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Abstract

Pellet growth ofAspergillus terreu&\TCC 20542 in submerged batch fermentations in stirred bioreactors was used to examine
the effects of agitation (impeller tip speedof 1.01-2.71 ms!) and aeration regimens (air or an oxygen-enriched mixture
containing 80% oxygen and 20% nitrogen by volume) on the fungal pellet morphology, broth rheology and lovastatin production.
The agitation speed and aeration methods used did not affect the biomass production profiles, but significantly influenced pellet
morphology, broth rheology and the lovastatin titers. Pellets00um initial diameter were reduced to a final stable size of
~900um when the agitation intensity wass00 rpm (i > 2.03m s ). A stable pellet diameter o£2500p.m could be attained
in less intensely agitated cultures. These large fluffy pellets produced high lovastatin titers when aerated with oxygen-enriched
gas but not with air. Much smaller pellets obtained under highly agitated conditions did not attain high lovastatin productivity
even in an oxygen-enriched atmosphere. This suggests that both an upper limit on agitation intensity and a high level of dissolved
oxygen are essential for attaining high titers of lovastatin. Pellet size in the bioreactor correlated equally well with the specific
energy dissipation rate and the energy dissipation circulation function. The latter took into account the frequency of passage of
the pellets through the high shear regions of the impellers. Pellets that gave high lovastatin titers produced highly shear thinning
cultivation broths.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Submerged cultures of filamentous fungi are widely

used to produce commercially important metabolites
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Nomenclature

Nomenclature

Greek letters

B

&

Yav
"
Ha

0

Tav

parameter defined by E¢[L8)
constant in Eq(2)

impeller diameter (m)

pellet diameterm)

energy dissipation/circulation function
defined by Eq(1) (Wm=—3s™1)

constant in Eq(9)

constant in Eq(1)

constant in Eq(10)

overall gas-liquid volumetric mass
transfer coefficient (')

consistency index (N rr? s")

torque (N m)

flow behavior index

rotational speed of impeller (3)

Power number

gassed Power number

unaerated power input (W)

gassed power input (W)

generalized Reynolds number
circulation time (s)

tank diameter (m)

impeller tip speed (m3')

volume of broth ()

impeller blade height (m)

slope of linear plot oM versusN
energy input per unit mass (W k)
average shear rate (s

viscosity of Newtonian fluid (N m?s)
apparent viscosity of non-Newtoniar
fluid (Nm—2s)

density of fluid (kg nT3)
average shear stress (N'R)

Mevinolin, Monacolin K and MevacdM). In sub-
merged cultures, fungi can be grown as broths of freely 1988; Moo-Youngetal., 1992, 1993istenetal., 1996,

suspended mycelia and pellets or clumpge(z and

al., 1979. The specific growth morphology obtained
under given conditions depends on several factors in-
cluding the fungal strain, the method of initiation of
culture (e.g. spores, pellets, dispersed mycelium), the
nature of the growth medium, and the hydrodynamic
regime in the bioreactoMetz and Kossen, 1977; Metz

et al.,, 1979; van Suijdam and Metz, 198Exces-
sive hydrodynamic shear stresses are known to damage
mycelial hyphae and pellet€histi, 1999, but much
lower shear stresses are sufficient to influence growth
morphology Metz and Kossen, 1977; van Suijdam and
Metz, 1981; Chisti, 1999

This work is concerned with the relationships
among fermentation conditions, fungal morphology
and the production of lovastatin by the microfun-
gus Aspergillus terreusFermentation-derived lovas-
tatin is also a precursor for simvastatiDaborah et
al., 1992, a powerful semi-synthetic statin commer-
cially available as ZocdM. A. terreusproduces lo-
vastatin as a secondary metabolite and is commer-
cially used to produce this drugNovak et al., 1997,
Szalacsetal., 1998; Manzonietal., 1998, 1999 ter-
reusbatch cultures are typically carried outa28°C
and pH 5.8-6.3Kumar et al., 200D The dissolved
oxygen level is controlled at40% of air saturation
(Kumar et al., 200P A batch culture generally runs for
<10 days.

In submerged cultures,. terreuscan grow in a va-
riety of morphological forms, varying between a net-
work of freely dispersed mycelia to tightly packed, dis-
crete pellets. The culture conditions and the inoculation
method seem to determine the morphological form. At
least in some cases, pelleted growth has yielded higher
titers of lovastatin than obtained with dispersed fila-
mentous growthKumar et al., 200D Dispersed fila-
mentous morphology develops when the fungus grows
onrapidly metabolized substrates. The rapid increasein
viscosity that accompanies filamentous growth greatly
impedes oxygen transfer and this is said to explain
the low titers of lovastatin produced under dispersed
growth conditions. Although many publications have
reported on the effects of mechanical forces on fungal
morphology and productivityMoo-Young and Chisti,

1998; Amanullah et al., 1999; Li et al., 2000, 2002

Kossen, 197) For a given total biomass concentration, there is no specific data oh. terreusfermentations.
pelleted growth produces broths that are relatively less In general, little is known about the influence of shear
viscous and therefore easy to mix and aerhtet¢ et

stresses on pelleted fungal cultur€i{ et al., 1997.
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In the present workA. terreusATCC 20542 was 2.2. Growth conditions

used to produce lovastatin by batch culture. Our pre-
vious work with this fungus identified the optimal cul- Fungal pellets were obtained by germination from
ture medium for producing lovastatitCésas bpez spores suspended in shake flasks in a preliminary cul-
et al., 2003, 2004 The effects of availability of oxy- tivation stage, and used for further inoculation of a
gen and other nutrients (C, N, P) on the titer of lo- stirredtankbioreactor. Seed cultures were carried outin
vastatin were established. Oxygen was found to be the 1000 mL flasks containing 250 mL of medium, held on
major factor that influenced the lovastatin concentra- arotary shaker at 150 rpm, 28 for 48 h. For all exper-
tion. Lovastatin titer increased by approximately four- iments, a seed culture flask (250 mL) was used to inocu-
fold when the oxygen content of the aeration gas was late a 5-L working volume bioreactor operated at28
changed from 20% (v/v) to 80%C@sas bpez et al., Cultivations lasted around 7 days. The culture medium
2004). The present study aimed to decipherthe relation- contained lactose as carbon source and soybean meal
ships among lovastatin production, pellet morphology as nitrogen source. The medium contained per liter:
and the broth rheology as affected by mechanical ag- 114.26 g of lactose, 5.41 g of soybean meal, 0.8 g of
itation in the bioreactor. To separate the influence of KH,POy, 0.4 g of NaCl, 0.52 g of MgS©7H,0, 1 mg
agitation from the oxygen mass transfer effects, batch of ZnSQ;-H,0, 2mg of Fe(N@)3-9H,O, 0.04mg
fermentations were carried out at different agitation in- of biotin and 1 mL of a trace element solution. The
tensities while the dissolved oxygen concentration was trace element solution contained (for 1L of solu-
maintained at 400% of air saturation. In addition, to tion): NaB4O7-10H,O, 100 mg; MnC}-4H,0, 50 mg;
verify the enhancement of lovastatin titers by oxygen, NaMo0O4-2H,0, 50 mg and CuS©5H,0, 250 mg.
control runs were carried out at 300 and 800 rpm ag- The initial pH was adjusted to 6 with 0.1 M NaOH.
itation speeds while sparging with standard air. Pel- Inthe oxygen-enriched experiments, dissolved oxygen
let morphology, bulk broth rheology and lovastatin concentrationinthe liquid was controlled at 400% of air
titers were measured under various aeration—agitation saturation by maintaining an oxygen content of about
regimens. 80% in the gas phase by supplementing it with pure

O,. Gas phase was recirculated in a closed loop and

the generated COwas absorbed in a Ba(Ogi¥olu-

tion in order to keep Colevel below 0.1% (v/v). Oxy-

2. Materials and methods gen and CQ partial pressures in the gas stream were
measured with an on-line sensor (Adaptive Biosystems
2.1. Microorganism and inoculation Ltd., UK).

A. terreus ATCC 20542 was obtained from the 2. 3. Stirred tank fermentations
American Type Culture Collection. The fungus was
maintained in Petri dishes of PDA (potato dex-  Fermentationswere conductedina5-L working vol-
trose agar). After inoculation from the original ume bioreactor (Bioflo Ill, New Brunswick Co., USA)
slant, the dishes were incubated at°@8for 5  with a vessel internal diametéF, of 0.17 m, four baf-
days and subsequently stored atCd A suspen-  fles, rounded bottom and a broth height to vessel di-
sion of spores was obtained by washing the Petri ameter ratio of 1.4. Agitation was provided by two
dish cultures with a sterile aqueous solution of 2% Rushton turbines wittD/T ratio of 0.38 and\/D ra-
Tween 20. The resulting suspension was centrifuged tio of 0.18. Spacing between the impellers wasahd
(~2800x g, 5min) and the solids were resuspended the lower impeller was located at a distarizebove
in sterile distilled water. The spore concentration the base of the tank. Agitation speed values of 300,
was determined spectrophotometrically at 360 nm. 600 and 800 rpm were used. A pipe sparger aerated
A standard curve was used to correlate the opti- the culture at 1vvm. At this value of aeration rate,
cal density to direct spore counts that had been gassed and ungassed agitation power inputs were mea-
made with a flow cytometer (Coulter Epics XL- sured off-line for various pelleted culture broths us-
MCL). ing a IKA®-Werke EUROSTAR power control device
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(IKA® Werke GmbH & Co., KG, Staufen, Germany). Substitution of the definitions of the Power number
Where necessary, the impeller power was expressed(Ed.(3)) and Reynolds number (E@)) in Eq.(2)leads
as the energy dissipation/circulation function (EDCF), to the following equation:

defined as follows: P Clha

P 3p5 2
9 1)  PN3DS T oND

keD3tc The power inpuP is related to the measured torqiw)(
where Py is the gassed power input. In E(lL), the on the impeller and the rotational speed, as follows:
geometric constarit; was determined as reported by
Justen et al. (1996and the gassed circulation tinie P =2r NM (6)
was calculated followingdlsten et al. (1998)

()
EDCF=

Egs.(5) and (6)ead to the following expression for the
apparent viscosity:

2nM
MHa =

= 7
Rheological parameterk(n) were measured using cND3 ()

a programmable rotational viscometer (Brookfield V- However, by definition, the apparent viscosity is the

eterx 43.33 mm height; Brookfield, Middleboro, MA,  (ate (av), OF
USA). All measurements were carried out at°’£8in
a glass vessel of 35 mm diameter, filled to 70 mm. fa = Tav ®)

The theory of rheological measurements with the Yav

“cup and vane” rotational viscometer as used here, is Fyrthermore, the average shear rate for Newtonian lig-
wellknown Roels etal., 1974; Metz etal., 1979;Kem- ids agitated in a stirred tank under laminar flow is

2.4. Rheological measurements

blowski and Kristiansen, 1936A rheogram of the cul-  given as follows Kletzner and Otto, 1957
ture broth of interest is obtained as a plot of the average
shear stress,, measured at different average shear rate Yav = kN )

(yav) values. The calculations of the flow inde® énd
the consistency indeX{ involved a novel approach,
as presented next.

The impeller Power numberNg) and Reynolds
number Rg) for a mixing device operating in laminar
flow are related as followsRushton et al., 19508),b ( 4n >n/(n—1)

Yav = Kij

@) n+1

where the constaktdepends on impeller type and ge-
ometry. Similarly, for non-Newtonian liquids, the aver-
age shearrate depends on the agitation speed, as follows
(Calderbank and Moo-Young, 1959

c (20)

Np= ——
P Reg

wherek; is a constant.
where the constamtdepends on the specific geometry Egs.(7)—(10)can be used to obtain the following
of the mixing system. In E¢(2), Np, andRegy are the relationships for the average shear stress:

Power number and the generalized Reynolds number
. 2rkM
defined as follows: Tay = (12)
p cD3
Np= —— 3 ian flui
P= SN3DS 3) for Newtonian fdeT an)d
n/(n—1
25ki (2 M

pND? '(3n+1)

Rey = 4 = 12
eg 2 ( ) Tav CD3 ( )
In these equation® is the agitation powey, the den-  for non-Newtonian media. Use of Eq8.1) and (12)
sity of the fluid, 15 the apparent viscosityy the rota-  requires the values of the viscometer constesitsand

tional speed of the agitator amilis its diameter.
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2.4.1. Determination of constants ¢ and k determine the constanfrom the slope of a linear plot
From Egs(8), (9) and (11for Newtonian flow, we of M versus\. If the slope of such a plot i, thencis
have given by
/,LCDB
M= N 13 2np
= @) 2 (14)
uD

Thus, for a given impeller viscometer and a Newtonian
liquid of known viscosity, the torqu& measured at  The Newtonian liquid used for estimatingvas silicon
several values of the rotational speéctan be usedto  oil (x=0.100N nT2s at 25°C).
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Fig. 1. Torque vs. rotational speed of viscometer: (a) linear plot for silicon oil (Newtonian) and (b) log—log plot for the non-Newtonian xanthan
gum (0.1%).
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The constank; (Eq. (10)) is determined using a
non-Newtonian liquid of known rheological proper-
ties obeying the Ostwald—deWaele power law model,
ie.

Tav = KV;V (15)
In this case, the apparent viscosity is
T _
Ha = == K(yay)" ! (16)
Yav

By substituting in Eq(16) the relevant expressions of
wa (Eq. (7)) andyay (Eq.(12)) for non-Newtonian flu-
ids, the following is obtained:

M = AN" a7
where
KcD3 4n " 1
= K 18
2r (Sn + 1) ! (18)

Thus, a log-log plot o1 versusN should be a straight
line with the slopen and they-interceptA. From the
interceptA and the known consistency indéx the
value of constank; can be calculated. The known
non-Newtonian liquid used for estimating tkevalue
was a 0.1% (w/v) aqueous solution of xanthan gum
(K=0.178 NnT2s"; n=0.495).

The plots of Eqs(14) and (17)are shown irFig. 1
for Newtonian and non-Newtonian fluids, respectively.

J.L. Casas bpez et al. / Journal of Biotechnology 116 (2005) 61-77

The estimated andk; values for the viscometer were
301.84 and 7.599, respectively. The regression coeffi-
cients ¢2) values for the plots iffig. 1were better than
0.999.

2.4.2. Determination of K and n of fermentation
broth

For any non-Newtonian fluid of unknown rheolog-
ical variablesK and n, measurements of torquéy
for several values of the rotational speBdwith a
calibrated viscometer (i.e. knowmandk;) allow the
construction of a log—log plot d¥1 versusN (Fig. 2).
The slope of this plot is the desiredvalue and its
y-intercept provides lod that is related to the consis-
tency indexK (Eg. (18)). These measurements must
be made in the laminar flow regime. In a stirred tank,
the flow is generally accepted to be laminar when the
value of the generalized Reynolds numB&; is less
than 10; howeveReg, values approaching 60 have been
associated with laminar flonkémblowski and Kris-
tiansen, 1985 In view of the uncertainties, a preferred
approach s to always demonstrate the existence of lam-
inar flow over the measurement range with the specific
fluid being measured. This can be done easily: for lam-
inar flow, a log—log plot of the Power number versus
the generalized Reynolds number should have a slope
of —1.
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4.00e-5
3.50e-5 -
'é 3.00e-5
£
g
e 2.50e-5 -
s
= 225e-5
2.00e-5 1 Aspergillus terreus
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1.75e-5 y-intercept=3.36-10"°
r’=0.999
1.50e-5 T T T T T T T T
0.1 0.2 0.3 0.4 0.6 0.8 1 1.3 16 1.9
N (s™)

Fig. 2. Torque vs. rotational speed (spindle V-72) plot for a brotA.dérreus(n=0.35,K =0.296 N nT2s"),
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2.5. Morphological measurements 2.6.2. Lovastatin
Lovastatin was measured in fshydroxyacid form
The fungal pellet morphology was characterized us- by HPLC of the biomass-free filtered brotRriedrich
ing image analysisRaul and Thomas, 1998Prior to et al.,, 1995; Morown et al.,, 199¥ The filtered
imaging, each sample of the broth was processed asbroth containing the3-hydroxyacid was diluted 10-
follows: 10 mL of sample was decanted and washed fold with acetonitrile/water (1:1, v/v) prior to anal-
twice with 20 mL of distilled water. Within a sam-  ysis. Pharmaceutical-grade lovastatin (lactone form)
ple, 100 objects were analyzed for each determination. tablets (Nergadan tablets; J. Uriach anth C SA)
The image was captured with a CMOS camera (Evolu- were used to prepare the standards for HPLC analy-
tion LC Color; Media Cybernetics Inc., Silver Spring, ses. Prior to use, the lactone form was converted into
MD, USA) mounted on an inverted microscope (Leica its B-hydroxyacid form by dissolving the tablets in a
DMIL) that used a 4& magnification. Image analysis mixture of 0.1N NaOH and ethanol (1:1, v/v), heat-
was performed with the software package Image-Pro ing the solution at 50C for 20 min, and neutralizing
Plus 4.5.1 (Media Cybernetics Inc., Silver Spring, MD, it with HCI. HPLC was done on a Beckman Ultras-
USA). phere ODS (250 mnx 4.6 mmi.d., 5um) column. The
Previous studies have characterized fungal pellets ascolumn was mounted in a Shimadzu model LC10 lig-
consisting of a central compact core region and a pe- uid chromatograph equipped with a Shimadzu MX-
ripheral filamentous or hairy regio(i et al., 1997. 10Av diode array detector. The eluent was a mixture
Thus, the morphology has been characterized in termsof acetonitrile and 0.1% phosphoric acid (60:40, v/v).
of a pellet core diameter (i.e. the equivalent diameter The eluent flow rate was 1.5 mL mih. The detection
of the measured core area) and the width of the hairy wavelength was 238 nm. The sample injection volume
zone. The latter is obtained by subtracting the equiva- was 20uL.
lent radius of the core from the total equivalent radius
of the pellet Cui et al., 1997.
A similar approach was used in the present study. 3. Results and discussion
The changes in pellet morphology were quantified us-
ing the following two measures: (1) the diameter corre- The measured mechanical power inputs in the
sponding to a circular area equivalent to the total pellet gassed and ungassed states were used to construct the
projected area, as a one-dimensional measurement ofculture system power curves shown kig. 3. The
the pellet size and (2) the ratio between the area of curves matched the trends expected from the literature
the peripheral “hairy surface” and the total projected (Justen etal., 1998For gassed Power numbéy) at
area of the pellet. This ratio was termed the “filament the lowest impeller rotational speeds, torque measures
ratio”. These two measures provided a direct indica- were unstable and a precise determination of power
tion of the pellet size and the proportion of filamentous input was not possible.
growth in it. For instance, in the early stages of culti-
vation, a young pellet would be typically characterized 3.1. Pellet morphology and broth rheology
by a small diameter and a filament ratio close to 100%.
As the experiment progressed, the filamentratiowould  After inoculation of the bioreactor with a seed
reduce. culture of pellets of~1200pum mean diameter, the
growth and fragmentation patterns observed are shown
in Fig. 4 Irrespective of whether air or oxygen-enriched

2.6. Analytical methods gas was used for aeration, the pellets grew in size only
. when the agitation speed was 300 rpm (impeller tip
2.6.1. Biomass speedy; = 1.02 m s'1). Higher agitation speeds caused

The biomass (as dry weight) was determined by fil- fragmentation of pellets. At 300 rpm agitation speed,
tering a known volume of the broth through a 0 46t the pellet size at steady state almost doubled to a
Millipore cellulose filter, washing the cells with sterile  yalue of about 230Qm. At agitation intensities of
distilled water, and freeze-drying the solids. 600 Uy =2.03ms 1) and 800 rpmig =2.71 ms1), the
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Fig. 3. Power curves for ungassed (filled symbols) and aerated (open symbols) culture broth.

pellet size declined from the instance of inoculation (Cui et al., 1998; Chisti, 1999 The known mecha-

to attain an average steady state diameter of aroundnisms of size reduction include surface erosion of the

700pm. pellet and its outright ruptureCi et al., 199Y. How
The steady state size of the microbial aggregates rapidly the pellet size declines to the steady state value

and fungal pellets suspended in mechanically agitated depends also on the initial size of the pell€h(sti,

tanks is known to decline with the increasing energy 1999. As the decline in pellet sizé-{g. 4) was grad-

input in the tank and the tip speed of the impeller ual and progressive, it was likely caused by erosion
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Fig. 4. Pellet diameter obtained at various times, agitation speeds and gas-phase oxygen concentrations.
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of the pellet surface rather than outright rupture of
the pellet. At the low agitation intensity of 300 rpm,
the pellets grew in size because the Kolmogoroff mi-

croscale of turbulence was larger than the pellet diam-

eter of 120Qum and the erosion of the surface did not
come into effect until the pellets had attained a size
of approximately 250Q.m. Following similar trends,
under extremely low intensity agitation such as in non-
mechanically agitated airlift bioreactors, fungal pellets

can attain a size of several centimeters, but such pel-

lets are internally hollow because of a necrosis of the
fugal biomass caused by a lack of oxygen inside the
pellet.

The measured filament ratio is shownHiy. 5 for
constant intensities of agitation during various cultiva-
tions. Atinoculation, the 120@m diameter pellets had
mostly a loose hairy morphology with a filament ratio
of near unity. The filament ratio declined with time at
all agitation intensitiesKig. 5) even though the agita-
tion rate of 300 rpm did not damage the pellétig( 4).
Thus, even low-level agitation tended to favor a reduc-
tion in the filament ratio apparently because the fluid
eddies were forcing and folding the peripheral hyphae
into the pellet and physically compacting the structure
of the pellet.Fig. 5 suggests no clear influence of a
high oxygen environment on the development of the

compact morphology and, therefore, the observed re-

duction in the filament ratio is likely purely an effect
of the fluid mechanical forces.

Both the biomass concentration and morphology
are of course well known to influence the rheologi-
cal properties of mycelial fermentations brotiefz
and Kossen, 1977; Metz et al., 197Burthermore, the
dispersed filamentous growth is well documented to
produce broths that a more viscous and rheologically
different compared to pelleted growth with an equal
biomass concentration. How the morphology of the pel-
let influences rheology is not so well known.

Fig. 6a—c shows the variations in the consistency in-
dex, the flow behavior index and the apparent viscosity,
respectively, of the broth during the course of the ex-
periments carried out atlow (i.e. 300 rpm) and high (i.e.
800 rpm) agitation intensities while using two different
modes of oxygen supply. The figures reveal some im-
portant features of the broth rheology: (1) At the low
agitation rate of 300 rpm (average shear rR#® s 1),
theK-value (i.e. the “thickness” of the fluid) increased
substantially as the biomass concentratigig(7) and
the pellet size increaseHif. 4). (2) At a high-intensity
agitation of 800 rpm (average shear ratB98 s 1), the
pellet size declined with timé~{g. 4), the biomass con-
centration increasedr{g. 7), but theK-value remained
quite steady at approximately 0.01 N'As" through-
out the fermentatiorig. 6a). This suggests that tike
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Fig. 5. Filament ratio vs. fermentation time at various agitation speeds and oxygen concentrations.
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Fig. 7. Biomass growth curves for different agitation and aeration regimens.

value of broths containing small pellets (e.g. <00 thickening behavior, the broths produced at the higher
in diameter) is not particularly sensitive to an increase agitation rate were more viscous than the ones obtained
in the concentration of the pellets. (3) The flow in- at the lower agitation speed.
dexn declined strongly as the biomass concentration  The differences in the bulk broth rheology seen in
increased with timeHig. 6b) in the low shear fermen-  Fig. 6 could not be ascribed to possible differences
tation (300 rpm). In contrast, thevalue did not vary in the total biomass concentrations of the broths. This
much during the experiments conducted at the high was because there was no statistical difference in the
agitation speed. This suggests that a reducing pelletbiomass concentration profiles for the five combina-
diameter below 120@m (Fig. 4 and an increasing tions of the agitation—aeration conditions assessed in
biomass concentratioririg. 7) mutually counteracted the fermentationgqig. 7). All experiments commenced
so that then-value did not vary much with time. The  with the same concentration of the inoculum biomass
small pellets formed at the high agitation speed pro- and morphology. Irrespective of the agitation intensity
duced broths witn-values exceeding unity, i.e. shear and the mode of oxygen supply used, all fermentations
thickening broths. This is in complete contrast to the attained a final average dry biomass concentration of
shear thinning or pseudoplastic broths that are gener-11.94+ 0.4 g L= (95% confidence level)g. 7).
ally observed for dispersed mycelial growt@hsti, A multifactor analysis of variance was carried out to
1989. Broths of the large fluffy pellets obtained at establish the extent of influence of the biomass concen-
low-intensity agitation generally had a shear thinning tration and the morphological parameters of the pellet,
behavior (i.e.n<1) (Fig. 6b). How the broths were  on the broth rheology (i.&K andn). This is shown in
aerated (i.e. with oxygen-enriched gas or air) had little Table 1 As theP-values for pellet diameter and fila-
impact on thek- andn-values Fig. 6) of the broth or ment ratio were less than 0.0bable J), these factors
the biomass growth patternBig. 7), suggesting that  had statistically significant effects on the consistency
aeration was always sufficient for biomass growth. index and flow behavior index, at the 95% level of cer-
To facilitate the comparison among the broths pro- tainty. The pellet diameter was the main factor that in-
duced under different conditions, the apparent viscosity fluenced andn. It seems, therefore, that the biomass
calculated at the estimated average shear ratd18}). concentration affect& andn mainly when the growth
for each impeller rotational speed, is showrFig. 6c morphology is of the dispersed type, as shown in many
for the various broths. Generally, because of the shearprevious studies\etz et al., 1979; Chisti, 1989; Riley
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Table 1
Analysis of variance for power law parameters

Source Consistency indek,

Flow behavior indexn

Sum of squares d.f.

Mean squarkE-ratio P-value Sum of squares d.f.

Mean squafératio P-value

Biomass concentration 0.0515 2 0.0257 0.1419 0.0003 2
Mean pellet diameter  0.2425 2 0.1212 10.07 0.0008 1.2284 2 0.6142
Mean filament ratio 0.1117 2 0.0558 4.64 0.0209 0.9901 2 0.4951
Residual 0.2649 22 0.0120 1.6709 22 0.0759
Total (corrected) 0.8407 28 5.8370 28
All F-ratios are based on the residual mean square error.
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Fig. 8. Energy dissipation/circulation function (EDCF) vs. fermentation time for cultures agitated at: (a) 300 rpm and (b) 800 rpm.
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Fig. 9. Correlation of the morphological variables (a) and filament ratio (b) with EDCF. The morphology was quantified at the end of the
fermentations.

etal., 2000; Papagianni, 200%ut biomass concentra- 1999. EDCF recognizes that disruption of particles
tion has relatively little effect on rheology in pelleted suspended in a stirred vessel is a function of the energy
growth. dissipation rate in the impeller zone and the frequency
In the past, mycelial morphology and damage to atwhich the particles circulate through this zone. Mor-
other suspended particles have been correlated withphological data have been correlated with EDCF for
the energy dissipation/circulation function (EDCF) tanks operating at different scales and with impellers
(Smith et al., 1990; Makagiansar et al., 1993; Chisti, of very different geometrieslisten et al., 1996, 1998;
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Table 2 asDp can be correlated quite satisfactorily with the spe-

Empirical correlations for the mean pellet diamems, cific energy input (i.ePg/VL or ) in the tank. The ob-

Correlator Model Determination served exponent 6£0.41 on the specific energy input
coefficient,r? term (Table 9 was close to the value 6f0.36 reported

EDCF (kW nt®s™*) Dp (um) = 4383 (EDCF) %3 0.983 by van Suijdam and Metz (198Hnd to the theoreti-

Pg/VL (KWm™3)  Dp (um)=929 Pg/VL)~*** 0.995 cal value of—2/5 (Cui et al., 1997. A very different

& (Wkg™) Dp (um)=923s~041 0.995

value of —0.16 was reported for this exponent Gyi

et al. (1997)in cultures ofAspergillus awamoriThis

suggests that the mechanical strength of a pellet might

Amanullah etal., 1999; Lietal., 2000, 200® a study depend on the fungal strain and possibly the growth

with pellets,Cui et al. (1997used specific energy dis-  conditions used in culturing it. Indeed, the strength of

sipation rates for correlating the pellet morphology. cell walls is known to be affected by both the micro-
The EDCF values calculated (E€)) at different bial strain and the growth condition€lgisti and Moo-

fermentation times for operations at 300 and 800 rpm, Young, 1988§.

are shown inFig. 8 For any given fermentation, the

EDCF value varied with time (because of changd§ in  3.2. Oxygen transfer

andn), but not substantially. Considering this, an av-

erage EDCF value can be taken as representative of a The oxygen transfer rate was evaluated as the over-

given fermentation. If the average pellet diameter and all volumetric oxygen transfer coefficierit, a; , ob-

the filament ratio measured at the end of a fermenta- tained by the application of the dynamic method as

tion are correlated with the average EDCF, we obtain reported byTaguchi and Humphrey (1966As ex-

Fig. 9. The log—log correlations iRig. 9for data from pectedk a_ increased with agitation speed but varied

five different fermentations, suggest that EDCF might little during a fermentationKig. 10. Consequently,

indeed be a good variable for describing the influence an averagdsy a, value was calculated as being repre-

of stirred tank hydrodynamics on pellet morphology. sentative of a given fermentation. Thdge values

Other work has successfully correlated the mean pro- could be correlated with the EDCF afg/V_ values

jected area of pellets, with EDCBifsten et al., 1996, (Table 3. No fermentation was limited by oxygen sup-

1998. However, as shown ifiable 2 parameters such  ply, as they all had virtually identical biomass growth
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Fig. 10. Variation of the overall volumetric oxygen transfer coefficiend_, during the fermentation.
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Table 3
Empirical correlations for the volumetric oxygen transfer coefficiknd
Correlator Model Determination coefficiemg,

EDCF (kwni3s™1)
Pg/VL (kW m~3)

kea, (s1)=7.0x 10~*(EDCFy 76
kea (571)=2.24x 1072 (Pg/V, )*92

0.975
0.991

curves Fig. 7). However, the oxygen supply did affect agitation ratelfig. 11) even though their biomass pro-
the production of lovastatin, as discussed in the next duction was not limited by oxygerrig. 7). The nega-
section. tive impact of high shear on lovastatin titers is clearly
seen inFig. 12where the final titer versus EDCF data
for the various fermentations are plotted.

These results affirmed the earlier observations of

Shear rate, i.e. the agitation speed, affected the increased lovastatin titers in oxygen-enriched fermen-
lovastatin titers producedri{g. 11) even though the  tations compared to the fermentations sparged with air
biomass concentration was not affectBay( 7). Thus,  (Casas bpez et al., 2004 however, the observed de-
high lovastatin titers were attained in oxygen-enriched cline in titers at the high agitation intensity was unex-
fermentations at 300 and 600 rpm. Comparable titers Pected. Furthermore, at 80 mgt, the maximum con-
at 300 and 600 rpm suggest that oxygen transfer did centration of lovastatin attained #ig. 11 was only
not limit lovastatin synthesis at agitation speeds of about 30% of the 230 mgi! that was obtained in
>300 rpm Fig. 11). However, in oxygen-enriched cul- ~ shake flasksGasas bpez et al., 2004 As the biomass
tures, agitation at 800 rpm reduced lovastatin titers to Production was not affected by agitation speed in the
the level of air-sparged culturei¢. 11). Clearly, while ~ 300-800rpm rangeHg. 7), a possible interactive ef-
a high concentration of oxygen was essential to at- fectof oxygen tension and growth morphology appears
tain a high titer of lovastatin (§&HsOs), a relatively to influence the production of lovastatin. At 800 rpm,
oxygen-rich molecule, excessive shear did inhibit lo- the beneficial effect of higher oxygen supply is lost
vastatin synthesis but not the production of the biomass. Pecause of the shear-induced alterations to pellet mor-
Cultures aerated with air did not attain high titers atany Phology.

3.3. Lovastatin production
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Fig. 11. Lovastatin concentration vs. fermentation time for various agitation speeds and aeration regimens.
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Fig. 12. Final lovastatin concentration vs. EDCF in variously aerated fermentations.

At 800 rpm in oxygen-enriched cultures, thea_ (=800 rpm) gave poor productivities of lovastatin, irre-
was 15 times greater and average pellet size was threespective of the mode of aeration used. This suggests that
times smaller, than the values at 300 rpm, suggesting a high oxygen concentration in the pellet is necessary
an enhanced oxygen transfer from the liquid bulk to the but not sufficient for attaining a high titer of lovastatin.
pellet. Nevertheless, the lovastatin titer decreased in the Pellets that had a relatively less dense, open, filamen-
same proportion as the decrease in the filament ratio oftous morphology were better at producing lovastatin
the pellets. Lovastatin synthesis apparently occurred in compared to small denser pellets. Thus, both an upper
the filamentous zone of the pellet and not in the central limit on acceptable hydrodynamic shear stress and a
core. Large pellets with a high ratio of filament-to-core high oxygen level are indicated for superior produc-
zones grown in an oxygen rich environment were the tion of lovastatin.
best for maximal production of lovastatin. Pellet size in the bioreactor correlated equally well
with the specific energy input rate and the energy dissi-
pation circulation function, EDCF. Broths of relatively
small and dense pellets tended to have a shear thicken-
ing rheology. In contrast, broths of the relatively large
fluffy pellets were strongly shear thinning.

4. Conclusions

In pelleted growth oA\. terreusin mechanically ag-
itated submerged batch cultures, the biomass growth
profiles were little affected by the agitation speed
(300-800 rpm), or the mode of aeration (air or oxygen- Acknowledgments
enriched gas). However, the agitation speed signifi-
cantly affected the pellet diameter, morphology and  This research was supported by the Ministerio de
lovastatin production. Agitation speeds ®500rpm  Ciencia y Tecnolog (MYCT), Spain, and FEDER
damaged the fungal pellets 6f1200um initial di- project PPQ2000-0032-P4-02 and Plan Andaluz de In-
ameter, reducing them to a final stable pellet diame- vestigacdn PAI-III.
ter of ~900um. At lower agitation speeds, the stable
maximum pellet diameter exceeded®500um. Pel-
lets of this size produced high lovastatin titers when

aerated with oxygen-enriched gas but not with air. amanuliah, A., Blair, R., Nienow, A W., Thomas, C.R., 1999. Effects
Much smaller pellets produced under intense agitation  of agitation intensity on mycelial morphology and protein pro-
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