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Aspergillus terreusBroth Rheology, Oxygen Transfer, and Lovastatin Production
in a Gas-Agitated Slurry Reactor

E. M. Rodriguez Porcelt J. L. Casas Lmpez,*" J. A. Sanchez Peez,' J. M. Fernandez Sevillal
J. L. Garcia Sanchez! and Y. Chisti*

Department of Chemical Engineering, Warsity of Almeta, 04120 Alm€rn, Spain, and Institute of Technology
and Engineering, Massey Umrsity, Private Bag 11 222, Palmerston North, New Zealand

A 20 L gas-agitated slurry bubble column bioreactor was used to investigate the effects of nonmechanical
low-intensity agitation on development of broth rheology and fungal pellet morphology during production of
lovastatin by the filamentous fungusspergillus terreus Fermentations were carried out under elevated
dissolved oxygen levels (400% of air saturation) at gassing rates that ranged from 0.5 to 1.5 vvm. Various
initial concentrations of the growth limiting nitrogen source were used to attain different total biomass
concentrations, to observe the effect of this variable on development of pellets and the rheology of the
fermentation broth. The non-Newtonian rheology of the fermentation broth was influenced both by the biomass
concentration and the size of the fungal pellets. The stable pellet diameter rangedZ8a9 to~2900um.

Too low turbulence (gassing rate of 0.5 vvm) and low dissolved oxygen levels adversely affected lovastatin
production. The best biomass specific production of lovastatin was attained at high biomass concentrations
under oxygen-rich conditions that were not excessively turbulent. In fermentation broths with various rheologies,
the oxygen-transfer coefficient in the bubble column correlated with the aeration velocity, biomass concentration,
and effective viscosity of the broth. The correlations obtained were significantly different for broths with
pelleted growth and those with filamentous growth.

1. Introduction hydrodynamic shear stress and a high oxygen level are indicated
for superior production of lovastathHydrodynamic shear
forces are known to affect the morphology of numerous other
filamentous fungf. 12

We have previously reported of. terreusfermentations
conducted in conventional stirred tarfi@&hut intense mechanical
agitation damaged fungal pellets and reduced production of
lovastatin. To circumvent this problem, this work used a gas-
agitated slurry bubble column to cultur&. terreus The
relationships among lovastatin production, pellet morphology,
and the broth rheology were studied. The variables investigated
were the composition of the aeration gas (standard air@r O
enriched air), gas flow rate (0.5, 1, and 1.5 vvm), and the
concentration of growth-limiting nitrogen source in the medium.

he latter was used to influence the biomass concentration
attained so that the effects of biomass concentration on fungal
broth rheology and pellet development could be assessed.

Cholesterol lowering drug lovastatin is commercially pro-
duced by submerged culture of the filamentous funisigergil-
lus terreus(A. terreus.>? Fermentations are usually carried out
in stirred tanks. Optimal fermentation medium consists of lactose
and soybean meal to provide a C:N mass ratie@0 g g2, or
greater Use of this medium achieves a lovastatin yield-&00
mg (g N) * within 7 days in an oxygen-rich environment at 28
°C.2 Maintaining a high concentration of dissolved oxygen is
essential for attaining a high titer of lovastatin. Lovastatin
production is self-inhibitory.

Growth morphology of the fungus influences lovastatin
production® In pelleted growth ofA. terreusin mechanically
agitated submerged batch fermentations, the biomass growt
profiles are little affected by the agitation tip speed (@171
m s1) or the mode of aeration (air or oxygen enriched gas);
however, the agitation speed significantly affects the pellet
morphology and lovastatin production. Agitation tip speeds of
>2.03 m s! damage fungal pellets 0f1200 um initial 2. Materials and Methods
diameter, reducing them to a final stable pellet diameter@d0
umB® At lower agitation speeds, the stable maximum pellet
diameter exceeds2500um. Pellets of this size produce high
lovastatin titers when aerated with oxygen enriched gas but not
with air.®> Much smaller pellets produced under intense agitation
(impeller tip speed>2.71 m s?) give poor productivities of
lovastatin, irrespective of the mode of aeration used. This

suggests that a h'gh oxygen concentration in the peIIet. 'S Tween 20. The resulting suspension was centrifugezB0Qy,
necessary but not sufficient for attaining a high titer of lovastatin. : : - A
5 min), and the solids were resuspended in sterile distilled water.

Pellets that are relatively less _dense and_ have a ﬂIamentousThe spore concentration was determined spectrophotometrically
morphology are better at producing lovastatin compared to small at 360 nm. A standard curve was used to correlate the optical

denser pellets. Thus, both an upper limit on acceptable density to direct spore counts that had been made with a flow
cytometer (Coulter Epics XL-MCL).

2.1. Microorganism and Inoculation. Aspergillus terreus
ATCC 20542 was obtained from the American Type Culture
Collection. The fungus was maintained in Petri dishes of PDA
(potato dextrose agar). After inoculation from the original slant,
the dishes were incubated at 28 for 5 days and subsequently
stored at 5C. A suspension of spores was obtained by washing
the Petri dish cultures with a sterile agueous solution of 2%

* To whom correspondence should be addressed. E-mail: jlcasas@

ual.es. 2.2. Growth Conditions. Fungal pellets were obtained by
T University of Almeria. germination from spores suspended in 250 mL medium in 1000
* Massey University. mL shake flasks held on a rotary shaker (150 rpm;,@848
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Exhaust gas tions of conditions. Four of the fermentations were replicates
0, CO,. pH, that were used to assess reproducibility.
temperature | ------------- 2.4. Rheological Measurementfkheological parameterk (
fransmitters ] Bubble column n) were measured using a programmable rotational viscometer
slurry reactor (Brookfield DV-II+ with standard vane spindle V-72, 21.7 mm
?:;i‘:]zpz:teh diameterx 43.3 mm height; Brookfield, Middleboro, MA). All
(8°C) measurements were carried out at°’28in a glass vessel of 35

0, mm diameter, filled to 70 mm, following the method described
in Casas Lpez et af

2.5. Morphological MeasurementsThe fungal pellet mor-
phology was characterized using image analsiBrior to
imaging, each sample of the fermentation broth was processed
Ly Ly as follows: 10 mL of sample was decanted and washed twice
HCl Ba(OH), with 20 mL of distilled water. Within a sample, 100 objects
were analyzed for each determination. The image was captured
with a CMOS camera (Evolution LC Color; Media Cybernetics,
Inc., Silver Spring, MD) mounted on an inverted microscope
(Leica DMIL) that used a 4% magnification. Image analysis
was performed with the software package Image-Pro Plus 4.5.1
fMedia Cybernetics, Inc., Silver Spring, MD).

The changes in pellet morphology were quantified using the
lowing two measures: (1) the diameter corresponding to a
circular area equivalent to the total pellet projected area, as a
one-dimensional measurement of the pellet size; and (2) the
ratio between the area of the peripheral “hairy surface” and the
total area of the pellet. This ratio was termed the “filament ratio”.
These two measures provided a direct indication of the pellet
size and the proportion of filamentous growth in it. For instance,
in the early stages of fermentation, a young pellet would be

ypically characterized by a small diameter and a filament ratio

lose to 100%. As fermentation progressed, the filament ratio
would reduce.

2.6. Gas-Liquid Mass-Transfer and Specific Oxygen
Uptake Rate Measurements.The overall gasliquid volu-
metric mass-transfer coefficiett a and oxygen uptake rate
(OUR) were measured using a modified dynamic gassing in
method!® involving an oxygen mass balance. The modified
dynamic method used did not require any change to the flow
rate of the aeration gd4.An instantaneous step change in the
composition of the aeration gas (i.e. air to pure oxygen) was
used exclusively to alter the mass-transfer driving force, so that
the hydrodynamic regimen in the bubble column was not
disturbed during the measurement. The flow rate of the aeration

(Figure 1). Experiments were conducted with air and oxygen- gas was measured by a mass flow meter (Omega FMA-1800).

) ) 0 L The dissolved oxygen concentration was measured using a
(Table 1). When oxygen enriched af was used. the dissoled PO100TapHC electiode (Metler Toledo; InPro 6100/220T)
oxygen concentration in the liquid was controlled at 400% of E'ectri’gg tﬁhar?ctenstﬂcs lcart1 |(;1f|uence tm% measure-
air saturation. The gas leaving the reactor was recirculated in aments,~= therefore, he electrode response dynamics were
closed loop. Prior to recirculation, carbon dioxide was removed characterized experl.mentally. A first-order response with time
by absorption in a Ba(OH)olution and pure oxygen was added delay was observed; thus,
to maintain the specified oxygen level. Absorption in barium
hydroxide ensured that the carbon dioxide concentration in the C (t—t) =Cu(t) + 1 dCe(t) (1)
sparged gas remained aD.1% (v/v) CQ. Oxygen and C@ L d E k dt
partial pressures in the gas stream were measured with on-line
sensors (Adaptive Biosystems Ltd., U.K.). whereC_ is the concentration of dissolved oxygen at titne

The combinations of various variables studied in different Cg(t) is the electrode response signal at titng is the delay
runs (fermentations) are summarized in Table 1. A total of time, andk is a time constant. The dissolved oxygen readings
eleven fermentations were conducted under different combina-were corrected to take into account the delay titge<5.2 +

Computer

Water
bath (28 °C)

Blower
Figure 1. Slurry bubble column bioreactor setup.

h). The initial spore concentration was 3:5 10f/mL. The
culture medium contained lactose as carbon source and soybeal
meal as nitrogen source. The medium contained the following
per liter: 114.26 g of lactose, 5.41 g of soybean meal, 0.8 g of fol
KH2POy, 0.4 g of NaCl, 0.52 g of MgS®7H,O, 1 mg of
ZnSQ-H,0, 2 mg of Fe(NQ)3-9H,0, 0.04 mg of biotin, and 1

mL of a trace element solution. The trace element solution
contained the following (fol L of solution): NaB4O;+10H,0O,

100 mg; MnC}-4H,0, 50 mg; NaMoQO,4-2H,0, 50 mg; CuSQ@
5H,0, 250 mg. The initial pH was adjusted to 6 with 0.1 M
NaOH.

A 900 mL inoculum from the shake flask fermentation stage
was used to seed the slurry bubble column bioreactor operate
at 28°C. The medium was the same as that specified above.
Fermentations lasted around 8 days.

2.3. Slurry Bubble Column Fermentations.Fermentations
were conducted at 28C in a 20 L (17 L working volume)
bubble column bioreactor with an aspect ratio of 6 (Figure 1).
The diameter of the reactor vessel was 0.155 m. Gas was
sparged through a perforated plate (150 holes of 1.5 mm
diameter) located at the base of the reactor. The gas flow rate
was held constant at 0.5, 1.0, or 1.5 vvm in the various runs
(Table 1), except during l§, a measurement, as discussed later
in this paper. The reactor was fitted with a jacket for temperature
control. The top degassing zone of the column had a jacket of
its own, and this was cooled at°€ to prevent wall growth

Table 1. Specific Conditions Used in the Various Fermentation Runs in the Bubble Column

run | run run Il run IV run' VvV run VI run VIl run VIII run IX run X run XI
nitrogen (g L) 0.15 0.15 0.15 0.15 0.15 0.15 0.46 0.46 0.92 0.92 0.92
gas flow rate (vvm) 1.0 1.0 1.0 0.5 15 15 1.0 1.0 1.0 1.0 1.0

gas-phase composition air air 80% O 80% & 80% & 80% & 80% & 80% & 80% & 80% & air



0.2 s at 95% confidence level) and the time constiart 0.064
+ 0.004 st at 95% confidence level).

The dissolved oxygen concentration was monitored as a
function of time. Once the medium was close to saturation with <
oxygen, the composition of the aeration gas reverted to that of
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air and the desorption step commenced.

The KL a and OUR values were obtained as the parameters
that provided the best fit of the measured dissolved oxygen
concentration profile to the profile generated with the following

equation:
R *
) + (CLO -C +

cL=(c*—

whereC* is the saturation concentration of dissolved oxygen,
Cyo is the initial concentration of dissolved oxygen, abglis

the biomass concentration. Equation 2 is the integrated form of
the dynamic mass balance of oxygen, i.e.,

C,0ou
K.a

C,OUR
K.a

e fat (2)

dc, .
— = KalC ) ~ GOUR

3)

2.7. Analytical Methods. 2.7.1. BiomassThe biomass (as
dry weight) was determined by filtering a known volume of
the broth through a 0.48m Millipore cellulose filter, washing
the cells with sterile distilled water, and freeze-drying the solids.

2.7.2. Lovastatin.Lovastatin was measured in jishydroxy
acid form by HPLC of the biomass-free filtered bré®i’ The
filtered broth containing thg-hydroxy acid was diluted 10-
fold with acetonitrile/water (1:1, v/v) prior to analysis. Phar-
maceutical-grade lovastatin (lactone form) tablets (Nergadan
tablets; J. Uriach and ‘@), S. A.) were used to prepare the
standards for HPLC analyses. Prior to use, the lactone form
was converted into itg-hydroxy acid form by dissolving the
tablets in a mixture of 0.1 N NaOH and ethanol (1:1, v/v),
heating the solution at 50C for 20 min, and neutralizing it
with HCI. HPLC was done on a Beckman Ultrasphere ODS
(250 x 4.6 mm i.d., 5um) column. The column was mounted
in a Shimadzu model LC10 liquid chromatograph equipped with
a Shimadzu MX-10Av diode array detector. The eluent was a
mixture of acetonitrile and 0.1% phosphoric acid (60:40, v/v).
The eluent flow rate was 1.5 mL mih The detection
wavelength was 238 nm. The sample injection volume was 20

ul.

3. Results and Discussion

Biomass concentration in batch runsXl increased with
fermentation time irrespective of the composition of the gas
used for sparging the culture (Figure 2). The final biomass
concentration depended on the initial nitrogen concentration in
the medium. For example, in runs-VI the final biomass
concentration was near 3.2 gL (Figure 2) for a nitrogen
concentration of 0.15 g 1! (Table 1). Runs VIl and ViIlI
attained a biomass concentration of 8:2 ¢ because of an
elevated initial nitrogen level of 0.46 gL (Table 1). Maximum
biomass concentration rose to 18.0 gtl(runs 1X, X, and XI,
Figure 2) when the initial nitrogen concentration in the medium
was 0.92 g L. In all cases, the biomass yield was close to the
theoretical yield on nitrogen, i.e., 21 g of biomass/(g of3N).
Increasing initial concentration of N in the medium delayed the
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Figure 2. Biomass concentration versus fermentation time.
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Figure 3. Pellet morphology: diameter versus fermentation time.
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Figure 4. Pellet morphology: filament ratio versus fermentation time.

The fungal pellet morphology as characterized by the mean
pellet diameter and filament ratio varied with fermentation time,
as shown in Figures 3 and 4. In general, the pellet diameter
was not affected much by the aeration rate but was influenced
more by the gas composition used (Table 1). Sparging with
normal air gave rise to smaller pellets than were obtained in
oxygen-rich environments, especially at the highest nitrogen

onset of the stationary phase from approximately at 75 h to aslevel (run XI). In the latter case, filamentous mycelial morphol-
late as 200 h (Figure 2). Data in Figure 2 suggest that oxygen ogy was predominant and accounted for 85% of the total fungal

was not a growth limiting factor in any of the runsXI.

biomass.
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Figure 5. Consistency index (a) and flow behavior index (b) of the broth
at various times during fermentation.

In both low-N and high-N runs, the-value initially declined
as the fermentation progressed (Figure 5b). The high-N broths
became highly pseudoplastitc € 1) during the first 75-100 h
from an initial dilatant § > 1) behavior as they attained much
higher biomass concentrations than did the low-N broths.

In all cases, the mean pellet diameter increased for the first Subsequently, the-value of high-N broths increased with

75 h of fermentation until a stable pellet diameter was attained. fermentation time. This was because by 100 h the pellet diameter
Pellet size did not increase further, even though the biomasshad stabilized near its maximum value but the concentration of
concentration in the broth continued to increase. Erosion of the pellets continued to increase. These observations about the
pellets prevented a further increase in size. effects of pellet morphology on broth rheology are consistent
At the two highest nitrogen levels tested (i.e. runs-|, with similar behavior that has been reported in mechanically
Table 1) the final stable pellet size 02700 um was agitated tank cultures . terreus® Once again, the predomi-
significantly larger than the 23Q@m final size attained in low- nantly filamentous broth of run XI had a different behavior
nitrogen runs (i.e., runs—VI; Figure 3) Furthermore, at the ~ compared with the broth of runs IX and X. The flow behavior
highest nitrogen level (i.e. 0.92 g’k runs IX and X) the pellets ~ index declined during the first 120 h (run XI) and remained at
size did not decline slightly as occurred in the lower-nitrogen around 0.6 until the end of the fermentation.
runs (Figure 3). This suggests that decline in size seen in the The availability of oxygen is known to play a significant role
low nitrogen runs was associated with erosion in the absencein lovastatin production byA. terreus In a bubble column
of ongoing biomass generation because of nitrogen limitation. reactor of a given configuration, mass transfer of oxygen
In the absence of nitrogen limitation, the biomass growth depends on the rheology of the fluid, the gdiguid interfacial
compensated to some degree for the loss by erosion. Thetension, and the superficial velocity of the aeration gas.
filament ratio was initially around 95% in all cases (Figure 4), Interfacial tension was discounted in this study as an influencing
but subsequently declined to around 40%. The hydrodynamic variable because the various fermentation broths all had a fairly
regime in the bioreactor caused pellets to grow as compact densgonstant surface tension value of 2&11.0 mN n1! (at 95%
particles in which the outer protruding hyphae were being forced confidence interval), and surface tension variation during a
to grow into the pellet. fermentation was negligible. Figure 6 shows e values
Rheological behavior of the bulk broth fitted to the Ostwald ~ measured at various times in selected fermentation runs that
deWaelle’'s power law model. Figure 5 shows tke and ranged in biomass concentrations from low to high and broth
n-values of the broth at different stages of the fermentation in morphology from pelleted to filamentous. For each rkpa
the various runs. A comparison of Figs 2, 3, and 5 reveals that was measured at two different values of the superficial aeration
the broth rheology was being affected both by the biomass velocity (Figure 6).
concentration and the pellet size. Low-N fermentations that The low-N culture (run VI) produced a low-viscosity broth
attained relatively low biomass concentrations (i.e., rungll and relatively steady values &f a during the fermentation. In
in Figure 5a) had a low value &f all through the fermentation.  every case, th&,a values increased with an increase in the
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The overall gasliquid oxygen-transfer coefficienk,a, was
fitted to the following equation:
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Figure 9. Biomass-specific production of lovastatin during fermentation.

Lovastatin concentration profiles for the various runs are

(4) shown in Figure 8. A comparison of Figure 8 with the biomass
concentration profiles (Figure 2) for the same runs revealed that
in general higher titers of lovastatin were attained in high-N
runs that also attained high concentrations of biomass. The
biomass-specific production of lovastatin (Figure 9) of the high-
biomass, high-N, runs was generally substantially higher than
for the other runs, except run IV. Runs |, I, and XI had a low
biomass-specific production of lovastatin because sparging with
normal air produced only a relatively low level of dissolved
oxygen. Run IV was also relatively low in dissolved oxygen
because the sparging rate was low at 0.5 vwm (Table 1).
Consequently, run IV had a low production of lovastatin. Runs
whereK andn were the consistency index and the flow behavior V and X had anomalously low production of lovastatin because
index of the fluid, respectively. The parametes, ¢, andd of poor starting inocula. In view of these results, good biomass-
had the values shown in Table 2. specific production and high bioreactor productivity of lovastatin

Figure 7 compares thi€ a values predicted with eq 4 and require both an oxygen-rich environment that is not excessively
the experimentally measured data. The mean absolute error ofagitated and a high biomass concentration that is attained by
the predictions was 7.4 10~ The superficial gas velocity  providing high levels of nitrogen.
was the major influence oi§_a, but broth rheology-associated Figure 10 shows the specific oxygen uptake rate (mmaél g
factors also had an influence (Table 2). Compared to eq 4, otherh™?1) values observed at various stages during the fermentation
authors have reported a stronger influence of apparent viscosityfor selected runs (runs V, VIII, X, and Xl). Data were similar
on K a 1°20in broths that generally focused on simulating the for the other runs. In all cases, a high initial OUR value of
filamentous fungal morphology. As has been pointed out in the around 1 mmol g* h™* indicated a vigorous culture under
past, the value of the exponeat(eq 4) is influenced by the  optimal conditions of growth. OUR declined rapidly with the
definition of shear rate in slurry bubble columns and other progress of fermentation, and by around 100 h the OUR value
pneumatically agitated bioreactors, but there is no generalwas=<0.5 mmol g* h-1. Near the end of the fermentations the
consensus about the precise value of the shear rate that existOUR value had declined t&0.2 mmol g! h~1, indicating a
in these reactor:2? slowed metabolism of the fungus.

KLa = aUgbAuefCde

whereUy is the superficial gas velocity (nT3, uetis “effective”
viscosity, Cy is the biomass concentration (kg &, anda, b,

¢, andd are experimentally fitted parameters. In keeping with
the literature on bubble columns and airlift bioreactors, the
effective viscosity for use in the above equation was defined as
follows:

Ut = KUg'F1 (5)
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Figure 10. Specific oxygen uptake rate during various fermentations.

The profiles shown in Figure 10 include cultures that had

very different biomass concentrations and were aerated with Ug

different compositions of the aeration gas. Similar variation of
OUR with fermentation time in fermentations that were quite

diverse suggests that the primary metabolism (i.e., cell growth) “ef =

was not particularly sensitive to oxygen concentration so long

Nomenclature

C* = saturation concentration of dissolved oxygen (mmoi)L

CLo = initial concentration of dissolved oxygen (mmoft1)

Cp = biomass concentration (g&)

Ce(t) = oxygen electrode response signal at tingemol L™1)

CL = concentration of dissolved oxygen (mmot?)

a = parameter in eq 4

b = parameter in eq 4

c = parameter in eq 4

d = parameter in eq 4

K = consistency index (Pd)s

KLa = overall gas-liquid volumetric mass-transfer coefficient
(s

k = electrode time constant (s)

n = flow index

OUR = specific oxygen uptake rate (mmofys1)

t = time (s)

tqy = delay time (s)

= superficial gas velocity (m$)

Greek Symbols
effective viscosity (Pa s)

as the concentration was close to or above the air-saturationLiterature Cited

value. However, the secondary metabolism (i.e., synthesis of
lovastatin) responded positively to elevated concentrations of
dissolved oxygen. Thus, within the experimental space, the OUR
had no influence on production of lovastatin. This suggests that

(1) Gbewonyo, K.; Hunt, G.; Buckland, B. Interactions of cell morphol-
ogy and transport processes in the lovastatin fermentaioprocess Eng.
1992 8, 1-7.

(2) Tobert, J. A. Lovastatin and beyond: The history of the HMG-CoA
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