (Shamlou et al., 1994).
Furthermore, bacteria have strong cell wall and in case of yeast, its cell wall is thick and
expected to be shear resistant. However, Wase and Patel (1985) have reported changes
in bacterial cell volume due to agitation, Edwards ef al. (1989) observed increases in E.
coli cell length, and Vrana and Seichert (1988) have shown that budding yeast cells can
be damaged by mechanical agitation. Despite these reports it is reasonable to assume

that shear of unicellular bacteria and yeasts in fermentation is of no practical importance
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(Thomas, 1993). On the other hand, filamentous fungi and actinomycetes can be several
hundred microns long being comparable with microscale of turbulence in a stirred tank,
and previous studies suggested that they can be damaged in shear environment (Van

Suijdam and Metz, 1981; Smith et al., 1990).

1.3.2.1 Effect of mixing and shear on release of intracellular material

The leakage of low molecular weight nucleotides from filamentous fungi and
actinomycetes due to agitation was reported by Tanaka et al. (1975 a,b). They proved
as the agitation speed in 5 L fermenter was increased in the range of 0-800 rpm, the
release of nucleic-acid related substances also increased. This leakage was not caused
by cell breakage. Eighteen strains of filamentous micro-organisms were studied,
showing that the leakage phenomenon is common, and it was shown that the rate of

leakage depended on strain, cultural condition, mycelia age and agitation.

In contrast, Musilkova et al. (1981) found that a high level of agitation led to a
morphologically compact and strong mycelium and therefore the cell wall was able to
provide a greater resistance to the action of hydrolysis. Ujcova et al. (1980) used
different strains of A.niger. They found some of the tested strains exhibited a direct
dependency of the mycelial ability to release of nucleic acid bases on increasing mixer
speed. But it could not be generally presumed that the increasing mechanical forces in
the fermenter bring about an increased release of nucleotides from filamentous micro-
organisms into the medium. In some microbial strains this dependence could even be
reciprocal. They also suggested, the release of nucleotides is probably accomplished

by the cell membrane, not by the cell wall.

1.3.2.2 Effect of mixing and shear on morphology of filamentous organisms

Mechanical forces on filamentous micro-organisms might change the morphology of
the filamentous organisms both by physical breakage of hyphae and by changing the
development of morphology during growth. Camposano (1959) found for A.niger,
increasing the stirrer speed from 250 to 750 in a 10 litre fermenter caused a shift

toward shorter, thicker and more branched hyphae. Mitrad and Riba (1988) used an
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annular reactor, and tested the effect of shear on morphology of A4.niger. They found,
at high shear rate, the filamentous organism became more branched and this resulted

to higher mechanical resistance.

Studies on the effect of fermentation conditions including stirrer speed on fungal
morphology were reviewed and extended by van Suijdam and Metz (1981 a). For
studies on P.chrysogenum, morphology was characterised in terms of the main hyphal
length, total length and the hyphal growth unit . For 5-L and 14-L continuous culture,
it was found that morphology depended on growth rate and stirrer speed, but at a
constant specific growth rate, agitation caused the hyphae to become shorter and more
highly branched. By analysis of the results, they concluded that the influence of shear
stress upon the hyphal length was limited. To get a substantial decrease in length an
enormous increase in energy input is necessary. Therefore, this effect seems to be of
little practical value as a method to decrease the viscosity of filamentous mycelium

broth.

The effect of agitation on pellet forms of filamentous micro-organisms has been
widely studied (Taguchi et al., 1968; Elmayerg, 1975; van Suijdam and Metz 1981 b;
Schugerl et al., 1983 Masanory et al., 1994). Taguchi et al. (1968) suggested two
classes of fungi with respect to ease of pellet formation. Coagulating species have
spores that often aggregate early in the germination process, giving pellets containing
many spores. High impeller speeds in a stirred tank creates a great dispersion of
spores which can be a suitable means of avoiding pellet formation of this type (Mitrad
and Riba, 1988). Even after the formation of aggregates, Taguchi et al. (1968) noticed
the damages caused by high shear stresses near the impeller. They observed two
physical effects of agitation upon pellets of two fungal species. There was a decrease
in pellet diameter by chipping off pellicles from the surface, and there was direct

rupture of pellets.
While, there are many reports for the effect of shear environment on morphology of
filamentous fungi in the stirred tank (e.g. Dion et al., 1954; Van Suijdam and Metz,

1981a.b; Mitrad and Riba ,1988; Smith et al, 1990; Makagiansar et al.,1993; Justen et
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al., 1996; Cui et al., 1997), there is very few quantitative studies in the case of the
actinomycetes filamentous organisms. Belmar Campero and Thomas (1990) studied
the effect of stirrer speed in 5-L batch fermentation for S. clavuligerus using
semiautomatic image analysis method for morphological measurement. They found
that increasing the stirrer speed accelerated the fragmentation and subsequent
regrowth. Martin et al. (1996) reported in S. erythraea fermentation, mean mycelia
diameter decreased from 124 um to 70 um when the stirred speed in a 3-L fermenter
increased from 750 rpm to 1500 rpm. There is no suggesting model or even
correlation for breakage of the actinomycetes filamentous organisms in stirred tank in
the open literature, while the breakage model for the filamentous fungi has been

studied by many authors which will be discussed in section (1.4.6).

1.3.2.3 Effect of mixing and shear on growth

Higher agitation improves culture homogeneity, preventing aggregation of solid
particles and cells, assisting gas to liquid and liquid to cell mass transfer and may
reduce the viscosity of the filamentous fermentation. These can improve the growth of
the organism. Konig et al. (1981) studied the effect of stirrer speed for two strains of
Penicillium chrysogenum. They reported, at lower stirrer speed, gas dispersion was
inadequate and the insufficient oxygen transfer rate was a limiting factor. At higher
stirrer speed, the oxygen supply was improved and more cell mass was formed. This

result was the same for both strains.

On the other hand agitation can be detrimental for growth of the filamentous
orgainsms. Tanaka et al. (1975) found an influence of agitation shock on Mucor
Jjavanicus and Rhizopus javanicus mycelia. According to these authors, intracellular
nucleotides were released into the medium. Since these nucleotides had to be
continually replaced by the organism its ability to grow was affected and the growth

rate decreased.

Belmar Campero and Thomas (1990) reported the effect of stirrer speed on growth of
S. clavuligerus in 5 litre batch fermentation. They found cell growth was not

dependent on stirrer speed, although the final biomass concentration was less at lower
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stirrer speed. Dissolved oxygen was above 60% in all the experiments, and they
suggested it is above critical dissolved oxygen for growth. Choi et al. (1996) used oil
as carbon source in S. fradiae 3-L batch fermentation at constant dissolved oxygen
tension (40%). They reported oil consumption increased at higher stirrer speeds (650
and 900 rpm) compared with lower (250 and 400 rpm) stirrer speed. Dry cell weight
and mophological parameters were not measured. The viscosity was less at higher
stirrer speeds, but it was not clear if it is because of breakage of the mycelia or lower
biomass concentration. Wang and Fewkes (1977) observed an increase in biomass
production and specific oxygen uptake rate of Streptomyces niveus at constant DOT
levels with increasing stirrer speed and related it to the liquid to cell mass transfer
rate. To summarise, low cell growth at low stirrer speeds is generally related to
oxygen transfer, while low cell growth at high stirrer speeds is usually related to cell

damage.

1.3.2.4 Effect of mixing and shear on productivity

It is difficult to distinguish the effect of mechanical shear forces from other effects
such as oxygen transfer. The filamentous form of the mycelial hyphae easily causes
suspensions that can be very viscous and at lower stirrer speeds the culture may be
oxygen limited. Although the organisms may suffer greater shear damage as the stirrer
speed is increased, the increased oxygen transfer may result in an increased titre.
There will be an optimum stirrer speed at which increased transfer no longer

compensates for the increased cell damage and titre will begin to decrease.

Camposano et al. (1959) reported a severe reduction under high shear conditions, in
kojic acid production by Aspergillus flavus, and concluded that mechanical agitation
maintained the mycelium in a state which increased the branching of hyphae and
thickening of the cell wall. This diverted the glucose metabolism from partial
oxidation to kojic acid, towards the production of cell material. Ujocova et al. (1980)
used various species of A4.niger in laboratory scale fermenter. They reported optimal
stirrer speed for citric acid production. They related low productivity in the range of
low mixer speed to the shortage of dissolved oxygen. The optimal stirrer speed for

various strains was different. Stirrer speed for maximum citric acid production was
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not the same as for maximum biomass growth. For example for one of the strains the
optimal stirrer speed for citric acid production was 600 rpm, although the maximum
biomass growth was reached at 800 rpm. Makangiansar et al. (1993) studied the effect
of agitation on the morphology and production of Penicillium chrysogenum in
different scale. To separate the effect of dissolved oxygen tension from shear forces,
they did their experiment above critical dissolved oxygen. They reported, the specific

rate of penicillin production (qpen) and the mean main hyphal length during the linear

penicillin production were lower at high agitation speed.

There is little work published on the effect of stirrer speed on the cell growth and
productivity of filamentous actinomycetes. Tarbuck ez al. (1985) varied stirrer speed
in 10 L batch fermentation of Streptomyces clavuligerus and found a dramatic
decrease in clavulanic acid production when the stirrer speed was increased from 375
rpm to 500 rpm. These results were not discussed. At a lower stirrer speed (250 rpm),
the productivity was less than at 375 rpm, which could be related to oxygen transfer.
Belmar Campero and Thomas (1990) used S. clavuligerus in 5 litre fermentation at
different speed 490, 990 and 1300 rpm. They used similar medium as Tarbuck et al.
(1985), but their results on clavulanic acid production showed little dependence on
stirrer speed. They compared their results with productivity of several fungi in other
literature, which were stirrer speed dependent. They concluded, it was possible that
streptomycetes are less sensitive to shear in comparison with fungi because of their
smaller size in length and diameter. Wang and Fewkes (1977) examined the effect of
operating and geometric parameters on antibiotic production of S. niveus. They
reported significantly higher novobiocin production at higher stirrer speed, but
specific novobiocin productivity (g (g cell)’) did not change significantly. They
concluded that the direct consequence of the final antibiotic titre is a result of the
amount of cell biomass. Tylosin production increased when stirred speed increased
from 250 rpm to 400 rpm in 3-L batch fermentation of §. fradiae at constant dissolved
oxygen tension (40%), and a further increase in stirrer speed led to lower tylosin
production (Choi et al., 1996). These authors used oil as carbon source and biomas
data was not reported by them. Therefore it is impossible to find the effect of stirrer

speed on specific tylosin production. Specific erythromycin production decreased only
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by 5% when stirrer speed increased from 750 to 1500 rpm in a 2-L S. erythraea batch
fermentation (Martin et al., 1996). To summarise, the comparison of available reports
in open literature suggests that in the majority of the cases the effect of stirrer speed
on secondary metabolite production of filamenous actinomycetes is less pronounced
in comparison with filamentous fungi. Changes in morphology, the chemical
composition of cell wall, permeability of the cell membrane and metabolite path way
could be some of the consequences of variation in shear rate which can affect the

productivity, assuming that the dissolved oxygen is above the critical level.
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1.4 Turbulent breakage of particles in stirred tank

1.4.1 Fluid motion in stirred tank aerated vessel

The Rushton turbine is the most common impeller type using in stirred tanks for
dispersions. This impeller produces radial flow and high shear rates near the impeller,
which are important for air dispersion in aerobic fermentations, whereas other axial
flow impellers such as pitched-blade paddles are employed when high circulation

rates are desired or if lower shear rates are necessary.

Flow visualization studies carried out by Van’t Riet & Smith (1975) showed that flow
around the impeller blade created a pair of trailing vortices behind each blade. These
vortices were found to contain high velocity gradients and have been considered as a
region of very high shear. However, when gas is added to a turbine-impeller stirred
tank, it is drawn to the low pressure regions at the rear of the blades, forming
ventilated gas cavities and the strong vortex is not present anymore. Therefore, it is
likely that dispersion in aerated stirred tank will take place in the jet stream coming
from the impeller. The dispersion area will probably not extend far behind this jet
stream in the case of pseudoplastic fluids due to increased viscosity at some distance
from the impeller. Investigations by van’t Riet et al. (1975), Nienow et al. (1983) and
Ismail et al. (1984) clearly indicate that gas filled cavities have a major influence on
the hydrodynamics and power drawn of an impeller. Cavities cover the rear of the
blades, reducing the impeller power consumption, the interfacial area and the rate of

interface mass transfer.

1.4.2 Turbulence energy dissipation rate in a stirred tank

The flow regions of a stirred vessel may be classified into the circulation region and
the region surrounding the impeller. The two main regions of the flow field differ
substantially in terms of macroscopic and microscopic flow characteristics. The flow
region with the highest turbulence intensity and high energy dissipation is the impeller
region and the region of low turbulence intensity and low rates of energy dissipation is
the circulation region. The importance of this high energy dissipation near the

impeller is that material circulating around the vessel will be exposed to different
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shear environments, and damage might depend on the rate of circulation in high shear
zones, average shear rate or peak shear rate (Smith et al., 1990; Makangiansar et al.,
1993; Justen et al., 1996). Even in a sparged vessel, high shear occurs near the

impeller blades.

Cutter (1960) has indicated, on the basis of indirect measurements, that the local rate
of energy dissipation varies by several orders of magnitude throughout a stirred tank.
Okamoto et al. (1981), Costes and Couderc (1988), Wu and Patterson (1989) also
reported different values for maximum energy dissipation rate around the Rushton
turbine impellers which are summarized in table 1.1. There is a substantial variation in
the reported results, which is due to differences in the tank geometry and
consideration of the different volume around the impeller for this maximum
dissipation rate. The variation for unbaffled and baffled tanks indicates that the flow
in a baffled tank is more homogeneous than the flow in unbaffled tank (Okamoto et

al., 1981).

Table 1.1 : Energy dissipation rate in the stirred tank with Rushton

turbine impeller

References €/ €ave €y/€ave &/€,
Cutter (1960) 7.7 0.26 30
Okamoto et al. (1981), 6.5 0.16 41
baffled tank

Okamato et al. (1981), 11.3 0.21 53
unbaffled tank

Costes and Couderc (1988) 5-10 0.05 -0.07 100 - 140
Wu and Patterson (1989) 22 - -

Okamoto et al. (1981) considered different geometry for the Rushton turbine impeller
and reported the following correlation for the local turbulence energy dissipation rates
in the impeller stream €, and in the circulation region ¢, (Equation 1.7 & 1.8). These
equations give lower €/¢,,. for higher D/T . This indicates that flow in a tank with

high D/T ratio is more homogeneous than the tank with low D/T ratio.
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£/, = 7.8(D/T)"* exp (-2.46D/T) (1.7)
£,/,.,, = 0.9 (D/T)"! (1.8)

The main reason for discrepancy between the reported energy dissipation rate around
the impeller is the dissipation volume. Placek and Tavlarides (1985) considered
simply the cube of impeller diameter for calculation of energy dissipation around the
impeller, D’. Wu and Patterson (1989) found that the energy dissipation is greatest
between 1.08R<r<2.26R where r is the radial distance from the impeller center and R’
is the impeller radius (i.e. = D/2). This defines an annular region of high turbulence
with volume equal to 1.24D°. Kresta and Wood (1991) considered the highly turbulent
volume near the impeller as an annular cylinder, and found this cylinder to be
bounded by -0.5W,; <z < 0.5 W,and R' <r < 1.45 R’ This defines a region of volume
0.17D?. Aloi and Cherry (1996) considered the space around the impeller occupied
with vortices for calculating the maximum power dissipation. T heyvused Van’t Riet
and Smith (1975) photographs, considering 2 vortices per blade with radius of W/4, a
vortex length of 6W; and considering vortices cylindrical in shape with a conical end,

,concluding that the total volume for all 12 vortices is equal to 0.075 D*.

Zhou and Kresta (1996) examined the maximum turbulence energy dissipation rate
for Rushton turbine, pitched blade turbine and fluid foil turbine. They showed that the
maximum local dissipation is larger for impellers with a larger power number. The
maximum dissipation was located on the traverse immediately below the impeller for
the three axial impellers, and on the traverse at the tip of the impeller blades for the
Rushton turbine, and the variation of dissipation energy was more for Rushton turbine

comparing with axial flow impellers (e.g. pitched blade turbine).
It should be noted that pseudoplastic fluids can localise fluid motion around the

impeller (Metzener and Taylor, 1960) and this leads to high values of (g/e,,.)

compared with Newtonian fluids. However, little has been published on local
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dissipation energy and shear rates in non-Newtonian fluids in stirred tanks, except as a

means of predicting the total power consumption.

1.4.3 Shear rate in a stirred tank
Shear rate is defined as velocity gradient dv/dx, therefore has a unit of s”. The average

shear rate has been related to impeller speed (Metzner & Taylor, 1960) as:

Yo=K . N (1.9)

where v,,. i1s the mean shear rate and K| is the impeller shear rate constant dependent
on the geometry of the impeller. This concept originated by Metzner and Otto (1957),
strictly applies to the laminar and flow regime, but has been used for turbulent flow
situations by some researchers. Equation 1.9 suggests the impeller diameter has no
effect on average shear rate. However, Metzner and Taylor (1960) showed for two
different impeller size, that shear rate at a given distance from the impeller is slightly
greater for the larger impeller. They also showed that this difference in shear rate is
larger for Newtonian fluid than pseudoplastic fluid. They concluded that the effect of

diameter on shear rate decreases with increasing pseudoplasticity.

Metzner and Taylor (1960) for pseudoplastic fluids reported, local fluid shear rates
were directly proportional to impeller speed, but that the shear rate decreased much
faster with increasing radial position as compared to Newtonian fluids. The fluid
velocities in the horizontal plane of the impeller varied almost linearly with rotational
speed in Newtonian systems, on the other hand movement in pseudoplastic systems
increased exponentially with impeller speed. They reported a value of K, of 34.5 at the
impeller tip which reduced to a value of 3 at a distance of 2.5 cm from the impeller (D
= 10cm). They also reported that the fluid motion is localised around the impeller
zone in pseudoplastic fluid and therefore increases the shear rates (e.g. K was 78 at

impeller tip for the 1.2% CMC solution)

In dispersion processes, the effect of average shear rate and maximum shear rate will

determine the ultimate particle size. However, if the material is in the mixing tank

41



long enough (e.g. batch fermentation in stirred tank), then the ultimate particle size
will be determined by the maximum shear rate around the impeller zone, since the
particle will eventually move into that zone. It is not as yet possible to describe
mathematically the complex flow field around a rotating impeller in a tank (Boye et
al., 1996). However, with some simplification, a few correlations for shear rate of
turbine impeller in a fully baffled stirred tank have been compared with experimental
data. For example Cutter (1966) has shown for water at high Reynolds number the
maximum shear rate in a stirred tank with Rushton impeller can be obtained by

equation 1.10:

Yo/ N = 4.8 Re®’ (1.10)

Wichterle et al. (1984) have shown the shear rate on turbine impeller for Newtonian

and pseudoplastic fluids as:

Yoax @ (1 + 5.3 n)"™ Re ™! (1.11)

Another quantity often used to characterize the shear field in a stirred tank is the local
intensity of mechanical energy dissipation (¢ = 1y/p), which leads to (Wichterle et al.,

1984)

Y= (e/v)* (1.12)

Equation 1.12 has been applied to the calculation of shear rate in turbulent regime by
many authors (Parker et al., 1972; Tomi and Bagster, 1978; Matsuo and Unno, 1981,
Ayazi shamlou et al., 1994). It should be noted that substitution of Re = pND?*/, in
equation 1.10 leads to y,,, = 4.8 N"*D/V** and for impellers with the same geometry
in turbulent flow regime (N'°D/v) o (¢/v)**. Therefore, equation 1.10 also leads to ¥,,,

a (g/v)*® which is similar to equation 1.12.
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1.4.4 Isotopic turbulence theory

In a typical stirred tank fermenter, especially with high impeller tip speed, turbulent or
at least locally turbulent fluid flow can be assumed in the impeller region. Primary
eddies have a scale (L) proportional to the diameter of impeller (D). These large scale
eddies contain almost all of the energy and no energy is dissipated by them. The large
scale eddies are usually unstable and disintegrate into smaller eddies of intermediate
size. These eddies transfer kinetic energy from the large to small eddies, and because
this transfer occurs in different directions, directional information of the large eddies
is gradually lost and they are called isotropic, i.e. no preference for any direction
exists. These last range of eddies has been termed the universal equilibrium range.
Kolmogorov (1941) suggested that for fully turbulent flow conditions, the properties
of the eddies in universal subrange are determined only by the energy input. This has
been further divided into two subranges, inertial subrange and viscous dissipation
subrange. Eddies in the so-called viscous dissipation subrange have sizes smaller than
the Kolmogorov microscale of turbulence, while eddies with sizes greater than

Kolmogorov microscale belong to the inertial convection subrange.

By dimensional analysis, Kolmogorov microscale of turbulence has been related to
energy dissipation rate per unit mass, € (m’s>) and the kinematic viscosity, v (m’s™),

with equation 1.13.
A= (V/e)" (1.13)

1.4.5 Prediction of Particle size in fully turbulent flow in a stirred tank

Turbulence has been associated with the presence of eddies and the interaction
between eddies and particles has been considered as a mechanism for disruption of the
particle by many authors (Thomas, 1963; Tombo and Hozumi, 1979; Ayazi Shamlou
et al., 1994; Cui et al., 1997). Relative size of the eddies and particles are one of the
parameters affecting the mechanism of the fluid-particle interactions in turbulent flow
(Tomi and Bagster, 1978; Ayazi Shamlou ef al., 1994). Thomas (1963) has given the
mechanism of rupture of solid aggregates in turbulent flow in inertial subrange for the

particles which have the size (d) bigger than the size of the microscale of turbulence
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(d >> A). He postulated that the basic mechanism leading to aggregate deformation
and rupture can be described to be instantaneous pressure difference on opposite side

of the unit, p(d). These pressure differences will lead to rupture providing that:

O < P(d) (1.14)

The term, o, represents the limiting material strength of the unit. The instantaneous
pressure difference on opposite side of the unit are induced by velocity fluctuations
experienced over the surface of the aggregate. These velocity fluctuations are
represented by the term w/(d) which was defined as the root mean square value of the

difference in relative velocity over a scale, d (equation 1.15)

[, ()] = [w(d +x) - v, ()T’ (1.15)
Thomas (1968) assumed that fluctuations of velocity in the fluid will produce the
same fluctuations across the particle even if the particle is moving relative to the
liquid. Thus:

v'(d) ~ u/(d) (1.16)

Where u(d) is the mean square velocity difference between two points in the fluid

separated by a distance d. Therefore, the pressure fluctuation, p(d), was estimated by:
p(d) = C pu'(d)’ ~ Cpu'(d)y’ (1.17)
Where C lies between 0.7 and 2 (Thomas, 1963 and Hinze, 1959). Value of w/(d) in
the inertial subrange have been found by application of the theory of local isotropy
(Thomas, 1968).
v'(d) = (ed)"” (1.18)

Combining equations (1.14), (1.17) and (1.18) at the critical conditions leads to:

44



Gcrit % p(deax)y3 (1 1 9)

For a particle with uniform structure for which strength is independent of size, it leads

to:

d,, oe’ (1.20)

Particles which are smaller than the turbulent microscale, reside within an eddy and
breakage occurs by viscous stresses in the eddy. The viscous stresses are given by the
product of the shear rate and the suspension viscosity (Boye et al., 1996). Tambo and
Hozumi (1979) suggest that the condition of viscous dissipation subrange is likely to
be d < A. However, these researchers described successfully the breakage of clay
aluminum flocs in a mechanically stirred batch flocculator using the condition of
viscous dissipation subrange even though the criterion of d < A was not strictly
fulfilled. It has been suggested that the viscous dissipation subrange can be extended
to eddies in size range of up to about 10 A (Tambo and Hozumi, 1979; Muhle and
Domasch, 1991; Ayazi Shamlou et al., 1995). The relative velocity fluctuations over
the surface of a particle are due to localized velocity gradients, which may be
represented by (g/v)*® as it was discussed in section (1.4.3), and the shear stresses
acting across the particle is T = p(g/v)*’ (Tomi and Bagster, 1978; Ayazi Shamlou et
al., 1994; Matsuo and Unno, 1981; Packer et al., 1972).

Another mechanism has been recommended for disruption of animal cells (Cherry and
Papoutsakis, 1986), oil drops in suspensions (Leng and Quarderer, 1982; Kumar et al.,
1991; Boye et al., 1996) is breakage in boundary layer. Relatively large shear rates
and shear stresses are expected in the boundary layer around solid objects submerged
in the stirred tank. The moving impeller would be expected to have the highest
velocity relative to the fluid, and relatively high shear rate are expected in the
boundary layer around the disk or the blades of a rotating Rushton turbine. A particle
present in the boundary layer around the disk or blades of a rotating Rushton turbine

can experience strong shearing action leading to its breakage provided the particle
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size is smaller than the boundary layer thickness and the residence time of the particle

is enough for the breakage (Boye et al., 1996).

The gradients in a direction along the blade can be assumed to be small compared to
those in a perpendicular direction to the blade (Kumar et al., 1991). When particles
are moving in a direction perpendicular to the blade they experience varying rates of
shear. It is not as yet possible to describe mathematically the complex flow field
around the rotating disk in a tank. However, with some degree of reasonable
simplification the shear rate in the boundary layer of the impeller has been derived

(Boye et al., 1996).

Schlichting (1979) states that for a rotating disk, the transition from laminar to
turbulent flow occurs at a disk Reynolds number (Lu,/2v) of approximately 3x10°.
Boundary layer thickness (8,) defined as the distance from the impeller surface at
which the fluid velocity reaches 99% of the free fluid velocity (u,,), is given by

8, = 5(L/2)Re,** = 5 (vL/2u,)"** for laminar boundary layer (1.23)

and

8, = 0.37 (L/2)/Re** for turbulent boundary layer. (1.24)

The maximum shear rate in the boundary layer is in the order of u, /3, (Boye et al.

1996), where u, is the liquid velocity at the tip of the disk (o« ND), which leads to

Ymax O Uy / O, 00 ND/§, (1.25)
By substitution of the boundary layer thickness from equation (1.23) and (1.24), and
assuming L is proportional to disk diameter (L o D) due to geometrical similarity, this
gives:

Yoax @ NV DV for laminar boundary layer (1.26)
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Yae & N2 D%y 02 for turbulent boundary layer (1.27)
Maximum shear rate in boundary layer (equation 1.26 or 1.27) has been used to
predict the maximum particle size in the stirred tank (Grace et al., 1982; Boye et al.,
1996).

1.4.6 Application of turbulent breakage for filamentous organisms

While, there is many reports for breakage of the filamentous fungi in a stirred tank,
only few researcher recommend a mathematical model for the effect of the shear
environment (Bhavaraju and Blanch, 1976; van Suijdam and Metz, 1981 a & b; Smith
et al., 1990; Ayazi Shamlou et al., 1994a; Cui et al., 1997). As far as breakage of the
filamentous actinomycetes is concern there is very few reports for the effect of shear
environment in stirred tank (see section 1.3.2.2) and there is no correlation or model

for this filamentous organisms in the open literature.

The collisions of particles either with each other or with impeller blades or baffles are
unlikely to happen in the case of fungal or microorganisms in general (Ayazi Shamlou
et al., 1994a; Cui et al., 1997). These particles have a density of the same order of
magnitude as the suspending fluid and hence can be assumed to follow the streamlines
of the fluid and consequently, the drag and body forces acting on such organisms will
be negligible (Matsuo and Unno, 1981). Experimental evidence of this has been given
by Tanaka (1976), who showed that fracture of hyphal particles caused by collisions
with baffles and stirrer blades did not happen.

The model for fungal break up has been developed based upon the same fundamentals
as already mentioned for particles in sections 1.4.5 (Bhavaraju and Blanch, 1976; van
Suijdam and Metz, 1981 a & b). With the Kolmogorov scale of turbulence in stirred
bioreactors typically in the range of 10-50 pm (Ayazi Shamlou and Titchener-Hooker,
1993) and hyphal length in the range of 100-300 pm or pellet diameter in the range of
0.1 -5 mm, it is likely that breakage will take place in the inertial subrange. Therefore,
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the velocity fluctuations experienced over the surface of the organism can then be

given by

w=c(ed,)"” (1.28)

where d, is the diameter of the pellet or dispersed mycelia. Diameter of the dispersed
mycelia has been defined by Martin et al. (1996) and it is the same as major axis in
this reports (see section 2.3.8). Therefore, the pressure difference between the points

at opposite end of the organism can be written by equation (1.29):

P (d,) = C p(ed,)** (1.29)

This pressure difference leads to shear forces. A constant ratio was assumed between
the breakup forces (F,) and the coherence forces (F,) among the hyphae (Van Suijdam
and Metz, 1981 a & b; Metz ef al., 1981). The breakup forces assumed to be
proportional to the product of turbulent shear forces and cross sectional area of the

pellet or surface of the dispersed mycelial.

F, o p(d).d,’ (1.30)

The coherence forces were written (Bhavaraju and Blanch, 1976; Van Suijdam and

Metz, 1981 a & b; Metz et al., 1981) as:

F,and,woc  forpellet (1.31a)
F.a d,w.c for dispersed mycelia (1.31b)

Where o is the tensile strength of a hyphal structure, d, is the hyphal outer diameter
and w is the thickness of the outer layer of the pellet or the cell wall thickness of the
mycelia. Equation (1.31a) was based upon the assumption that only a constant outer
layer of the pellet of thickness w, contributes to the tensile strength. The constant

force ratio was expressed by the dimensionless Weber number:
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We =p(d,).(d,)/d, w.c for the pellet (1.32a)
We = p(d).(d,)"/d,.w.c for the dispersed mycelia (1.32b)

Combination of equation (1.29) and (1.32a) for the pellet or equation (1.29) and

(1.32b) for the mycelia and assuming that o, w and d, are constant, leads to

d,=ce® for the pellet (1.33a)
d,=ce®” for the dispersed mycelia (1.33b)

Earlier data from Taguchi er al. (1968) were examined by van Suijdam & Metz
(1981b) and it was found that the mean equilibrium pellet diameter was proportional
to %%, which was not in good agreement with theoretical equation (1.33a). Variation
of tensile strength of the hyphae has been suggested to be one of the reasons for this
disagreement. They showed good agreement with the model and their own

experiments.

Van Suijdam and Metz (1981a) proposed a model for kinetic of breakage, based on
the dynamic equilibrium between growth and break up of the hyphae, assuming that
break up of the mycelia occurs when the local shear forces in the vessel are higher
than the forces necessary to break the hyphae. Their model was based on the concept
of a break up frequency which is proportional to the frequency of passage of mycelia

in the dispersion zone around the impeller (Vgjs). Making some assumptions, they

concluded that the break up frequency for mycelia with an effective hyphal length (L,)
and hyphal diameter (d,) can be expressed by equation 1.34.

Break up frequency oo N1.75 D0.5 (1.34)

Finally with additional assumptions, they deduced that the breakage rate can be

expressed as:

-dLh/dt = (C1 Nl.75 DO.S/dhO.SS)LhZ _ C2N0.25 dhO.SB/DO.S (1‘35)
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The model only gave qualitative agreement with experimental data. It was suggested
that variations of tensile strength of hyphae with age and culturing condition could

have been one cause of disagreement.

Reuss (1988) used non-septa fungi, Rhizopus nigricans, for his experiment. It was
assumed that for non-septa fungi, cell-wall breakage should result in complete loss of
intracellular material and cell death. They showed that an increase in stirrer speed (in

a 137 L culture) from 217 rpm to 373 rpm reduced the maximum specific growth rate

from 0.339 h- 1 to 0.245 h-1. However a decrease was also obtained at constant speed
when only the volume of the culture was changed (by increasing the liquid height).
Reuss (1988) deduced from these experiments that tip speed alone is not a good scale-
up parameter. It was suggested that the ratio of power input to flow rate around the

vessel (Ptc./V,) might be a better parameter, with t; representing circulation time

which was calculated by equation 1.36
Nt=0.76 (H/T)0-6 (T/D)2.7 (1.36)

Smith et al. (1990) suggested that hyphal break up depends on the frequency of
mycelial circulation through the zone of high energy dissipation around the impeller.
Using Penicillium chrysogenum they showed reasonably good agreement for hyphal

break up and penicillin production by equation 1.37.
L,o P,/D3t, (1.37)

Shamlou et al. (1994a) proposed that hyphae break as a result of direct tensile
stresses acting at its opposite ends. Other forms of stress, e.g. direct compression,
bending and torsional, were considered less significant. Assuming that the hyphae
behave elastically under the prevailing stress condition, and using the classical strain

energy criterion of failure they deduced that the equilibrium hyphal lenght (L,) can be:
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(SFE)3/7
T TG (1.33)

L«
"

Assuming A, S, E. and p are constant, equation (1.40) led to
Ly 0 €Y7 (1.40)

They showed reasonable good agreement between model and their own data and also
data in the literature for fungi mycelia. Pellets showed a weaker dependency on €, in
the region where € was less than 0.5 w/kg. They suggested that this is due to stronger

mechanical properties of the pellets compared with mycelia.

Shamlou et al. (1994) using first-order kinetics for hyphal breakage correlated
breakage rate constant ,K,, to P,/ D’t.. They assumed t, o 1/N and in the turbulent
flow regime P, o N°D’ and derived P, / D*t, o N*D? They used experimental data for
Penicillium chrysogenum in 7, 20 and 150 L fermenter finding K, o (P,/ D* t,)°? and
finally expressed, K,, for the mycelia as K o N°® D%,

Justen et al. (1996) used the correlation recommended by Smith and Lilly (1990) and
developed it for breakage of the Penicillium chrysogenum in stirred tanks using
different impeller types including Rushton turbine, paddle, pitched blade, propeller
and Prochem maxflow T. They considered the trailing vortices formed in the impeller
as the volume in which breakage occured and modified the (P/D*)(1/t,) recommended
by Smith ez al. (1990) to (P/K'D*)(1/t,), where K' is dependent on geometry of the
impeller and also on the number of the vortices formed per blade. The relation worked
successfully for the range of experiments carried out by these authors. It should be
noted that they carried out their experiments outside the fermentation and without
aeration. Samples were taken from the fermenters and diluted and agitated for 30 min
by different impellers. As was discussed earlier (section 1.4.1) in the case of aerated
stirred tank, it is likely that dispersion will take place in the jet stream coming from

the impeller not the trailing vortices behind the impeller.
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Cui et al. (1997) have reviewed the correlations available in the literature for the

equilibrium size of the dispersed mycelial fungi and concluded that L, o g% * %),

025 with Kolomogorov microscale of turbulence

They compared the relation (L, o €
(A = €% v*”) and concluded that the size of the particles in the turbulent flow are

often proportional to Kolmogorov microscale of turbulence.
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1.5 Rheology of filamentous cultures

Filamentous fungi and actinomycetes consist of long, thin, usually branched, in three
dimensional network which may give very viscous non-Newtonian broth rheology.
The pelleted type of growth consisting of compact discrete masses of hyphae,
generally lead to Newtonian behavior of the broth. In addition, there are some reports

indicating non-Newotonian behaviour of the pelleted cultures (Witter et al., 1983).

1.5.1 Rheological models

A very general equation for the rheologial behaviour of a time independent liquid is as

follows:

=1 4Ky (1.40)

where

T = shear stress

y = shear rate

T, = yield stress

K = consistency index
n = flow behavior

Table 1.2 shows some special forms of this equation and they are shown graphically

in Figure 1.3.
Table 1.2: Rheological models

Rheological model To n
Newtonian 0 1
Bingham plastic non zero 1
Paeudoplastic 0 <1
Dilatant 0 >1
Hershschel-Bulkley non zero non zero
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Shear stress

Shear Rate

Figure 1.3: Rheological models

In Newtonian fluids there is a defined viscosity which is independent of shear rate. In
all other cases there is no rigorously defined viscosity and the viscosity is shear rate
dependent. Bingham plastic fluids behave as an elastic solid for stresses less than the
yield stress and if the stress is exceeded they behave as a Newtonian fluid under a
shear stress (7 - 1,). In pseudoplastic fluids the ratio of shear stress to shear rate termed
as apparent viscosity, p,, which falls progressively with shear rate and usually the
flow curves become linear at very high shear rate. Apparent viscosity increases
progressively with shear rate for dilatant fluids. The equation used for pseudoplastic
and dilatant fluids is named as power law model as well. The Herschel-Bulkley is the
power law model containing yield stress. All the rheological models shown in table
1.2 excluding dilatant have been used for fermentation cultures. The Casson model

(equation 1.43) is another rheological model used for filamentous cultures.

TO.S — TOO.S + Kc ,YO.S (1.41)

where, K, = Casson viscosity. While rheological models including Bingham plastic,
Herschel-Bulkley, Casson and pseuodoplastic model have been used for
morphological characterization of the filamentous fermentaion broths (see table 1.3).
There is no theoretical justification in recommending any of these equations. The

selection of an appropriate flow equation should be based on practical considerations,
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e.g. the model equation should give an accurate fit of the experimental flow curve, it
should have a minimum number of independent constants which are readily evaluated
and preferably the constants should have some physical basis. By using a new
generation of constant stress rheometers, Barnes and Holbrook (1993) demonstrated
that yield stresses do not exist. On the other hand, Mohseni and Allen (1995) using the
rotating vane has shown that yield stress does exist for Aspergillus niger and
Streptomyces levoris fermentation broth. Mohseni et al. (1997) using the rotating vane
technique have shown that there was a close agreement between the vane yield stress
and those obtained by extrapolation of the shear rate against shear rate curve.
However, in the case of the 4. niger fermentation broths, the vane yield stress was
much greater than those determined by conventional methods. Few researchers have
reported time dependent behaviour for filamentous fermentation broths (Roles et al.,
1974; Blanch and Bhavaraju, 1976) and Mohseni et al. (1997) have reported

viscoelastic behavior for Aspergillus niger and S. levoris fermentation broths.

1.5.2 Factors affecting rheology of filamentous cultures

An important feature of the batch fermentation process is the change in rheological
behaviour during fermentation due to changes in mycelial concentration and the
changing morphological characteristics of the broth. The extent of non-Newtonian
behaviour of the broth is closely related to the growth of the biomass and the
development of three dimensional network of highly branched mycelial
microorgansims. Considerable work has been done to understand the relation between
rheology and morphology and biomass concentration of the filamentous organisms
which and summarized in Table 1.3. An examination of Table 1.3 shows that despite
the importance, little progress has been made in obtaining useful correlations between
the rheological properties of filamentous fermentation broths, the morphology and
biomass concentration. This has been due to the wide range of parameters that are
thought to influence the rheology of the cultures. These include the type of fermenter
(e.g. a mechanically agitated vessel) the mode of the fermentation (e.g. batch, fed
batch or continuous), the growth rate, the metabolite state of the organisms, the level
of dissolved oxygen concentration, and pH levels of the culture, the level of mixing

and the presence of solid debris, impurities, surfactants and additives. These
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parameters critically affect the properties of the individual hyphae, e.g their length and
length distribution, flexibility as well as the interaction between the hyphae
(compactness and roughness) and between the hyphae and the continuous phase. The
analysis of rheological data is further complicated by the degree of hyphae
aggregation, i.e. formation of clumps. The superimposed effects of these parameters
on broth rheology would be difficult to simulate. Measurement of the rheology with
different rheometers and also different ranges of the shear and the problem of
representative sampling (Solmon, 1980) are other reasons for this discrepancy

between different reports (see Table 1.3).

Recent reports have shown that in many cases of filamentous fungi cultures, as much
as 90% of the mycelium exist in clump form and not in freely dispersed form (Packer
and Thomas, 1990; Tucker et al., 1992 ) suggesting that the hyphal dimensions of free
mycelia may influence broth rheology to a less extent in such fermentations. Thus the
rheological properties of such fermentations should be correlated with morphological
parameter describing the size and shape of these clumps (Tucker and Thomas, 1993;
Olsvik et al., 1993). It has been suggested that rheological properties of such
fermentations are more likely to be related to roughness and compactness of clumps
(Olsvik et al., 1993). It has been also suggested that the compactness has less effect on
rheology compared with the effect of roughness on rheology (Mohseni et al., 1995).
The roughness of the clumps may be expected to affect their interactions and possibly
the flow between them. Increasing roughness should result in greater levels of

interaction and more viscous broths (Tucker et al., 1992).
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Table 1.3: Rheology of the filamentous organisms

Microorganism Rheological Variation of rheological | Shear Viscometer | Comments (REF)
model parameters range(s™)
A. niger (dispersed | Power law K=0.308 X*" dp‘mr 30-200 Pipe flow 2.3<X<11.2 (1)
mycelia) n=0.559 X% g 0%
A. niger (dispersed | Power law K =4.3x10% X33 50 - 650 co-axial Power law was
mycelia) Bingham 1,=0.02 X?*? for all three | cylinder preferred.
Morphology
Casson K, =0.048 X% models
changes not
1,=2.5% 107 X?
considered (2)
A. niger (dispersed | Power law K=-0.56+ 1.8 x 10°RX"" | 10-50 Turbine -3)
mycelia) for continous culture and impeller
K=0.38+4.8 x 10° RX?®
for fed batch culture
A. niger (dispersed | power law for 50-150 Turbine Results for two
mycelia) early stage (X<4 - impeller & different viscometers
gL™), casson for pipe flow were not consistent
).
later stage.
A. niger (dispersed | Herschel-Bulkley | t9=4.2x 1070 x - Haake -(5)
mycelia) )5 (Lag)™® Rotovisco
To=4.8 x 107 X*SR*? RVI2
A. awamori Power law K=6.9 x [0=2X>% - Co-axial Morphological
cylinder changes
not considered (2)
P. chrysogenum Casson To0 X*° - Turbine Flexibility can affect
(dispersed mycelia) K=1.4 x 10°X' L, impellre rheology. (6)
P. chrysogenum Power law K=3.6x10°X* 50-650 Co-axial Morphology changes
(dispersed mycelia) | Bingham 1= 0.043 X*! for all three | cylinder not considered. Power
Hp =22 % 103X models law was preferred. (2)
Casson 19 =28.3 x 103X?3
K, = 0.047 X*1
P. chrysogenum Herschel-Bulkley | K=a X** R*’ Com'? 3.5-75.8 Turbine Morphological
(dispersed mycelia) 1-n = b X%’ R%¢ Com®? for both impeller measurements was for
To-¢ X*? R% Com!’ models clump, which was
more

Casson

1o-€ X** R* Com'?

K¢=fX"2 RO.I Coml.o

than 90% of total. (3)

57




continue

P. chrysogenum Bingham -2 X - MacMichael -(8)
(dispersed mycelia) viscometer
P. chrysogenum Casson K.,=aE+b <20 - E, - Pellet volume
(pellet) 19 = c (E/d)? fraction (9)
S. levoris Power law K=027X% 50 - 650 Co- axial Morphological
changes
Bingham To=1.1 X7 for all three | cylinder
not considered.
Hp=5.9 x 10% X2 models
Power law was
Casson 1o = 0.64 X°7
preferred. (2)
K, = 0.042 X°?
S. levoris Herschel-Bulkley | 19=4.2x10-6x - Haake -(5)
Rotovisco
X)*(Lyg)™® RVI2
S. fradiae Herschel-Bulkley | Apparant viscosity, < 1300 Co- axial Mathematical relation
&Casson consistency index and cylinder was not shown.
yield stress changes with Casson was preferred.
(10)
morphology.
S. grisens Bingham T, and plastic viscosity - - -(11)
varied sinousidally with
fermentation age.
S. erythraea Power law Rheology was related to <250 Disk Mean hyphal length
spindle
S. rimoscus biomass, not morphology. was between 15 -25
impeller
A. roseourufa pm. (12)

Notes:

a, b, c,d, e and f are constant parameters.

Refererences : (1) Fatile (1985); (2) Allen and Robinson (1990); (3) Olsvik et al.
(1993); (4) Blakebrough et al. (1978); (5) Mohseni and Allen (1995); (6) Metz et al.
(1979); (7) Roles et al. (1974); (8) Deindoerfer and Gaden (1970); (9) Witter et al.
(1983); (10) Ghildyal et al. (1987); (11) Richards (1961); (12) Warren et al. (1995a &
b)
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A theoretical relationship between viscosity and fractal dimension in the case of
polymer solutions has been previously recommended by Muthukumar (1985). Banes
and Hobrook (1993) also have correlated the viscosity of the particle aggregate to
fractal dimension. They argued that the more open aggregates lead to lower fractal
dimensions which gives higher viscosity of the suspension. Several recent studies
have been focused on the application of fractal geometry for morphological
characterisation of filamentous organisms (see section 1.1.2), therefore it is likely
possible to correlate rheological properties to the fractal dimension of the mycelial as

it is was done previously for polymer solutions or particle aggregates.

Flexibility of the hyphae is another parameter affecting the rheology of the culture.
Forgacs et al. (1957) has shown for cellulose fibres, that more flexible fibres give a
lower suspension viscosity. In the case of the filamentous organisms changes in the
flexibility of the hyphae may be due to changes in cell wall composition, changes in
branching pattern or diameter of the hyphae, or variations in osmosic pressure (Metz
et al., 1979). The cell wall composition is influenced by the culture conditions and
changes during batch growth. Branching of hyphae makes them less flexible and
higher osmotic pressures of the suspending medium makes the hyphae more flexible
(Metz et al., 1979). Olsvik and Kristiansen (1992 and 1994) has shown that process
variables such as specific growth rate, the level of dissolved oxygen concentration in
the broth and the mixing time influence the relationship between rheology and
biomass concentration. They have argued that the level of dissolved oxygen
concentration has little effect on morphology, therefore its consequences should be
changes in hyphal flexibility which leads to changes on rheology. The response of
cells to oxygen partial pressure is a complex phenomenon (Mukhopadhyay and
Ghose, 1976). Zetelaki and Vaz (1968) suggested that the dissolved oxygen tension in
the broth would affect the cell wall composition and thus the flexibility of the hyphae.
Another variable which is important in rheology of the culture is the charge on or
close to the surface of the microorganism (Warren et al., 1995a). The variation of
charge on or close to the surface of the organisms can affect their interaction and

consequently the rheology of the culture.
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To summarise, the rheology of the filamentous organisms is important in filamentous
organism culture due to its interaction with transport processes and especially its
effect on oxygen transfer and the heterogeneity of the dissolved oxygen due to the
pseudoplastic behaviour of flow in stirred tank. Considerable work has been done in
this field (Table 1.3). No view has yet emerged as how to correlate the rheology and
morphology of the culture. Other physico-chemical properties of the hyphae such as
flexibility and charges on or close to the surface of the mycelia are parameters which
affect the interaction between the hyphae and consequently the rheology of the
cultures. There is very little known about these parameters and they have not yet been

measured.
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1.6 Aims of the study

Over 60% of antibiotics of microbial origins are produced from actinomycetes and in
particular from streptomyces (Wallace et al., 1992). These includes: B-lactams,
polyketides, aminoglycosides and peptide antibiotics. However, only a small number
of literature reports exists concerning the production of antibiotics such as
erythromycin and clavulanic acid. To maintain sufficient oxygen supply to a viscous
filamentous mycelial culture a high degree of agitation and, hence, power input is
required to produce adequate mixing. While, high agitation is beneficial for mass
transfer, it has also been recognised that high agitation may cause rupture of the cell
wall, changes in morphology of filamentous microorganisms, and variation in the rate
of production of secondary metabolite. In addition, changes in morphology can affect
the rheology of the culture, and its consequence is not only changes in mass transfer

operation in the fermenter but also the downstream processing such as microfiltration.

The main objective of this research is to investigate the effect of shear environment in
a stirred bioreactor on S. erythraea fermentation. This includes the effect on growth,
morphology, rheology and erythromycin production. The interaction between these
parameters also will be examined by mathematically. A mathematical model will be
derived for the effect of shear on morphology of the filamentous actinomycetes and
the experimental data from this study will be examined. Variation of mechanical
properties of the cell wall during the fermentation will be investigated for better

understanding of the effect of shear on §. erythraea fermentation.
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2. MATERIALS AND METHODS

2.1 Chemicals
All chemicals were GPR grade and obtained from BDH chemicals (Merck Ltd.,
Lutterworht, U.K.), unless otherwise stated. The water used throughout this study was

reversed osmosis (RO) water unless otherwise stated.

2.2 Saccharopolyspora fermentation
2.2.1 Organism

The culture used throughout this study was a mutant strain of Saccharopolyspora

erythraea (CA 340) and kindly supplied by Abbott Laboratories (Chicago, U.S.A).

2.2.2 Fermentation media

Initialy defined medium was used and then complex medium was used due to the fact
that higher biomass and erythromycin could be produced. Defined medium used
belongs to Shell ‘L’ series media and is alleged to trigger erythromycin production by
nitrogen limitation and its composition is listed in table 2.1. Composition of complex
medium was adapted from Yamamoto (1986) and is listed in table 2.2. It is

emphasised that this was a totally soluble media.

Yeast extract and bactopeptone were obtained from Oxoid Ltd, Basingstoke, U.K.,
and other chemicals were GPR grade from BDH Ltd. Berox FMT-30 (Water
Management & Galmen Ltd., Droitwich, Woestershire, U.K.) was used as an

antifoam.
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Table 2.1: Composition of defined medium

Composition mgL~’
Glucose 35000
K,HPO, 7,000
KH,PO, 3,000
NaNO, 2,300
MgSO0,.7H,0 250
FeSO,.7H,0 25
CuCl, 0.53
CoCl,.6H,0O 1
CaCl,.2H,0 13.8
ZnCl, 10.4
MnCl,.4H,0 9.75
Na,Mo0,.2H,0 0.35
Antifoam 500

Table 2.2: Composition of complex medium

Composition gL’
Yeast extract 6
Bactopeptone 4
Glycine 2
MgSO,.7H,0 0.5
KH,PO, 0.68
Glucose 30
Antifoam 1

2.2.3 Fermentation scales and conditions:
Fermentations were carried out at laboratory scale (7-L) and pilot scale (450-L) at

different stirrer speeds. Dissolved oxygen tension (DOT) was controlled in some of
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the experiments by adding oxygen or nitrogen in the air inlet. The condition of the

fermentations carried out in this study are summarised in table 2.3 and are explained

in section 2.2.3.1 and 2.2.3.2.

Table 2.3: Characteristic of fermentation carried out in this study

Fermentation | Scale (L) | Media Speed | DOT

(rpm)
D500a 7 Defined 500 >65%, without control
D500b 7 Defined 500 10% with control
D750 7 Defined 750 10% with control
A350 7 Complex 350 >60% with control
B350 7 Complex 350 >60% with control
AS500 7 Complex 500 >60% with control
B500 7 Complex 500 >60% with control
A750 7 Complex 750 >45% without control
B750 7 Complex 750 >45% without control
A1000 7 Complex 1000 >60% without control
A1250 7 Complex 1250 >70% without control
B1250 7 Complex 1250 >70% without control
P300 450 Complex 300 >50% with control
P450 450 Complex 450 > 60% without control

2.2.3.1 Fermentations using defined medium:

All the experiments were at 7-L scale. To find the effect of dissolved oxygen tension
on growth and erythromycin production of §. erythraea two different fermentation
were carried out at 500 rpm, one without dissolved oxygen tension control (D500a)
another with dissolved oxygen tension controled at 10% (D500b), see Table 2.3. In
addition a further fermentation was carried out at 750 rpm with dissolved oxygen

tension controlled at 10% (D750), (Table 2.3).
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2.2.3.2 Fermentations using complex medium

Five different stirrer speed were used at laboratory scale, 7-L, and two different speed
were used at pilot scale, 450-L, (see table 2.3). To ensure the reproducibility of the
fermentation, four experiments were carried out twice. In the 7-L scale the dissolved
oxygen was always above 60% of air saturation at 1000 and 1250 rpm without any
control. Dissolved oxygen was kept above 60% by adding oxygen to the air inlet
automatically for fermentations at 350 and 500 rpm. Dissolved oxygen was above
60% without any control at 450 rpm for 450-L scale and was kept above 50% by

overpressurising the vessel manually to 0.35 bar, in the rapid growth phase.

2.2.4 Fermenters and instrumentation

Laboratory scale fermenter was a 7-L LH fermenter 2000 series I (L.H. Fermentation
Ltd., Reading, Berks, U.K.) with a working volume of 5 L. The pilot scale fermenter
was a 450-L Chemap fermenter (Chemap AG Maennedorf, Switzerland) with a
working volume of 300 L. Both fermenters had three equally spaced six bladed disk
turbine and four equispaced tank baffles. Geometry of the vessel and impeller are
shown in Figures 2.1, 2.2 and Table 2.4. Stirrer shaft entered the vessel from the top at

7-L scale and from bottom at 450-L scale.

Table 2.4: Fermenters dimensions (all dimension in mm)

Geometery 7-L fermenter 450-L fermenter

Vessel diameter, T 150 600

Liquid height, H; 280 1200
Impeller diameter, D 68 200
Inter-impeller distance, H; 90 300
Height of 1st impeller, H, 30 200
Length of impeller, L, 16.5 50
Impeller blade width, W, 13 40
width of baffle, W, 25 100
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The instrumentation in 7-L scale was a microprocessor based 8-loop controller model
TCS 6358 (Turnbull control system Ltd., Worthing, Sussex, U.K.) which was capable
of monitoring and controlling up to 8 parameters within the fermentation vessel. The
instrumentation at 450-L scale was Scatt control 15 (Alfa-Laval, Switzerland).The
controller had a PID (Proportional, Integral and Derivative) control action. The
instrumentation was connected to a data logging system. Data logging was carried out
using the RT-DAS program (Real Time Data Acquisition System) supplied by
Acquisition Systems Ltd (Surrey, UK.). This system recorded the on-line variables

consisting of stirrer speed, air flow rate, dissolve oxygen tension, pH and temperature.

The stirrer speed was monitored and controlled through a small belt - driven DC
tachogenerator attached to the motor shaft. The dissolved oxygen tension (DOT) of
medium was measured by a steam sterilizable polarographic dissolved oxygen
electrode (Ingold Messtechnik AG, Industrie Nord, Urdorf, Switzerland). pH was
measured by a steam sterilizable probe (Ingold Messtechnik AG,Industrie Nord,
Urdorf, Switzerland) connected to the controller. pH was controlled by adding either 4
N NaOH or 5 N H,SO, automatically. Peristaltic pumps which fed acid or base were
activated if the pH changed from the set point. The pH was controlled within the
range of 7.0 £ 0.1.

In 7-L scale a gas mixer was used to control DOT. There were two inputs for gases.
The first gas (e.g. nitrogen) was passed through a HI-TEC series F-2000 thermal mass
flow meter/controller (Bronkhorst High Tech B.V., Ruurlo, The Netherlands), then
mixed with the second gas (e.g air) and passed through another thermal mass flow
meter, which controlled the total gas flow rate. The DOT reading from the DOT probe
was sent to a controller. The controller compared the DOT reading with the set point
and sent an action to the first gas control valve. The control valve regulated the flow

rate of first gas (e.g nitrogen) to control the dissolved oxygen tension.

The inlet and exit gases were filtered by passing through 0.2 um Pall filter cartridges

(Pall Europe Ltd., Portsmouth, U.K). There was a condenser in exit line before the
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filter for separation of moisture from exit gas. The condenser was a shell and tube heat
exchanger, through which cold water was passed to cool the exit gas and reduce

evaporation.

Mass spectrometer was connected to all the fermenters to measure the composition of
inlet and outlet gases every 15 minutes. Fermentaions were carried out in two
different buildings, with different mass spectrometers. For fermentation using defined
medium (D500a, D500b and D750), and also for A1000, a VG MMG-80 Mass
spectrometer was used and VG Prima mass spectrometer (VG Gas Analysis Ltd,
Cheshire, U.K) was used for the other experiments. Oxygen, carbon dioxide and
nitrogen concentrations were measured and recorded by RT-DAS where calculations
of carbon dioxide evolution rate (CER), Oxygen uptake rate (OUR) and respiratory
quotient (RQ) were carried out by the comparison of the gas composition of air

entering and existing the fermenter.
2.2.5 Spore preparation
Spores were produced from the mycelial grown on tap water agar medium and

incubated at 28 °C for 20 days. The composition of medium was as follows:

Table 2.5: Composition of the medium for spore preparation

Composition gL’
Glucose 2.0
Sucrose 1.0

Soy peptone 5.0

Yeast Extract 2.5

Calcium carbonate 1.0

Medium was sterilised for 20 minutes at 121 °C. pH of the medium was adjusted to 7
with sodium hydroxide before adding calcium carbonate and agar. Yeast extract and soy
peptone were from Oxoid Ltd, Basingstoke, U.K., and other chemicals were GPR grade
from BDH Ltd. Spore suspensions were prepared using 20% glycerol solution and 0.1%
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Tween 80 and glass beads, to scour the surface of agar. Spore harvests were pooled,

checked for sterility and stored at -70 °C.

2.2.6 Shake flask experiments

Difco Nutrient Broth (60 mL) in a 500 mL Erlenmeyer baffled flasks was incubated
with spore suspension to give a concentration of 2 x 10° spore/mL. The flasks were
incubated for 48 hours at 28 °C at 200 rpm on an ISF-I-V orbital shaker (Adolf Kuhner,
Schmeiz, Switzerland). After 48 h of germination 20 mL of broth was transferred to a 2
L baffled flask with 250 mL complex medium (see Table 2.2 for the composition).

The glucose and potassium dihydrogen orthophosphate were sterilised separately and
aseptically added to the medium. The pH of the medium was adjusted to 7.0 with
sodium hydroxide solution before sterilisation. In some experiments, 21 gL' MOPS (3-
[N-Morpholino]propane-sulfonic acid from Sigma) was added as a buffer to medium

before adjusting the pH.

The cultures were incubated at 28 °C at 200 rpm in an orbital shaker for 7 days. 15 mL

samples were taken once a day for measuring DCW, glucose and erythromycin.

2.2.7 Inoculum development

2.2.7.1 Inoculum development for 7-L scale fermenter

50 mL Difco Nutrient Broth in 500 mL Erlenmeyer baffled flasks was inoculated with
spore suspension to give a concentration of 2 x 10° spore/mL. The flasks were then
incubated for 48 hours at 28 °C at 200 rpm in an orbital shaker. After 48 hr of
germination, the broth was transferred to a 2 L baffled flask containing 500 mL defined
medium (see table 2.1 for the composition) or complex medium (see table 2.2 for the
composition). The flasks were incubated at 28 °C and 200 rpm on an ISF-I-V orbital
shaker (Adolf Kuhner, Schmeiz, Switzerland). The duration of the fermentation in this
step was 48 h in defined medium or 30 h in complex medium. The sterilisation method
for complex medium was the same as shake flask experiments (see section 2.2.6). For
inoculum preparation for defined medium, nitrate and phosphate were dissolved in 45

mL of reverse osmosis (RO) water whilst the glucose was dissolved in 400 mL of RO
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water, these were autoclaved, 20 min at 121°C , 15 Psig separately. A 100-fold
concentrated solution of the trace elements was prepared, 5 mL of this solution was filter
sterilised through a Whatman 0.2 um polysulfone Membrane Syringe Filter and added
to the nitrate and phosphate salts. The pH of the trace element solution was adjusted to 1

with adding concentrated hydrochloric acid.

2.2.7.2 Inoculum development for 450-L scale fermenter

7-L fermenter with 5.3 L complex medium was inoculated at 750 rpm, as it will be
described in section (2.2.8.1). When the carbon dioxide evolution rate was 30 mmolL™’
h' (dry cell weight = 7.1 gL"), the content of 7-L fermenter was used as the inoculum

for 450-L fermenter.

2.2.8 Fermentations

2.2.8.1 7-L fermentations

The total volume was 5.3 L at the start of the fermentation, and a total sample volume of
500 mL was taken during the 120 hours of fermentation. Glucose solution and antifoam
were sterilised in situ for 20 min at 121 °C and 15 psig by passing steam at about 20 psig
through the heat exchanger rings. In the case of defined medium fermentations, nitrate
and phosphate solutions were sterilised in an autoclave, and trace element solution was
filter sterilised through a Whatman 0.2 pm polysulfone Membrane Syringe Filter and
added to the medium aseptically. In the case of complex medium fermentations, yeast
extract, bactopeptone, glycine and magnesium sulphate in one bottle and potassium
dihydrogen orthophosphate in another bottle were sterilised in an autoclave and added to

the medium aseptically.

The ancillaries, i.e. filters, sampling device and sample bottles, acid and base containers,
inoculum flask including their addition lines and needles were sterilised in an autoclave
at 121 °C, 15 Psig for 20 min.

The fermentation medium was cooled down to 28°C using cooling water and then other

components were added aseptically and inoculated with 500 mL of inoculum.
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Temperature was maintained at 28°C. pH was controlled at 7.0 by addition of 4 N
NaOH and 5N H,SO,.

In order to achieve a precise and reliable control of DOT, the DOT probe was carefully
calibrated in sterile medium before inoculation. A DOT of 100% air saturation was
determined by allowing the probe to equilibrate with an air saturated medium which
was, in turn, obtained by sparging the medium with air. To determine 0% DOT, oxygen

-free nitrogen gas was sparged through the medium instead of air.

Gas flow rate was 5 Lmin" in complex medium and it was 2.5 Lmin™ at 500 rpm in
defined medium and 3.75 Lmin™ at 750 rpm in defined medium. Gas mixtures were
used to control the level of dissolved oxygen tension for the experiments with DOT
control. Total gas flow rate kept constant. DOT was controlled by changing the
proportion of nitrogen to air in the case of defined medium or oxygen to air in the case

of complex medium.

2.2.8.2 450-L fermentation

The complex medium was used (see table 2.2 for its component) and the working
volume was 300 L. Glucose solution and antifoam were sterilised in situ for 40 min at
121 °C, by passing steam through the jacket of the vessel. The fermentation medium was
cooled down to 28 °C by passing cooling water through the jacket. Yeast extract,
bactopeptone, glycine and magnesium sulphate were sterilised in another vessel at 121
°C for 20 min and added to the vessel through a sterile line. Potassium dihydrogen
orthophosphate was sterilised in an autoclave at 121 °C for 20 min and added to the
vessel under aseptic conditions. Air flow rate was 210 Lmin”'. Two fermentations were

carried out one at 300 rpm (P300) and the other at 450 rpm (P450).

Temperature was maintained at 28 °C and pH was controlled at 7.0 by adding 4 M
NaOH and 3 M HNO,. The DOT probes were calibrated with the same procedure as in
the 7-L fermenter (see section 2.2.8.1). Inoculum was added from 7-L fermenter through

a sterilised line to the fermenter. The pressure was 0.05 bar during the experiments,
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except during the rapid growth at 300 rpm where the pressure was increased to 0.35 bar

to keep the dissolved oxygen tension above 50%.

2.3 Analysis of samples

Samples were taken once or twice a day when using defined medium and 3 or 4 times a
day when using complex medium. Generally three universal bottles were filled (each
containing 20 mL). The first bottle was discarded since it contained the dead volume
from the sampling tube, one bottle used for rheological measurements and one bottle
was used for other analysis. A further universal bottle was filled if the sample was to be

homogenised.

It was necessary to obtain a clarified solution for the erythromycin, nitrate, and
phosphate assays, therefore some of the broth was centrifuged in a lab top centrifuge
(Beckman, CS-6R) at 4,200 rpm for 10 minutes. For preparation of samples for
erythromycin assay with HPLC method, the broth was centrifuged in a microfuge
(Beckman, microfuge 11) at 13,000 rpm for 10 minutes. All supernatants were stored at

-20°C until they were used for the assays.

2.3.1 Erythromycin measurement using bioassay

The punched bioassay method as described by Huck et al. (1991) was used with some
modification. A culture of Arthrobacter citreus was grown in a 500 mL shake flask
containing 50 mL Nutrient Broth (Oxoid) for 24 hours at 28 °C and 200 rpm.

The glass plates used for the assay were washed with disinfectant (Tego 2000, TH
Goldschmidt Ltd., Milton Keynes, UK), sterilised with industrial methylated spirit and
allowed to dry in laminar flow cabinet. The assay plates were 450 x 450 mm square and
10 mm deep. 600 mL of nutrient agar (comprising 12 g of Oxoid bacteriological agar
and 7.8 g of Oxoid nutrient broth) was autoclaved and cooled down to approximately
40°C before being inoculated by 3-5 mL of the A.citreus culture. The culture was well
mixed and poured into the plate. The agar was allowed to solidify, then the plate was

placed onto a paper template and 49 wells (7 x 7) were punched using a 7.5 mm cork-
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borer (Pattersons, Luton, U.K). The upper end of the borer was attached to a tube which
led to the conical flask of a vacuum pump set up. In this way all the agar which was

sucked up was collected in the vacuum flask.

100 pL of sample, either fermentation supernatant or calibration solution was pipetted
into the wells in duplicates. The calibration standard was erythromycin dehydrate
(Aldrich Chemical Co. Ltd., Gillingham, Dorset. U.K.), and the solutions were in the
range 5-100 pg/mL. The assay plates were incubated at 28 °C for approximately 24
hours before leaving one more day at room temperature in order to obtain clear

inhibition zones, which then were measured with a ruler.

The logarithm of antibiotic concentration is proportional to the square of the distance

between the reservoir and the inhibition zone border , as described below:

In m= (d,-d,)/4D,T, @2.1)

where: m, antibiotic concentration

d,, diameter of resorvoir

d,, dimeter of inhibition zone

D,, diffusion coefficient

T,, absolute temperature
Standard curves were constructed based on this theory on Origin (Microcal Software
Inc., Northampton, USA); The value of In m was plotted against (d, - d,)* for
erythromycin standards and the standard curve was determined by linear regression.

This standard curves was used for determination of erythromycin in the samples.

2.3.2 Erythromycin measurement using HPLC

All the solvents used were HPLC grade (BDH, UK) and all other components were
Analar grade (BDH, UK). All HPLC assay were performed using a system Gold
Chromatographic system (Beckman Instruments). The system composed of a pump
(model 126), autosampler (model Beckman 507e), ultraviolet detector (model 166).
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Control and data logging facilities were provided by System Gold software run on an

IBM computer.

Organic eluents filtered through a PTFE filter paper, 2.5 um pore (Whatman) and
aqueous eluents filtered through a Whatman No. 1. All eluents degassed with helium
(BOC, Guilford, Surrey, UK). All the samples were filtered through a disposable 0.2 pm
pore PTFE syringe filter (Whatman).

The reverse phase analytical column used was Phenomenex Prodigy ODS (250 x 4.6
mm). This column was protected by a 45 x 4.6 mm guard column containing the same
material. The columns were maintained, cleaned and re-equilibrated as necessary and
according to the manufacturer’s instruction. The column temperature was controlled at
50 °C with a block column heater and the samples injection volume was 50 pL.
Acetonitrile-20 mM Potassium dihydrogen phosphate (pH 7) (45:55) at 1.0 mLmin™

was used as the mobile phase.

Erythromycin A (93% pure), erythromycin B (92% pure) and erythromycin C (92%
pure) kindly provided by Dr Peter Dusseljee (Gist-Brocades, Italy) and used to obtain
the retention times and standard curve of peak areas. Concentration of prepared
standards were in the range of 0.25-10 gL'. Repeated injection of the crude
erythromycin standard (Kindly provided by Abbott Laboratories) and fermentation
samples showed that the peak areas of erythromycin A were accurate to within less than
1.2% (95% confidence limits expressed as a percentage of the mean). Where desired, the
elutate from the HPLC column was collected manually. Antibiotic activity was

measured in the collected fraction using bioassay.

Fermentation samples were not appropriate for direct analysis of HPLC due to their high
amount of impurities and relatively low concentration of erythromycin. Therefore, solid
phase extraction was developed for cleaning and concentrating of erythromycin. The
C18 bond elut cartridges (Phenomenex cat. 1211-3001) were used to carry out the
extraction. Five steps were used for the purpose of the extraction: The step by step

extraction procedure was optimised and is explained in section 3.2.1. Initially crude
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erythromycin kindly provided by Abbott Laboratories (Chicago, U.S.A), was used as
the sample to optimise the 5 steps. Once the above steps were optimised, fermentation
samples were used. The optimised procedure was as follows:

1) conditioning the column : 5 mL methanol consisting of 0.5% diethyl amine was
used.

2) rinsing the column: 5 mL 10 mM phosphate buffer pH 7 was used to remove the
activation solvent in the conditioning step.

3) applying the sample : 10 mL samples was applied

4) rinsing: after applying the samples the interfering compounds were washed from the
cartridge using 5 mL 10 mM phosphate buffer pH 7.0.

5)elution: finally 1 mL methanol was passed through the column to elute erythromycin

from the solid sorbents.

Liquid-liquid extraction was also applied to a few samples to compare the results with
solid phase extraction. The pH of the sample was adjusted to 10 by adding 5 M sodium
hydroxide. Then 100 mL chloroform was added to 100 mL of sample and mixed for 10
minutes at room temperature. The mixture was transferred to a separating funnel and
allowed to separate for 30 minutes. The organic layer was removed and washed with
equal volume of NaOH. This solution was mixed for 2 minutes by hand and was then
transferred to the separating funnel and allowed to separate for a further 30 minutes. The
organic layer was removed and dehydrated with anhydrous sodium sulphate. The
sodium sulphate was added gradually until the solution became transparent. The known
amount of transparent solution was separated and left to dry overnight in the fume
cupboard and then redisolved in known amount of acetonitrile to give a 10 times
concentration. It should be noted that all the experiments was carried out in a fume

cuboard.

2.3.3 Dry cell weight measurement

Dry cell weight was utilised to determine growth of the cultures. 10 mL of the
fermentation broth was filtered through a predried and preweighed GF/F Glass
microfilters with a pore size of 0.65 pm (Whatman Ind. Ltd., Maidstone, U.K.), washed
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with 20 mL of RO water and dried overnight at 100 °C. To maintain a constant weight,

the filters were always left in a vacuated desicator for 10 minutes prior to weighing,.

2.3.4 Nitrate assay

A nitrate reductase assay kit (Boehringer Mannheim Cat.No.950658) was employed for
the nitrate assay. Nitrate is reduced by reduced nicotamide-adenine dinucleotide
phosphate (NADPH) to nitrite in the presence of the enzyme nitrate reductase.

Nitrate + NADPH + H' — Nitrite + NADP* +H,0

The amount of NADPH oxidised during the reduction is stoichiometric with the amount
of nitrate. The decrease in NADPH was measured by means of its absorbance at 340
nm. All the measurements were carried out in duplicates and on average the standard

deviation was 10.2% of the mean.

2.3.5 Glucose assay

The test used is based on a glucose oxidase reaction. Glucose HK reagent (Sigma
Diagnostics), which is normally designed for monitoring sugar in blood, was used for
measurement of glucose consumption during the fermentations. The enzymatic reactions

involved in the assay are as follows:

Glucose + ATP = G-6-P + ADP
G-6-P + NAD = 6-PG + NADH

Glucose is first phosphorylated by adenosine triphosphate (ATP), in the reaction
catalysed by hexokinase (HK). The glucose-6-phosphate (G-6-P) formed is then
oxidized to 6-phosphogluconate (6-PG) in the presence of nicotinamide adenine
dinucleotide (NAD). This reaction is catalysed by glucose-6-phosphate dehydrogenase
(6-G-PDH). During this oxidation, an equimolar amount of NAD is reduced to NADH.
The consequent increase in absorbance at 340 nm is directly proportional to glucose
concentration. All the measurements were carried out in duplicate and on average the

standard deviation was 5% of the mean.
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2.3.6 Phosphate assay

Phosphate concentration in samples was measured colorimetrically (Mirjalili and
Linden, 1995). The sample (100 pL) was incubated with 350 mL of an ammonium
molybdate reagent for 10 min at 37 °C. Absorbance of the mixture was read at 700 nm
after cooling approximately for 10 min. Reagent was prepared with mixing 2 volume
RO water, 1 volume 6N H,SO,, 1 volume 10% ascorbic acid, 1 volume 2.5%
ammonium molybdate. The inorganic phosphate present in the sample reacts with
ammonium molybdate to form phosphomolybdate. The phosphomolybdate is then
converted by reduction with ascorbic acid to the colloidal molybdenum blue, which is
then determined photometrically. The molybdenum blue formed is proportional to the

quantity of inorganic phosphate present.

All the measurements were carried out in triplicates and on average the standard
deviation was 9.0% of the mean. The reason for high level of error was low
concentration of phosphate in the samples. This method was not accurate for

phosphate levels less than 0.1 gL™.

2.3.7 Protein assay

A Bio-Rad protein assay (Bio-Rad laboratories, Hemel Hempstead, Herts., UK) was
used for measurement of soluble protein in the homogenate supernatants. This method
is based on the shift in the maximum absorbance of a dye, Coomassie Brilliant Blue

G-250, when it binds protein under acidic conditions.

Reagent was diluted 5 times with RO water. 50 uL of sample was pipetted into a
plastic disposable cuvette and 1 mL of the diluted reagent was added to this. The
absorbance was read at 595 nm between 5-10 minutes after adding the samples at
room temperature. The spectrophotometer was blanked against 1 mL of dye reagent
containing 50 pL of RO water. Samples were diluted with RO water prior the addition
of the dye reagent such that the absorbance was kept below 0.7 AU.
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The standard curves were prepared by making various dilution of Bovine Serum
Albumin (BSA) supplied by Bio-Rad. Concentration of standards was in the range of
25 to 400 mgL™". The data for BSA concentration was plotted against their absorbance
at 595 nm. A curve was fitted to this data by linear regression analysis in Package
Origin (Microcal Software Inc., Nothampton, USA). The soluble protein content of
the samples was then determined using the standard curves. All the measurements
were repeated in triplicates. On average the standard deviation of error was 3.0% of

the mean value.

2.3.8 Image analysis

The morphological measurements were made using the automatic Image analysis
described by Packer and Thomas (1990). A television camera was mounted on a
Polyvar microscope (Reichert-Jung, Vienna, Austria) and the video signal of the field
of view was processed by a Magiscan 2A image analyser (Joyce Loebl Ltd,

Gateshead, U.K).

Morphological characterisation was completed from dry slides which were prepared
immediately after sample removal from the fermenter. By examining the microscope
slides prepared at various dilution, a suitable slide was chosen for image analysis . The
slide needed a high concentration of micro-organisms, to ensure a reasonable number of
measured objects per field. If the concentration is too low the amount of time spent
image analysing becomes excessive. If the concentration is too high then the excessive
hyphal overlap and analysis will assume the objects to be a single entity and produced
errorous data. Culture samples were diluted 200 to 4000 times in 50 mM potassium
phosphate buffer (pH = 7.0) depending on concentration of biomass. With the
examination of many samples, it was found that 2000 times dilution is appropriate for
10 gL biomass. Then 50 pL of the diluted samples were spread over the surface of the
slide and allowed to air-dry on a level surface. For staining, 0.3 g of methylene blue was
dissolved in 100 mL 30% ethanol solution. Slides were immersed in the staining liquid
for 1 min. The slides were rinsed in water for 2 minutes and allowed to air dry in a
vertical position for 2 h. Eight slides were prepared for each sample. The slides were

examined and the appropriate one was selected for image analysis.
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Objects other than the microorganisms are also present in the binary image. These tend
to be undissolved solids from medium or small particles present in the liquid or even
just particles of dust from atmosphere. These may be distinguished from the
microorganisms by their size and shape. One parameter, the circularity proved to be very
useful in removing the particulate material as it depends on the sphericity of the object

(Packer, 1991):

Circularity = 4 x 7 x total area /(perimeter)’ 22

Total area is described in Table 2.6. Circularity equals one for a circle and it is close to
zero for a long thin fibre. It has been found, that objects with circularity of 0.4 and
greater are undesirable objects in the case of S. clavuligerus organism (Packer and
Thomas, 1990; Packer, 1991). By examination of many samples, it was found that none
of the mycelia in this study have circularity above 0.4, therefore, any objects with
circularity of greater than 0.4 were excluded. Filamentous organisms have been divided
into three types : freely dispersed mycelia, mycelial clumps or aggregates and pellets
(Figures 3.18 and 3.19). There were no pellets in these experiments except very few
cases at 350 rpm. Therefore, objects were divided to two main parts: freely dispersed
mycelia and clumps. If there were any pellets it was considered as a clump. Any object
including a hole was regarded to be a clumps. The measured morphological parameters

are shown in Table 2.6 (Packer and Thomas, 1990; Tucker et al., 1992).

Magnification was 100x 25 and at least 300 organisms were analysed and processed by
statistical analysis in each sample and the mean values of the morphological parameters

were obtained and reported for characteristics of morphology.
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Table 2.6 : Morphological parameters measured by Image analysis

Measurement | Nomenclatue Description
Main hyphal ML The longest connected path
length® through the cells
Branch BL Other parts of the mycelia apart
length® from the main length
Total hyphal HL =ML + BL
length®
Number of NT The number of branches
tips™® (growing tips)
Major axis® OL Maximum mycelia diameter,
(Figure 2.3).
Minor axis® OB Longest distance perpendicular

to the major axis

Average aveL =(OB + OL)/2
length®
Mycelia area MA Projected area of the freely
dispersed mycelia
Clump area CA Projected area of the clumps
mycelia
Projected OD MA or CA
area®
Total area® OA = OD + internal holes
Circularity® oC = (4xnxOA)/(Perimeter)’
Roughness®? R =1/0C

(1): Applied only for freely dispersed mycelia
(2): Applied to both freely dispersed mycelia and mycelial clump.
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Major axis

Figure 2.3: Schematic diagram to show the major axis
The level of error was determined for 35 samples repeated in duplicates and the
average of the standard deviation was calculated and is summarised in table 2.7 for

different morphological parameters.

Table 2.7: Average standard deviation of morphological parameters

Morphological parameter Average standard deviation /mean
x100
Mean Main length 6.1
Mean branch length 5.6
Mean total hyphal length 5.55
No of tips 3.35
Mean major axis for mycelia ( freely 3.55

dispersed and clumps)

Mean major axis for mycelial clumps 6.2
only

mean Minor axis 7.0

Average length for mycelial clumps 6.4
only

Percentage of clump area 7.5

Clump area 7.1

Roughness 7.1

2.3.9 Rheological measurements
The rheological measurements were carried out using a Rheomat 115 rotational

viscometer (Contraves AG, Zurich, Switzerland) with a plug in 7/7 module operating
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system and a concentric cylinder (MS-0/115) measuring unit with quick release
coupling. Measurements were carried out at room temperature, which was 20-24 °C.
Metz et al. (1979) reported that viscosity for mycelial broths was only slightly
dependent on temperature, therefore, it was not necessary to maintain the temperature
of the samples constant during rheological measurements. Measurements were carried
out immediately after taking the sample from the fermenter. The cup was filled with
20 mL of broth, the cylinder bob put in place and rotated for 10 seconds at the highest
speed (step 12, shear rate = 1250 s). Torque was recorded as the speed was reduced
to (step1, shear rate = 24.3 s'). Reading were taken in a short time (5 second for each
reading) to minimise settling. Speed was translated into shear rate and the torque

reading was translated to shear stress using the table supplied by Contraves.

The power law model (equation 2.3) was considered to determine the rheological

behaviour of the fermentation broth samples.

1=Ky (2.3)

Shear stress (t) was plotted against shear rate (y) in a log-log plot and its slope and
intercept were considered as values of flow behaviour index (n) and consistency index
(K) respectively. Experimental data showed a good agreement with power law model

for fermentation broth (Figure 2.4).

Apparent viscosity (i,) at any stirrer speed (N) was obtained using Metzner and Otto
technique (1957) with a value of 11.4 for the impeller shear rate constant (k). thus:

Ya=k.N (2.4)

Ho =y, = Ky'ly = K(kN)™ (2.5)

In order not to change the total volume of each fermentation more than 10%, limited

number of samples could be taken in each experiment. Therefore, it was not possible
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Figure 2.4: Power law model for S. erythraea fermentation broth samples a) in normal
scale and b) in log-log scale. Samples were taken during fermentation at 7-L scale and
500 rpm. The dry cell weight of the samples was as:

11.7 gL' (w), 7 gL' (D), 4.6 gL' (®), 2.7 gL (0), 1.7 gL' (a). Fitting model (—).
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to repeat the rheological measurements for all samples. However, duplicate
measurements for over 20 samples showed that on average the standard deviation was
5.3% of the mean consistency index and it was 1.7% of the mean flow behaviour

index.

2.4 Homogenisation of fermentation broth samples

Samples were disrupted using a ‘Gaulin Micron Lab40, High-Efficiency
Homogeniser’ (APV Gaulin GmbH). The homogeniser acted as a hydraulic pump
working batchwise at single strokes, with an operating range of 100 - 1600 bar. The
homogeniser requires 40 mL samples. All parts contacting the sample liquid consist of
high grade stainless steel, stellite, rubber and PTFE and these parts are cooled by

passing glycerol through an external coil.

Homogenisation was carried out at 6 different pressures (100, 200, 400, 600, 800 and
1200 bar). Therefore for each assessment, 240 mL samples were required.
Fermentation samples were diluted 20 times with 50 mM potassium phosphate buffer,
pH 7.0 before disruption. A 0.5 mL volume was removed with pipette into a 1.6 mL
Eppendorf standing in an ice bath, this sample was used to determine the background
level of constituents in the subsequent assays. Three or four discrete passes were made
through the homogeniser, and 0.5 mL of sample was removed after each pass into a
1.6 mL Eppendorf in the ice batch. After each high pressure pass, the homogeniser
assembly was wiped clean with a sheet of engineers blue roll paper. After,
homogenisation the Eppendorf were centrifuged (Beckman Microfuge 11) at 13000

rpm for two minutes to remove debris and the supernatant was used for protein assay.
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3. RESULTS

3.1 Effect of dissolved oxygen concentration and shear using defined

medium

3.1.1 Effect of dissolved oxygen concentration

Fermentations were carried out at 500 rpm and 0.5 vvm without dissolved oxygen
control (D500a) and with dissolved oxygen control at 10% saturation (D500b) by
addition of nitrogen to the inlet gas of the fermenter (see section 2.2.4). This ensured
that the gas distribution and mixing conditions were identical in each case. In the
experiment without dissolved oxygen control, minimum oxygen concentration was
65% air saturation (Figure 3.1). The data was not enough to calculate the exact growth
rate, and maximum growth rate was about 0.07 h™'. This relatively low growth rate
could be partly due to using nitrate as the only nitrogen source in the medium (Bushell
et al., 1997). The culture entered the stationary phase at 10% DOT earlier than in
other experiment (Figure 3.2). The maximum dry cell weight for higher dissolved
oxygen tension (65% saturation) was 5.7 gL', whereas it was 4.65 gL' for 10%
dissolved oxygen tension, which showed growth was inhibited at low dissolved
oxygen tension. This was also observed in the carbon dioxide evolution rates (CER)
of the culture (Figures 3.1 & 3.2). The carbon dioxide evolution rate was relatively
low, the maximum values for 10% dissolved oxygen tension was 8.5 mmolL'h" and
for 65% dissolved oxygen tension was 10.1 mmolL'h" and they were also biphasic.
Its biphasic behaviour could be because of release of some intracellular material with
nitrogen source and reuse of them by the organisms. The value of RQ was almost 1 at
experiments without dissolved oxygen control. And when nitrogen was mixed with air

to keep dissolved oxygen at 10%, OUR measurements were not possible.

The biomass data was not enough to find the exact point for the end of the rapid
growth phase, however CER data showed that respiration fell at 80 h, as nitrate was
depleted (Figures 3.1 & 3.2). Erythromycin synthesis began with a slow rate, and its
production seems to be growth linked. The percentage of erythromycin production
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Figure 3.1: Changes of DCW, nitrate, erythromycin production, CER and DOT at 7L
fermentation of S. erythraea using defined medium (stirrer speed = 500 rpm, gas flow rate =

0.5 vvm & DOT>65%).
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Figure 3.2: Changes of DCW, nitrate, erythromycin production, CER and DOT at 7-L
fermentation of S. erythraea using defined medium (stirrer speed = 500 rpm, gas flow rate =

0.5 vvim & DOT=10%).
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before the end of the rapid growth phase (it coincided with sudden decrease in CER)
was about 40% in experiments with DOT>65% (Figure 3.1), and this was about 60%
in the experiments with dissolved oxygen concentration of 10% (Figure 3.2).
Maximum values of erythromycin were 199 and 165 mgL’ for dissolved oxygen
concentrations above 65% and 10% respectively, and it then decreased slightly.
Instability of erythromycin in fermentation broth has been reported previously by
Wilson et al.,, (1995) and Gavin et al., (1995). Instability of erythromycin in
fermentation broth could be due to its degradation by non-specific enzymes released

by old lysing mycelia (Martin et al., 1975).

Specific erythromycin production was calculated by dividing the erythromycin
concentration (mgL") by DCW (gL™) at any time, except after the end of the growth
phase where erythromycin concentration was divided by maximum DCW. The
specific erythromycin was not affected by the DOT and these were virtually identical
throughout the culture (Figure 3.3). Consequently, the productivity of erythromycin

does not appear to be related to the oxygen level, provided that it is above 10% in this

medium.
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Figure 3.3: Comparison of specific erythromycin production at 500 rpm between DOT
10% (—8—) and DOT>65% (—0—).
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3.1.2 Effect of mixing and shear

Two different fermentations were carried out at 500 rpm and 750 rpm using defined
medium. Dissolved oxygen was controlled at 10% by mixing nitrogen with air.
Figures (3.2 & 3.4) show the development of the dry cell weight for the cultures, the
erythromycin production and carbon dioxide evolution rates (CER). Maximum dry
cell weight was 3.0 gL' and 4.65 gL' for 750 rpm and 500 rpm respectively. Specific
carbon dioxide evolution rate (mmol (g cell)'h™) was higher in the early stage of
growth for the higher stirrer speed, nitrogen was consumed more rapidly and the
growth rate was also higher at this stage for higher stirrer speed (Figures 3.2 &3.4). A
nitrate- reductase based assay kit was used for nitrate assay, this assay was not
accurate for less than 0.1 gL' nitrate levels. In addition, the number of samples taken
were not enough to find the exact time of nitrate depletion (the only nitrogen source).
Figures (3.2 & 3.4) show that nitrate was finished after 66 h for 750 rpm experiment,
whereas it was finished after 78 h for 500 rpm, and the cell production for the same
amount of nitrogen consumption was higher at lower stirrer speed. This could be
partly due to release of intracellular material at higher stirrer speed (Tanaka and Ueda,
1975). However, earlier exhaustion of nitrogen from the medium at 750 rpm, led to

earlier mycelial disintegration.
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Figure 3.4: Changes of DCW, nitrate, erythromycin production, CER and DOT at 7-L
fermentation of S. erythraea using defined medium (stirrer speed = 750 rpm, gas flow rate =

0.75 vvm & DOT=10%).
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Antibiotic production was growth linked and maximum production was less at higher
stirrer speed due to lower cell production, but maximum specific production was not
changed significantly (Figure 3.5). Erythromycin production started earlier at higher
stirrer speed (750 rpm) and reached a maximum value (90 mgL™) at 87 h (see Figure
3.4), whereas a maximum value of erythromycin (165 mgL™') was obtained at 115 h at
500 rpm (Figure 3.2). The maximum specific production was 30 mg (g cell)” at 750
rpm and 35 mg (g cell)” at 500 rpm (Figure 3.5). The earlier commencement of the
erythromycin production at higher stirrer speed (750 rpm) could be due to differences

in inoculumn or earlier limitation of nitrogen source.
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Figure 3.5: Comparison of specific erythromycin production at 500 rpm (—8—) and at
750 rpm (—0—).

Using image analysis, morphological parameters were measured and the major axis of
the mycelia (both freely dispersed and clumps) and main length for the freely
dispersed mycelia are shown in Figure 3.6. Mean major axis of the mycelia decreased
from the beginning for fermentation at 750 rpm. For fermentation at 500 rpm, major

axis of the mycelia decreased after 55 hr. Microscopical observation of samples taken
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at 500 rpm (——) and 750 rpm (—0—). Define medium was used.
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at 96 h and after this time from fermentation agitated at 750 rpm showed that mycelia
were broken to small pieces. It was difficult to distinguish between very small pieces
which were released by mycelia breakage and debris in the slides and this made
morphological measurements impossible. This serious damage was also observed at a
very late stage in the fermentation at 500 rpm (samples taken at 125 h and after this

time).
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3.2 Development of method for erythromycin analysis

Several analytical methods are available for quantification and isolation of
erythromycin. These include: thin layer chromatography (TLC) (Khan et al., 1994),
gas liquid chromatography (Pellegatta et al., 1983), bioassay (Pellegatta et al., 1983)
and high performance liquid chromatography (HPLC) (Tsuji and Geotz, 1978). In the
first part of these experiments (experiments with defined medium) bioassay was used.
The bioassay was not sufficiently accurate and in addition it was not specific for the
different erythromycins. The errors in the determination of the erythromycin
concentration may be as great as 20%. These errors can arise from pipetting and the
control of the thickness of the agar layer on the bioassay plate (section 2.3.1); the
errors increase with clearance diameter due to the logarithmic association (equation

2.1).

HPLC is the most common quantitative method for erythromycin analysis. However,
due to the poor absorbance of erythromycin by UV (Grgurinovich and Mathews,
1988) and RI (Grgurinovich and Matthews, 1988), extraction and concentration of
erythromycin prior to its analysis by HPLC is required. Liquid-liquid extraction
(LLE) has been traditionally used to extract and concentrate erythromycin (Trilli et
al., 1987). Several successive extractions and a large sample volume is required (see
section 2.3.2). In addition, LLE is a lengthy process involving the use of hazardous
solvents (chloroform was used in these experiments). Therefore, solid phase
extraction using bond elut C18 cartridge was developed for concentration and

cleaning the fermentation samples.

3.2.1 Development of solid phase extraction (SPE)
The characterisation of bond elut column has been explained in section (2.3.2). The

typical steps in solid phase extraction are:

1) Conditioning the column: this step is done to activate the solid sorbents by passing
an appropriate solvent through.
2) Rinsing: it is necessary to remove the activation solvent in the conditioning step by

passing a liquid similar to the sample.
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3) Applying the sample.

4) Rinsing: after applying the sample, the interfering compounds are washed from the
cartridge, leaving the desired analyte on the solid sorbents.

5) Elution: the final step is to elute the desired analyte from the solid sorbents by

passing an appropriate solvent through the column.

Initially a crude erythromycin standard (Abbott) was used to optimise the conditions

and subsequently fermentation samples were used.

Step 1: Conditioning

Methanol with various concentration of diethylamine (DEA) were used for
conditioning the cartridge. The recovery of the erythromycin is summarised in Table
3.1 (10 mM phosphate buffer pH 7.0 was used in steps 2 and 4; 1 mL 80% methanol
in water was used in step 5; 10 mL samples used in step 3). Recovery was 80.5%
when 100% methanol was used in step 1. This recovery increased as the DEA
concentration was increased from 0 to 0.5%. Further increase in the concentration of
DEA to 1% and 2% had no change on the recovery of erythromycin. Therefore,
methanol consisting of 0.5% DEA was used for further study. DEA has both
hydrophilic (amine group) and hydrophobic (ethyl group) groups and may react like
ion-pair agent in HPLC column and alter the retention behaviour of erythromycin in
the column. The various DEA concentrations did not have an effect on the shape of

erythromycin A HPLC peak.

Table (3.1): Effect of DEA concentration on recovery

of erythromycin
% DEA in methanol | % erythromycin recovery
0 80.5+1.5
0.25 90+ 1.0
0.5 94+ 0.5
1.0 94 £ 0.6
2.0 93.8+ 1.1
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Step 2 and 4: Rinsing

Step 2 was necessary for removing the activation solvent in the first step.
Chromatograms for a sample without applying step 2 (10 mM phosphate buffer pH
7.0 was used in step 4), show tailing of erythromycin A peak and very low recovery
(18%). Three different aqueous solutions were tested in step 2 and 4 including RO
water, phosphate buffer (10 mM) and tris (20 mM) buffer at pH 7.0 and resulted in
similar results for all three cases, except when tris buffer was used, a peak with
retention time of 11 minute appears in the chromatogram, compared with two other
cases (chromatograms is shown in Figure 3.7). Then phosphate and tris buffers at pH
6.5-8.0 were tested and there was no effect from the pH either on percentage of

recovery or in the shape of the chromatogram.

Step 3 and 5: Applying the sample and elution

In order to concentrate the samples 2.5-20 times, 2.5, 5, 10 and 20 mL crude
erythromycin standard (Abbott) was passed through the column and diluted with 1 or
2 mL of appropriate solvent. A sample volume of 20 mL resulted in considerably
lower recovery of erythromycin (65%) with either 1 or 2 mL eluent volume, whereas
the results were the same for other cases. Therefore, 10 mL was determined to be the
maximum volume of sample which should be passed through the column. There was
no difference in percentage of recovery of erythromycin when 1 or 2 mL of eluent was
used with 10 mL of sample. Since erythromycin is both hydrophobic and hydrophilic,
various concentrations of methanol in water were tested as eluent. Erythromycin
recovery increased with increasing methanol concentration from 60 to 80% (v/v);
further increase in methanol concentration did not have a significant effect (Table
3.2). Acetonitrile (100%) was also used to elute the erythromycin from the solid
sorbents; again this resulted in lower (81%) recovery. Another solvent tested in
elution step was 0.5% (v/v) DEA in methanol resulting in 77% erythromycin
recovery. These results, were then applied to fermentation samples and similar results
were obtained, except when acetonitrile was used for the elution the collected eluted
samples were cloudy. Therefore, 1 mL 100% methanol was used as a eluent for the

further studies.

96



ol Crude erythromycin (Abbott) (10 gL"),
i —— SPE using phosphate buffer in step 2 & 4.
0.12 - EA
0.10 |-
E oo
g !
£ 0.06 -
% 0.04
0.02 |-
000 ...
o . _ , . .
0 5 10 15 20 25 30
Time (min)
0.14 | . .
--------- tris buffer in step 2 & 4
012 L — waterinstep 2 &4
0.10 }

Absorbance (mv)
o o
8 8

=)
®

0.02 |-
0.00
1 1 1 N | : 1 1 | N | 1 I
0 5 10 15 20 25 30
Time (min)

Figure 3.7: HPLC chromatograms of crude erythromycin (Abbott) and eluent obtained

from solid phase extraction.
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Table 3.2: Erythromycin recovery from a crude standard solution

(Abbott) with various concentrations of methanol in the elution step.

% methanol in water (v/v) % erythromycin recovery
60 32+1.0
70 90+2.2
80 94+2.8
90 94+2.5
100 95+2.2

Using the following 5 steps, a 0.5 gL" crude erythromycin A solution in water was

concentrated with 95% erythromycin recovery.

1) activate the cartridge by passing 5 mL methanol consisting of 0.5% DEA through the
column.

2) wash the activation solvent by passing 5 mL 10 mM phosphate buffer pH 7 through
the column.

3) apply 10 mL sample

4) rinse the interfering compounds of the samples by passing 5 mL 10 mM phosphate
buffer pH 7 through the column.

5) elute erythromycin with 1 mL 100% methanol

The above optimised steps were then followed to extract erythromycin from S.
erythraea fermentation samples. Fermentation samples were centrifuged on a lab top
centrifuge (model CS-6R) at 4200 rpm for 20 minutes. Initially only 70% of the
erythromycin could be recovered following the above mentioned steps. Sample
volume then reduced in step 3 to 2.5 and 5 mL; this resulted in an increase in the
recovery of erythromycin from 70% to 85%. The increase in erythromycin A recovery
with smaller volume could be due to 1) 10 mL fermentation sample volume is
overloading the cartridge, or 2) fermentation samples used are not free of insoluble
particles, hence clogging the solid sorbents. To test the second hypothesis, supernatant
obtained from the above mentioned centrifugation was centrifuged again with

microfuge (Beckman, microfuge 11) for 10 min at 13,000 rpm, and then applied in
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step 3. Ten mL of twice centrifuged fermentation samples resulted in 85%
erythromycin recovery; sample volume of 2.5 and 5 mL did not change this recovery
if samples had been centrifuged at 13,000 rpm in microfuge. These results indicate
that the insoluble particles in fermentation samples had caused the low initial
recoveries and the cartridge was not overloaded with 10 mL fermentation sample. The
lower erythromycin recovery from fermentation samples compared with the crude
erythromycin solution could be attributed to the increased amount of interfering

compound present in the fermentation broth.

Solid phase retentates from both standard solutions and fermentation samples were
periodically collected and analysed for erythromycin. The collected retentates were
run through the cup plate bioassay to measure their antibiotic activity. The results
showed that <1% of the erythromycin crude standard (Abbott) solution was passed
through the cartridge without binding to the solid sorbents; this retentate concentration
was <5% when fermentation samples were used. This shows that the reduced recovery

of erythromycin is mainly due to its irreversible binding to the solid sorbents.

Comparing LLE and SPE

Liquid-liquid extraction (see section 2.3.2) of erythromycin from fermentation
samples, resulted in 80 + 5% recovery. The chromatogram of both liquid liquid
extract and solid phase extract of a fermentation sample are shown in Figure 3.8.
There were no preference for any methods as far as shape of chromatogram or the
percentage of recovery is concerned. However, the time involved in performing the
extraction is much reduced when solid phase extraction is utilised (30 minutes vs. 12
hours). The exposure to hazardous solvents is also reduced in solid phase extraction.
For economic reason the reusability of the column has also been tested (Heydarian et
al., 1998). The column can be regenerated by passing 10 mL 80% (v/v) methanol in
water through it under light vacuum. Each column can be used twice with 2-3% loss

of recovery.
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3.2.2 Erythromycin measurement in fermentation samples

The concentrated samples obtained with optimised solid phase extraction method
were analysed by HPLC (see section 2.3.2). The elutate from HPLC was collected (
see section 2.3.2) and run through cup plate bioassay. It was found that antibiotic
activity corresponded only for the peaks with retention time of erythromycin A, B and
C. Antibiotic activity of the collected eluate was also measured and compared with the
result obtained by the area of HPLC chromatograms (see section 2.3.1). The results
showed that the amount of the erythromycin A obtained from chromatograms is in a
good agreement with the results obtained from running the eluate through the bioassay
cup plate (Table 3.3). The chromatograms had relatively symmetric peaks with a good
resolution and base line (Figure 3.8). This leads to reliable results for measuring
erythromycin A. A very small peak before erythromycin A (retention time = 13 min)
seems to be erythromycin E and its area was <2% of the erythromycin A (EA). The
peaks obtained for erythromycin B (EB) and erythromycin C (EC) did not have a
good resolution and were asymmetric; in addition the base line of the erythromycin C
peak was not good (Figure 3.8). This led to inaccuracy for measurements of

erythromycin B and C.
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Figure 3.8: HPLC chromatogram of liquid-liquid extraction (LLE) and solid phase

extraction (SPE) of fermentation sample.
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Table 3.3: Comparison of results obtained with area of HPLC

chromatogram and bioassay:

Sample | EA EB EC
(mgL™) (mgL™) (mgL™")
HPLC | Bioassay | HPLC | Bioassay | HPLC [ Bioassay
S1 3740 3915+ 426 260 % 32 199 191 £20
420
S2 4120 4160 + 286 | 87.6+21 198 248 £+ 32
320
S3 4730 4948+ 296 90.2+ 45 154+ 12
390 12

To obtain a better chromatogram for erythromycin B and C addition of an ion pair
agent such as tetrabutyl ammonium sulphate (Nasr and Tschappler, 1997) under
gradient elution is suggested. Nevertheless, the measurements of erythromycin A in
fermentation samples showed that the amount of erythromycin A is between 85-95%

of the total erythromycin.

Summary

Extraction and concentration of erythromycin from the fermentation samples is
required prior to its analysis by HPLC. Liquid-liquid extraction has been traditionally
used to extract and concentrate erythromycin. A rapid and simplified solid phase
extraction of erythromycin from fermentation broth was developed. This method
results in 85% recovery of erythromycin with a batch to batch variability of less than
3 percent. In comparison with previous method of erythromycin extraction (LLE),
solid phase extraction is cleaner, less time consuming and exposure to hazardous

solvents is reduced.
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3.3 Effect of agitation at 7-L fermenter using complex medium

The defined medium used was very poor in nitrogen resulting in slow growth rates
(maximum 0.07 h), a low biomass level (maximum 5.6 gL'") and low erythromycin
production (maximum 200 mgL") thus its results were dissimilar to the typical
industrial fermentation. Therefore for further studies, complex medium was preferred
and used to find the effect of shear on morphology and erythromycin production of §.

erythraea.

3.3.1 Shake flask experiments

Before performing experiments in a stirred tank, some experiments were carried out at
shake flasks to understand the growth pattern and erythromycin production of S.
erythraea in complex medium. Experiments were carried out without adding buffer
and with adding buffer (MOPS) to the medium (see section 2.2.6), and the DCW,

erythromycin and the glucose concentration of the culture were measured every 24 hr.

S. erythraea was cultured for 7 days. In experiments without buffer the pH was
decreased to 5.9 during growth phase, and remained constant for 72-96 h. A rise in pH
followed and continued until near the end of the fermentation, and the final value of
pH was 9.1. In experiments with adding buffer, minimum pH was 6.5 due to the
addition of buffer to the medium. Development of the biomass, erythromycin
production and glucose concentration are shown in Figure 3.9 for experiments with
addition of buffer and and in Figure 3.10 for experiments without addition of buffer.
Using baffled flasks caused high agitation and the sticking of biomass to the wall of
flask which led to errors in dry cell weight measurements. Maximum dry cell weight
was 6.7 = 0.2 gL' for experiments without buffer and it was 7.3 £ 0.2 gL' for the
experiments with pH control. The sample taken was not enough, to find the exact
"~ growth curve, the end of the growth phase was approximately 70 h. Maximum
erythromycin production was 385 + 60 mgL" for the experiments with buffer,
whereas it was 153 + 12 mgL" for the experiment without buffer. Optimum pH for
erythromycin production has been reported around 6.85 (Osman et al., 1968), whereas

S. erythraea can grow over a wide pH- range (pH 5-9). Instability of erythromycin at
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acidic pH was reported by Kibwage (1987), which might be another reason for lower

erythromycin at lower pH. Specific erythromycin production for experiments with pH
control was 53 + 7 (mg geell™), which is 2.3 times higher than experiments without
pH control. These experiments showed that pH has a significant effect on
erythromycin production, whereas its effect on growth is minor, provided that it is

between 5.9 to 9.1.
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3.3.2 Effect of agitation on growth and erythromycin production

In order to examine the effect of agitation on the growth and morphology of S.
erythraea and subsequent effect of these on erythromycin production and also
rheology of the culture, a range of fermentations were carried out as reported in
section (2.2.3). Five different speeds were used: 300, 500, 750, 1000 and 1250 rpm.
Tip speed was between 1.07 and 4.45 (Table 3.4), which covered the entire range of

the speeds practical for the scale of fermenter.

Table 3.4 : Tip speed of the fermentation at 7-L scale

Stirrer speed (rpm) Tip speed (ms™)
350 1.07
500 1.78
750 2.7
1000 3.56
1250 4.45

The DOT was kept above 60% by adding oxygen to the air inlet at 350 and 500 rpm
(Figures 3.11 & 3.12). For other stirrer speeds, DOT was not controlled. At 750 rpm,
DOT dropped to 45% (Figure 3.13) and at 1000 and 1250 rpm the DOT was above
60% (Figures 3.14 & 3.15) during the entire fermentation. It has been reported that no
significant effects on growth, morphology, and productivity are to be expected from
drop to such a DOT level (Belmar-Beiny and Thomas, 1991), therefore, differences in

culture behaviour may be considered to be mainly due to mechanical forces.
All the experiments were carried out twice except at 1000 rpm. Figures 3.11, 3.12,

3.13, 3.14 and 3.15 show the reproducibility of the system for dry cell weight, glucose

consumption and erythromycin production at each stirrer speed.
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Figure 3.11: Changes of DCW, glucose, erythromycin production, CER and DOT at

7-L fermentation of S. erythraea using complex medium (stirrer speed = 350 rpm).
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7-L fermentation of S. erythraea using complex medium (stirrer speed = 500 rpm).
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DOT at 7-L fermentation of S. erythraea using complex medium (stirrer speed = 750

pm).
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Figure 3.14: Changes of DCW, glucose, erythromycin production, CER, RQ and DOT at

7-L fermentation of S. erythraea using complex medium (stirrer speed = 1000 rpm).
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Figure 3.15: Changes of DCW, glucose, erythromycin production, CER, RQ and DOT at

7-L fermentation of S. erythraea using complex medium (stirrer speed = 1250 rpm).
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The reproducibility of the system was excellent at 350 rpm and 500 rpm and the
differences in time course of the fermentation at 750 & 1250 rpm might be caused by
variation in the condition of the inoculum. Although great precaution was taken to
have the same inoculum for all the experiments. However, still some differences

between the quantity of the biomass and its morphology occurred (see Table 3.5).

Table 3.5: DCW and morphology of the inoculum

Fermentation DCW (gL") | Mean major axis of | %Clump
the mycelia (um)

A350 2.6 50.1 77
B350 2.5 51.8 68
A500 2.0 55 91
B500 1.9 47.8 65
A750 1.5 - -

B750 2.1 448 76
A1000 25 58.7 92
A1250 23 439 87
B1250 2.6 56.5 91

There was a similar pattern in each experiment of the rapid growth phase from 10 to
25 h, followed by deceleration phase till 40 h. Maximum biomass concentration was
lower at higher speeds (Figures 3.11 & 3.15). Maximum biomass was 11.1 £ 0.5 gL
at 1250 rpm, whereas it was 12.7 + 0.2 gL' at 350 rpm. The growth rate was relatively
high in all the experiments, the data is not sufficient to calculate the exact growth rate
for the cultures, and maximum specific growth rate was about 0.15 - 0.20 h' , and
occurred around 20 h. For comparison of fermentations at different stirrer speeds, the
data on each measurement at each speed were pooled and a curve representing the
average time course constructed (by hand) through the points, and average time course
was shown for all the experiments in Figure 3.16. It appears that the maximum

biomass
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concentration was slightly higher at 350 rpm compared with other stirrer speeds. The
biomass decreased to 9-9.5 gL' for 500, 750, 1000 and 1250 rpm toward the end of
the fermentation (120 h), and it was slightly higher (10 £ 0.2 gL™) at 350 rpm.

The pattern of glucose consumption was similar to each other (Figures 3.11, 3.12,
3.13, 3.14 and 3.15). The initial concentration of glucose was 32 gL' which was 2 gL
! above the considered concentration of the glucose in the medium, due to the addition
of unconsumed glucose in the inoculum to the medium. Glucose concentration
decreased slowly to 25 gL in the early stage of the growth, followed by a rapid
decrease in the rapid growth phase, and it was almost depleted by 50 -60 h.

The concentration of KH,PO, was 0.7 gL' at the start of the fermentation which
correspond to 0.5 gL' of PO, or 0.16 gL" of phosphorus. The concentration of
phosphate in fermentation samples was only measured for B350 and B1250 and is
plotted against time in Figure 3.17. The concentration of phosphate decreased from
0.7 gL at the start of the fermentation to 0.07-0.11 gL' at the end of the rapid growth
phase (20 - 25 h) in both experiments. The level of phosphate was slightly less at
higher stirrer speed (1250 rpm) compared to lower speed (350 rpm). The
concentration of phosphate decreased till 40 h and then it was fluctuated toward the
end of the fermentation. It should be noted that the method used for phosphate

measurement was not accurate for concentrations below 0.1 gL”.
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Figure 3.17; Changes of phosphate concentration during fermentations at 350 (—#—)

and 1250 rpm (—A—).

The time course of the carbon dioxide evolution rate (CER) and respiratory quotient
(RQ) for fermentation agitated at 750, 1000 and 1250 rpm are shown in Figures 3.13,
3.14 and 3.15. Data for the oxygen uptake rate (OUR) and consequently RQ is not
available for 350 rpm and 500 rpm fermentations (see section 2.2.4), and the time
course of the CER for these experiments are shown in Figures (3.11 & 3.12). The data
suggested that germination began around 5 h. The peak of CER occurred around 20-
25 h and it was about 40 mmolL'h" at lower speeds (350, 500 and 750 rpm) and 32
mmolL'h" at higher speeds (1000 and 1250 rpm). At 1000 rpm, the RQ was almost 1
in the early stage of the growth, it decreased to 0.85 at the end of the rapid growth
phase (25h) followed by an increase in slow growth phase (25-35h) to 1 and then
decreasing again to 0.85. At 750 and 1250 rpm, RQ is almost 1.0 during the
experiments, without any special trends, except it is increasing to 1.1 during the rapid
growth phase. The differences between RQ at 1000 rpm and 750 or 1250 rpm was not

significant and might be because of experimental errors like calibration errors.

Erythromycin production started from the beginning of the fermentation at a very

slow rate and the concentration was 30 - 40 mgL' at the end of the rapid growth phase
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(20 - 25 h) (Figures 3.11, 3.12, 3.13, 3.14 & 3.15). Erythromycin was produced at the
highest rate in deceleration phase and the level of erythromycin was about 400 mgL™
at the end of the deceleration phase (40 h). Then erythromycin production continued
till 70 h. The level of the erythromycin tended to increase slightly between 70 to 110
h (Figure 3.16). The final level of erythromycin (average value between 90 to 110 h)
was higher at lower stirrer speeds (Table 3.3.2.3). The final level of erythromycin was
736 + 49 mgL™" at lower speeds (350 ), decreasing to 570 + 32 mgL" at higher speeds
(1000 and 1250 rpm). Specific erythromycin (mg (g cell)’) was almost the same at
stirrer speeds of 350 to 1000 rpm, and it decreased by 10% at 1250 rpm (Table 3.6).

Table 3.6: Final level of erythromycin for fermentation

at 7-L scale

Stirrer Concentration of | Specific erythromycin
speed (rpm) | erythromycin (mgL") | (mg (g cell)”)

350 736 £ 49 58+3.8

500 692 +£ 26 59.5+2.4

750 665 + 37 57.1+3

1000 652+ 13 59.9+1.2

1250 571+£32 52+ 1.8
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3.3.3 Effect of agitation on morphology of cell

Microscopical observation showed that there were no pellets in these experiments,
except in very few cases in fermentation at 350 rpm (Figures 3.18 and 3.19). The
results of the determination of morphological measurements (see Table 2.6 for
definition of the morphological parameters) are shown in Figures 3.20 to 3.28
according to Table 3.7. The data at any stirrer speed are for two sets of the
experiments (except at 1000 rpm) demonstrating the degree of reproducibility of the
results. Dotted lines representing the trend of the data and are fitted (by hand) through

the points.

Table 3.7: Figures corresponding to morphological parameters

Figure Morphological parameters'”

3.20 mean major axis ©

3.21 mean major axis for mycelial clumps

3.22 minor axis / major axis for mycelial clumps

3.23 mean clump area

3.24 roughness of the mycelial clumps

3.25 percentage of the clumps area

3.26 mean main length of the freely dispersed mycelia
3.27 mean branch length of the freely dispersed mycelia
3.28 mean number of tips for freely dispersed mycelia

(1) see Table 2.6 for definition of the morphological parameters

(2) data is for both freely dispersed mycelia and mycelial clumps

The mean major axis of the mycelia (both freely dispersed and clump) tended to
increase during the rapid growth phase (10 to 20-25 h), and then decreased to an
equilibrium size at 60-70 h (Figures 3.20 and 3.21). The equilibrium major axis was
lower at higher speeds. It appeared from the data in Figures 3.20 and 3.21 that the

mean major axis slightly increased after 60-70 h, but its increase appears to be in the
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range of the experimental errors. On average the standard deviation was 3.5% of the
mean value for the data in Figure 3.20 and 6.2% for the data in Figure 3.21 (section
2.3.8). The equilibrium major axis for all the experiments (arithmetic mean of the data
after 70 h) is shown in Table 3.8. Figures 3.20 and 3.21 also showed that mycelia have
a lower breakage rate after the deceleration phase (40 h) compared with deceleration
phase (20-25 to 40 h). Reproducibility of the data in Figure 3.20 was good after the
end of the rapid growth phase (after 20-25 h).

Table 3.8: Equilibrium mean major axis (um)

Fermentation | Equilibrium mean major axis | Equilibrium
of the mycelia (both freely | mean  major
dispersed and clump) axis of clumps

A350 49.5+2.0 79.1+£5.0
B350 50.6+1.3 84.5+ 1.2
A500 44.0 £1.3 76.7 £3.1
B500 433+ 1.5 726+4.2
A750 39.1+22 65.6+1.0
B750 41.1+1.6 65.2+2.0
A1000 359+1.5 61.5+3.8
A1250 326+1.3 527+1.2
B1250 33.0+£1.0 50.6+2.3

The mean minor axis had the same trend as major axis. It increased up to 20 - 25 h
and then decreased to the equilibrium size at 60-70 h. The ratio of mean minor axis to
mean major axis (OB / OL) are shown in Figure 3.22. The value of (OB/OL) was
(0.6-0.7) before the end of the rapid growth phase (20-25 h) and it tended to decrease
progressively with stirrer speed and over the course of the fermentation till 60-70 h.
The value of (OB/OL) after 65 h was 0.53-0.57 for lower stirrer speeds (350 and 500
rpm) and it was 0.45-0.5 for higher stirrer speeds (1000 and 1250 rpm).

Mean clump areas for fermentations agitated at 500, 750, 1000 and 1250 rpm tended

to decrease till 50 h progressively with increasing stirrer speed and over the course of
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the fermentation (Figure 3.23). Clump area fluctuated around its value at 50 h till end

of the fermentations.

The roughness for the clumps are shown in Figure 3.24. The reproducibility of data is
poor. Roughness tended to increase till 20-25 h (except for B1250) and it tended to
decrease progressively to its minimum value at (40-50 h). Roughness tended to be
lower at higher stirrer speeds (1000 and 1250 rpm) comparing with lower stirrer

speeds (350, 500 and 750 rpm).

The percentage of the clump area decreased from the beginning at higher stirrer
speeds (1000 and 1250 rpm) to 30% at the end of the deceleration phase (40 h) and it
was between 30 to 50% after 40 h (Figure 3.25). On the other hand for the lower
stirrer speeds (350, 500 and 750 rpm) the percentage of the clump area increased to
85-90 % up to 15-20 h followed by a decrease to a minimum value at 45-50 h (Figure
3.25). Its minimum value was 40 + 6% at 750 rpm, 52 + 5% at 500 rpm and 57.5 £
2.5% at 350 rpm. After 45 h the percentage of the clump area was (55 = 15%), (60 £
10%) and (65 + 10%) at 750, 500 and 350 rpm respectively.

The mean main length of the freely dispersed mycelia tended to increase during the
rapid growth phase (10 to 20-25 h) to its maximum value (50 pm to 60 pm), and then
decreased towards the end of the fermentation (Figure 3.26). The data for the period
of 0-25 h was not enough to compare the results, and the reproducibility was poor in
this period (Figure 3.26). The differences in the morphological parameters of the
inoculum (Table 3.5) might be a reason for poor reproducibility in this period. After
the end of the rapid growth phase, the main length decreased and the rate of its
decrease is higher at higher stirrer speeds. The minimum value for the mean main
length was 28-33 pm, for all the experiments during 120 h of the fermentation.
However this minimum value for mean main length occured at 75 h at higher speeds
(1000 rpm and 1250 rpm), whereas it was at 100 h at 500 and 750 rpm and at 120 h
for 350 rpm. The reproducibility of the data at different speeds was good after 25 h for
all stirrer speeds (Figure 3.26).
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The mean branch length tended to increase during the rapid growth phase from 8 + 1
pm to 11.5 £ 0.5 pm, followed by a decrease after the end of the rapid growth phase
to 8 £ 1 um (Figure 3.27). The number of tips generally increased during the rapid
growth phase to 3.3 + 0.3 followed by a decrease after the end of the rapid growth
phase to 2.7 £ 0.2 for higher speeds (750, 1000 and 1250 rpm) and 2.9 £ 0.1 for the
lower speeds (350 and 500 rpm) (Figure 3.28). This indicated that the number of tips
tended to be lower at higher speeds. These results also showed, the majority of the
freely dispersed mycelia were unbranched or had only one branch. Nearly, 50% of the
total number of the organisms were without any branches (data not shown). The
percentage of non-branched organisms was 50-60% at 1250 rpm and 40-50% at 350
rpm (data not shown). The reproducibility for the number of tips was better at higher

stirrer speeds (Figure 3.28).

The size distribution for major axis of the mycelia (both freely dispersed and clumps)
for fermentation samples at 1250 rpm are shown in Figures 3.29. The size distribution
showed wider range of the size of the organism at the beginning and then it became
narrower till 60 - 65 h. The standard deviation for above histograms and also for
fermentation at 350 and 1250 rpm are shown in Figure 3.30. The standard deviation
tended to decrease progressively with stirrer speed and over the course of the
fermentation till 60-65 h and then it increased toward the end of the fermentation

(Figure 3.30). These results will be discussed in section 5.3.

131



20 Samples taken at 17 h (—— )
andat64h(--- )
15 " ’
()
(@)
i)
[
R 10}
o)
[
5k
0 = -v. Iv~-o
Sample takenat64 h (-~ )
2r and at 116 h (—— )
15 |-
D
(@)}
8
C
B1o L
o
5
Op % v vy , T
0 20 40 60 8 100 120 140 160
Major axis
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for fermentation samples agitated at 1250 rpm.
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3.3.4 Effect of agitation on rheology of the culture

3.3.4.1 Changes of rheology during fermentations

It was shown (section 2.3.9) that power law model fitted well for the experimental
data. Therefore, the rheology of the broths described by the consistency index, K, and
the flow behaviour index, n, and apparent viscosity (p,) was calculated (equation 2.5)
by these parameters. The variation of rheological paramters (K, n and p,) for the

fermentation broths agitated at 350 rpm and 1250 rpm are shown in Figures 3.31 and

of the data.

Consistency index, flow behaviour and apparent viscosity showed relatively good
reproducibility. The consistency index and flow behaviour index changed
continuously during fermentations (Figures 3.31 and 3.32). The culture initially had
water-like Newtonian properties, but developed non-Newtonian shear thinning
characteristics during the early stage of growth which lasted to about 10-15 hr. During
this period the biomass concentration increased slowly to a value of about 3 gL
(Figures 3.31 & 3.32), the corresponding flow behaviour index, n was about 0.6
(Figures 3.31 & 3.32). The flow behaviour index fell to about 0.35 during the rapid
growth phase lasting for a further 15 hr. Following the rapid growth phase, the flow
behaviour index remained practically unchanged for up to approximately 40 hr
beyond which it gradually increased to about 0.45 after about 60 hr, changes in flow
behaviour index changed slightly between 60 and 120 hours of the fermentation.

For the fermentation samples agitated at 350 rpm, consistency index, K, increased
from 0.0013 Pa.s" at the start of the fermentation to its maximum value 0.92 £ 0.03
Pa.s", at the end of the rapid growth phase (25 hr) and it was almost constant during
the deceleration phase (25 - 40 h) (Figure 3.31). The maximum value of the
consistency index was 0.40 + 0.03 Pa.s" for the fermentation broths samples agitated

at 1250 rpm (Figure 3.32). This significant difference in the maximum consistency
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index of the broths agitated at 350 rpm and 1250 rpm could be partly due to the
smaller size of the mycelia (e.g. major axis) at higher stirrer speed and this will be
discussed in section 5.4. The value of the consistency index decreased sharply after
the end of the growth phase (40 h), to 0.27 £ 0.02 Pa.s" at 70 h for the fermentation
samples agitated at 350 rpm (Figure 3.31), whereas its value decreased to about 0.13 £
0.02 Pa.s" for the fermentation samples agitated at 1250 rpm (Figure 3.32). These
differences in consistency index will be discussed in section 5.4. Between 70 to 100 h,
the consistency index tended to increase slightly for the fermentation broths agitated

at 1250 rpm (Figure 3.32). This slight increase of cbnsistency index after about 70 h,
| also dbsérved fbr éxpeﬁrﬁents at 500, 750 an'd '1000'rp'm (F'igl'lre. 3A.33.) énd Will Be

discussed in section 5.3.

Apparent viscosity, ,, obtained from p, = K(k,N)™' (see section 2.3.9), indicating that
agitation speed of fermenter (N) can affect apparent viscosity of the broth directly and
indirectly. Stirrer speed affects apparent viscosity directly through the relation N™'
and can affect it indirectly through the variation on value of the consistency index, K.
Shear thinning behaviour of the broths (n<1) leads to lower value of apparent
viscosity at higher stirrer speed according to relation p, o (N)™'. In addition, as was
mentioned earlier, the value of K was lower at higher stirrer speed at the same period
of the fermentation. Both of these effects lead to a lower value of apparent viscosity at

higher stirrer speed (Figures 3.31 and 3.32).

Consistency index and flow behaviour index of the fermentation broths agitated at
350, 500, 750, 1000 and 1250 rpm are shown in Figure 3.33 to compare the results at
différent Vspreeds. Data‘ for therfer»m»ent»ati»on-s z;t 350 and 1250 r;»)mA are fro£n two s.ets. of
data and the data for 500, 750 and 1000 rpm are for A500, B750 and A1000
respectively. The consistency index increased during growth phase (till 30-40 h) and
the flow behaviour decreased during this period. The fermentation broth showed
Newtonian behaviour at the beginning, then the flow behaviour decreased to 0.35-0.4
at 30 - 40 h and the consistency index increased to its maximum value 0.92 + 0.03
Pa.S" at 350 rpm and the maximum value for the consistency index was 0.4 £ 0.03

Pa.s” at 1250 rpm. The consistency index decreased and flow behaviour index
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increased after end of the growth phase for all the experiments till 60 - 70 h, and the
rheological parameters changed little after this time. Between 70-100 h there was a
slight trend of increasing consistency index, whereas the flow behaviour decreased
slightly in this period. For the same period of the fermentation before 70 h, the
consistency index tended to be lower at higher stirrer speeds (Figure 3.33). These

results will be discussed in section 5.4.

3.3.4.2 Relation between rheology and biomass concentration

In order to find the influence of biomass concentration in the absence of any
mofphologicél cAhanges,’ sémplés were removed from the fermenter and diluted with
its own supernatant to different biomass concentrations, and used to estimate the
dependence of consistency index on the biomass concentration. Samples were selected
from fermentations at the lowest speed (350 rpm), highest speed (1250 rpm) and a
mid-range speed (750 rpm). The dry cell weight of the samples used for determination
of rheology was between 3 to 12 gL, Figure 3.34 shows the changes of consistency
index with biomass level for different samples on a log-log plot. Figure 3.34 showed a
good agreement for equation (K o (DCW)®), The regression correlation (R?) was
between 0.95 to 0.99. Figure 3.34 shows, ‘c’ changes between 1.92 to 2.45 with
average value of 2.1 and standard deviation of error was 9% of the mean. Therefore,

this data suggested the relation between consistency index and biomass as:

K < (DCW)*! (3.1

The variation of ﬂowr béhavibur (h) Wiih Bidmass was also plottéd on a log-log plot
(Figure 3.35). The correlation coefficient (R?) of the lines was between 0.90-0.99. The
slope of the fitted lines varies between 0.34 to 0.51 with average value of 0.43 and
standard deviation of the error was 14% of the mean. Therefore, this data suggested

the relation between flow behaviour and biomass as:

n oc (DCW)4 (3.2)
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3.3.4.3 Relation between rheology and morphology

During the course of a batch filamentous organism fermentation considerable changes
in both organism concentration and morphology occur. Both of these effects have a
profound influence on the rheological properties of the fermentation broth (see section
1.5.2). Having estimated the effect of biomass on consistency index (section 3.3.4.2) ,
it was possible to seek the relation between the consistency index and the
morphological characteristics of samples taken during the fermentation at the different

stirrer speéd acdordihg to éqhaﬁoh 3.3 ‘(OrlsVik‘et‘al.‘, 1‘99‘3)5
K/ (DCW)° = constant x (MP)". ... (3.3)

where MP is morphological parameter (e.g. major axis). The value of ‘c’ was
estimated to be 2.1 (equation 3.1). Therefore, the relation between consistency index
and biomass is considered as (K o (DCW)*'). Variation of K / (DCW)*! during the
fermentation at different stirrer speeds is shown in Figure 3.36. Value of (K a
(DCW)?*') decreased sharply between 30-70 h. The size of the mycelia (main length or
major axis) or size of the clump (e.g. major axis) also decreased during this period
(Figures 3.20 & 3.26), which could be partly attributed for decreasing of (K/(DCW)*')
during this period. Value of (K/(DCW)*") changed little during the period of 70 to 120
h and the variation in the morphological parameter (e.g. major axis) in this period was
also little (Figure 3.36). The value of (K/(DCW)?*') tended to be lower at higher stirrer
speed (Figure 3.36), which could be partly due to smaller size of the mycelia (e.g.
major axis) at highe; srtirrrerr spegd.rThes‘e Vres‘ulfts ‘sugggstred_thrat there_ should be a

relation between rheology of the broths and morphology of the cells.

The relation between consistency index and different morphological parameters was
examined according to equation 3.3 using linear regression in log-log scale (e.g.
Figure 3.37 for major axis) and its results was summerised in Table 3.9. The
correlation coefficient (R?) obtained from this linear regression (Table 3.9) indicated

that the interpretation of the
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Figure 3.36: Variation of the value of K/(DCW)*' during the S. erythraea
fermentation at 7-L scale and agitated at 350 (%), 500 (3), 750 (), 1000 (0) and
1250 rpm (4). Units is gL for DCW and Pa.s" for K.
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consistency index according to equation 3.3 was not good (Table 3.9). These results

will be discussed in section 5.4.

K/(DCW)*"

30 70
Mean major axis of the mycelia
(freely dispersed and clumps) (pm)

Figure 3.37: Variation of the value of K/(DCW)*' with major axis of the mycelia.

Table 3.9: correlation between consistency index and morphological parameters

mophological parameter experession for K R?

Mean major axis of the | K oc (DCW)*'(OL)" 0.57
mycelia (both freely
dispersed and clumps) (OL)

Mean clump area (CA) | K oc (DCW)*/(CA)*®  [0.26
Average length of the clumps | K oc (DCW)*'(aveL)"” 0.45
(avel)

Mean main length (ML) K < (DCW)*'(ML)"* 0.44
Total hyphal length (HL) K o (DCW)*'(HL)""™* 0.45
Roughness of the clumps (R) | K < (DCW)*!(R)** 0.18
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3.4 Effect of agitation at 450-L scale

Two fermentations were carried out at 450-L scale at 300 rpm and 450 rpm, giving tip
speeds of 3.14 and 4.71 ms™ respectively. DOT at 450 rpm never was below 65% and
it was kept above 50% for the fermentation at 300 rpm by adjusting pressure of the
fermenter manually (See section 2.2.8.2). Pressure was increased manually to 0.35 bar
in the rapid growth phase (10 to 25 h) to keep the dissolved oxygen tension above

50%.

3.4.1 Growth and erythromycin production

The trend of growth rate for both fermentations at 300 rpm and 450 rpm was similar
to fermentation at 7-L scale. Rapid growth phase was between 10 to 25-28 h, followed
by deceleration phase till 40 h. Maximum dry cell weight was obtained at 40 h and it
was 12.1 gL' at 300 rpm and 11 gL' at 450 rpm (Figures 3.38 & 3.39). The data for
carbon dioxide evolution rate and RQ is not available for fermentation at 450 rpm and
for fermentation at 300 rpm is shown in Figure 3.38. The peak of CER was at 25 h
and it was 33 mmol L'h". RQ was almost 1 during the experiment. There was the
same trend for glucose consumption for both fermentation and it was decreased from
32 gL' to 27 gL! at the early stage of the growth, followed with a sharper decrease in
rapid growth phase and it was almost consumed till 60 h (Figures 3.38 & 3.39). The
trend for erythromycin production was also the same as 7-L scale. Erythromycin
production rate was slow at rapid growth phase (till 25 h), followed by its highest rate
of production in deceleration phase (25 to 40 h). Then erythromycin production
continued to the level of 680 mgL™" in experiments at 300 rpm and the maximum level

of erythromycin was 650 mgL™" in experiments at 450 rpm (Figures 3.38 & 3.39).
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Figure 3.38: Changes of DCW, glucose, erythromycin production, CER , RQ and

DOT at 450-L fermentation and 300 rpm of using complex medium.
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~ Figure 3.39: Changes of DCW, glucose and erythromycin production at 450-L

fermentation of S. erythraea using complex medium (stirrer speed = 450 rpm).

3.4.2 Morphology

The variation of morphological parameters including mean major axis, mean main
length, clump area and the percentage of the clump area are shown in Figure 3.40. The
trend of moropholgical parameters were similar to 7-L scale. The mean major axis
tended to increase from the beginning till end of the rapid growth phase (30 h) and
then it decreased progressively over the course of the fermentation till 70-80 h (Figure
3.40). The mean major axis of the mycelia (both clumps and freely dispersed) between
80 to 110 h was 43.5 £ 2 pm for fermentation at 300 rpm and it was 37 £ 2 pm at 450
rpm. The percentage of the clump area for fermentation at 450 rpm decreased from the
beginning to its minimum value (33%) at 40 h and then it increased. The percentage
of clumps area after 40 h for fermentation at 450 rpm was between 33 and 52%
(Figure 3.40). Percentage of the clump area for fermentation at 300 rpm, increased till
20 h and then it decreased till 40 h. The ﬁerbeﬁta_ge"of the clumps area after 40 h for
fermentation at 300 rpm was 56-68%. Mean main length of the mycelia and clumps
area had the same trend as major axis (Figure 3.40). These results will be discussed in

section 4.
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