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Abstract The fungal morphology during submerged
cultivations has a profound influence on the overall per-
formance of bioreactors. In this research, glucoamylase
production by Aspergillus niger has been taken as a model
to improve more insights. The morphology engineering
could be conducted effectively by changing the seed
morphology, as well as specific power input. During the
fed-batch cultivations, pellet formation under milder shear
stress field helped to reduce the broth viscosity, thus
relieving oxygen limitation and promoting the enzyme
production. Furthermore, we found that the relation
between the shear stress field, which was characterized by
energy dissipation rate/circulation function (EDCF), and
enzyme activity was consistent with quadratic parabola,
which threw light on the process optimization and scale-up
for industrial enzyme production.
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Greek letters
u Specific growth rate (h™")

Y Shear rate (s~ ')

& Energy dissipation rate (m? s—°)

Ak Kolmogorov microscale of length (m)
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T Shear stress (N m™2)

Introduction

With a GRAS (generally regarded as safe) status, Asper-
gillus niger has been widely employed to produce com-
mercially important products [1-3] such as native or
heterologous proteins, organic acids bioactive substances,
etc. Being complex and changeable during the process of
cultivation, the morphology of A. niger comprises mycelia,
clumps and pellets [4], which can be engineered by the
concentration of spores [5, 6], the shear force [7], the
addition of microparticles [8, 9], etc. Usually, the bigger
superficial area of mycelia favors the intake of substrates,
thus enhancing the cell growth and product formation [10]
in comparison with pellets. However, along with the
increased biomass, the highly branched network of mycelia
could lead to a significant increase in the broth viscosity
[11] and even cause a change in properties of cultivation
broth [12]. As for industrial glucoamylase production using
A. niger, the oxygen-limited strategy was preferred to
improve the productivity [13]. However, due to the intense
oxygen demand, as well as the high broth viscosity, the
proper oxygen supply usually became a serious challenge,
especially for large-scale fermenters [14].

The fungal morphology is influenced significantly by the
hydrodynamic conditions [15]. Generally, the higher spe-
cific energy input could enhance the mass transfer [16].
However, if the local shear force induced by higher specific
energy input was too intensive, the pellets or clumps could
be broken up into mycelia [17, 18] accompanied with the
enhancement in broth viscosity, thus counteracting the
advantages brought about by raising the specific energy
input. A morphological transformation from dispersed
mycelia to pellets can also occur during long-time fed-
batch cultivations. Studies have shown that depending on
the operation conditions, the hyphal elements could
increase in size, develop into agglomerates and further into
pellets [19]. The broth with pellets is usually accompanied
with a lower viscosity and a better fluidity [20]. Currently,
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computational fluid dynamics (CFD) is highly valuable to
depict the flow field within bioreactors under different
agitation speed or impeller configurations [21, 22]. With
the aid of CFD, the effect of flow field and its distribution
on morphological characteristics could be studied com-
prehensively. Besides, the CFD was also employed to
investigate the relationships between fluid dynamics and
microbial kinetics [15, 23-25].

In the present work, the effects of seed morphology and
specific power input on the pellet size were systematically
investigated. Subsequently, the shear stress field in 50-L
bioreactors on pelletized morphology and glucoamylase
production were further evaluated using two impeller
combinations. Finally, the relations between the energy
dissipation rate/circulation function (EDCF) and enzyme
production were evaluated. The results from this study
might throw light on scale-up for viscous fungal
fermentations.

Materials and methods
Microorganism and inoculum preparation

Aspergillus niger CBS513.88 producing glucoamylase,
was supplied by DSM corporation (Delft, The Nether-
lands). PDA medium, which contained (g L_l) glu-
cose-H,0 2, potato 20, and agar 1.8, was used for the fungi
growth. To obtain spores, Petri dishes with PDA medium
were incubated with spores from a frozen stock (stored in
50 % glycerin at —80 °C). After 6-day cultivation in a
30 °C incubator, the spore suspension was obtained by
rinsing the plates with deionized water. After vortexing, the
spore concentration was determined using a counting
chamber.

Medium

The medium for seed culture contained (g L™') glu-
cose-H,O 22 and corn steep liquor 20. Before sterilization,
the initial pH was adjusted to 6.5 using 3 mol L™" NaOH.
A chemically modified medium [13] was used for all cul-
tivations in 50-L fermenter, which contained (g L") glu-
cose-H,O 45.1, maltodextrin 10, KH,PO, 3, NaH,PO,-H,O
1.5, (NH4),SO4 3, MgSO,4-7H,0 1.0, CaCl,-2H,O 0.1,
citric acid 2, ZnCl, 0.02, CuSO,-5H,0 0.015, CoCl,-6H,0
0.015, MnSO4-H,0 0.04, FeSO,4-7H,O 0.3. After sterili-
zation, the pH was adjusted to 4.5 using 12.5 % NH,OH.
The carbon source in feed medium was composed of glu-
cose monohydrate 163.9 g L™ 'and maltodextrin 50 g L™,
and the remaining composition was the same as the culture
medium.
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Cultivation

Seed cultivations were carried out in a 15-L stirred tank
bioreactor with 8 L of seed medium, inoculated with the
spore suspension to a final concentration of 1 x 10° spores
per millimeter broth and cultivated for 24 h at 34 °C
without pH control. To control the seed in clumps and
mycelia, the agitation in the 15-L bioreactor was controlled
at 50 and 150 rpm, respectively, and in this case the aer-
ation was adjusted to maintain the same CER (or OUR)
level (6 mmol kg7l hfl) at the end of seed cultivations so
that the biomass could be kept similar. Subsequently, about
3 L of the seed broth was used to inoculate a 50-L biore-
actor. The concentrations of exhaust oxygen and carbon
dioxide were measured by a process mass spectrometer
(MAX300-LG, Extrel) and the dissolved oxygen in broth
was determined by a low-drift polarographic electrode
(Mettler Toledo).

Two impeller configures, which were made up of two and
three Rushton impellers, respectively, were applied in this
work. The diameter of Rushton disk turbine impeller was
0.12 m and the distances between the two adjacent impellers
for 2RT and 3RT were 0.24 and 0.12 m, respectively. The
impeller power numbers for 2RT and 3RT were 7.7 and 4.6,
respectively, which were calculated by [26]:

Pg

Po=——F=
O pN3D57

(1)
where Pg is gassed power input (W) measured with a
torque meter, p is the density of broth, N is the agitation
speed and D is the diameter of the impellers.

For all cultivations in 50-L bioreactors, the initial agi-
tation speed was kept at 100 rpm or a smaller value, with
pressure maintained at 0.05 MPa and temperature at 34 °C
during the whole process. According to DO values, the
agitation speed was elevated stepwise until 70 h (except for
batches inoculated with clumps) and then remained stable.
When the batch culture finished at 44 h, the residual sugar
concentration was maintained at 5 g L™" by feeding a
sugar solution. The pH was automatically maintained at pH
4.5 by addition of 12.5 % NH4OH during the cultivation
process. All fed-batch cultivations were repeated at least
two times.

Enzyme activity assays

Enzyme activity was expressed in amyloglucosidase (AGI)
units and was related to an officially assigned amylogluco-
sidase (glucoamylase) standard. One AGI unit was defined
as the amount of enzyme that produced 1 pumol of glucose
per minute at pH 4.3 and at 60 °C from a soluble starch
substrate. For enzyme activity analysis, 5 mL broth was
sampled from the fermenter. After centrifugation, the

supernatant was obtained and stored in a 4 °C refrigerator
before the measurement. The samples were diluted with
acetate dilution buffer (pH 4.3) to a final activity ranging
from 8.5 to 42.5 AGI per milliliter. The method for the
glucoamylase activity measurement was modified based on
[27]. Firstly, 230 pL p-NPG substrate (0.1 g L™ '4-nitro-
phenol-a-p-glucopyranoside (Sigma N-1,377) (pre-warmed
for 5 min at 37 °C) was mixed with 20 pL of a diluted
culture supernatant sample. After incubation at 37 °C for
20 min, the reaction was quenched by adding 100 pL of
3 mol L' Na,CO;. The absorption of the sample at 405 nm
was determined on a micro-plate reader. A control or stan-
dard sample was taken along in the experiment to be able to
determine the absolute enzyme activity of glucoamylase.

Quantification of biomass

10 mL broth was filtered through pre-dried and pre-
weighted suction filter paper. Before filtering, the filter
should be firstly dried to a constant weight (24 h at 80 °C).
To remove solutes, the samples were rinsed three times
with the deionized water. Then the wet filters with the
biomass were put in the 80 °C oven and dried for 24 h. The
dried filter was re-weighted immediately.

Quantification of OUR, CER and k;a

Oxygen uptake rate (OUR) and carbon dioxide evolution
rate (CER) were determined according a previous report
[28]. The specific oxygen uptake rate (gop) was calculated
as follows:

OUR

_ 2
qo2 DCW’ ()

where DCW is biomass concentration.

The volumetric oxygen mass transfer coefficient (kp a) in
bioreactors with oxygen consumption was estimated using
the following two formulas [16] using a quasi-steady-state
approximation:

4% _ o1R — OUR (3)
dt
OTR = kpa(C* — Cy), (4)

where C* is the saturated oxygen concentration in broth,
Cy is oxygen concentration in broth and OTR is the gas—
liquid mass transfer rate of oxygen.

Quantification of morphological parameters, apparent
viscosity, Kolmogorov microscale of length,

and the energy dissipation rate/circulation function

The major morphological parameters, including pellets
concentration (the number of pellets per milliliter broth),
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average diameter of pellets, mean total hyphae length and
filament ratio were measured using image analysis with
Image-Pro Plus 6.0. The detailed description of these
morphological parameters can be found in earlier reports
[4, 17, 29]. For pelletized morphology analysis, 2 mL of
fermentation broth was firstly mixed with 2 mL fixative
solution (containing 40 % formaldehyde and 60 % ethanol,
v/v) and then stored at 4 °C for the later analysis [30]. To
obtain the images of pellets, the mycelia in the sample were
discarded. Afterwards, only the pellets were remained,
diluted and re-suspended individually in a Petri dish filled
with the culture medium. Then the Petri dishes were placed
on a desk with a dark background and lit with the neon
light. The images of pellets were acquired by the digital
camera equipped with a macro-lens. After some pre-treat-
ment, including the enhancement, object recognition and
segmentation; the morphological parameters were acquired
using the inbuilt analyze particle function in the Image-Pro
Plus 6.0. The morphology analysis was automated so that
more than 500 pellets could be analyzed for each sample.
To calculate the mass ratio of pellets per biomass, the wet
pellets were collected on the pre-weighted suction filter
paper and dried at 80 °C oven for 24 h.

The impeller spindle (DV-1I+, Brookfield Engineering,
Stoughton, MA) was used in all rheological tests. The
apparent viscosity (i,pp) is the shear stress () divided by
shear rate (y), that is

T
:uapp " ) (5 )
The equation to calculate the average shear rate in the
fermenter was as follows [31]:

2.476 0.610 1.359
—n

y= 17117 - Ktw - NTon| (6)

where n is flow index (=), K is consistency index (Pa s™).
According to the power law model [12]:

T=Ky". (7)
So,
/’tapp = K’Vnil' (8)

To evaluate the effect of shear stress by eddies on the
pelletized morphology, the Kolmogorov microscale of
length (4x) was calculated [32]:

3 025
k== 9
() o
Happ
=—o, (10
) )
where vy is the kinematic viscosity of the fluid m>s ), e

is the specific power input (W kg™'), p is fluid density
(kg m).
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To further investigate the shear effects of different
impellers, the energy dissipation rate/circulation function
(EDCF) was used in this study as the shear force field
produced by the impellers is proportional to the energy
dissipation rate in the impeller sweeping volume and the
frequency of mycelium circulation through that volume
[33]. The EDCF was defined as follows [29]:

Pg

EDCF =
k.D3t.’

(11)

where k. is geometric constant and 7. is gassed circulation
time (s). For the determination of k. and 7., we referred to
the previously published work [26, 33].

CFD model

The commercial CFD software ANSYS CFX-11 was widely
used to simulate the fluid dynamics in a stirred tank reactor
[21, 23, 34], and it was also employed in this work. Euler—
Euler method was used to simulate two-phase flow, and the
continuity equation for each phase can be written as:

0
a(ﬂkak) + V- (prouug) = 0, (12)

where p;, o and u; are the density, volume fraction and
phase averaged velocity, respectively, of the liquid phase
(k =1) and gas phase (k = g).

The momentum equation for each phase can be written
as:

0
= (prowuar) + V - (progugiy)
ot

= —4Vp+ V- [ostery X (Vi + Vuy) ]
+ proug £ Fp g, (13)

where g is the gravity acceleration, Fp, is the interfacial
momentum exchange term, pegy is the effective viscosity
of phase k and p is the pressure, shared by both phases.

Other interphase forces like the Bassett force, the vir-
tual mass force and the lift force were neglected in the
present study. The interphase drag between gas and liquid
and turbulent diffusion force were calculated using the
Grace Drag model and the Lopez de Bertodano model,
respectively.

As for turbulence modeling, the standard k—¢ model was
adopted for the continuous phase in the present study. The
single phase flow turbulent model can be extended to the
multiphase flow turbulent model, therefore, for the con-
tinuous phase (liquid):

0 k
(1pik) + V- (oypuik) =V - [(u + ﬂ) cszk}
ot [

+ a1 (Pr + P — pi€) (14)




Bioprocess Biosyst Eng (2015) 38:917-928

921

a "
%Jr V- (oype) = V- [<,u +'l:l) ocIVs}

&
+ al% [Csl(Pk + Peb) - C82p18]7
(15)

where C,;, C,;, 04, 0, are constants and their values are
1.44, 1.92, 1.0 and 1.3, respectively. pq is the liquid phase
turbulence viscosity, Py, and Py, are used to represent the
effects of buoyancy, Py is the turbulence produced by
viscous force.

And for the dispersed phase the “dispersed phase zero
equation” model was used, which correlates the turbulence
viscosity of the dispersed phase to that of the continuous
phase as follows,

_ Pt

, 16
o o (16)

Mg
where o is the turbulent Prandtl number, of which a default
value of 1 was used.

Around 2,000,000 total tetrahedral meshes were used in
this model, and the maximum size of each element was
about 5 mm. Governing equations were solved using
ANSYS CFX-11. The air flow rate was specified as an inlet
boundary condition with gas volume fraction of 1 at the
location of the air sparger. No-slip boundary conditions were
applied on the tank walls and shaft and any other solid
surfaces in the flow domain. The free surface of the tank was
considered as the degassing boundary condition. The simu-
lations were computed using a cluster with 16 core (Intel
Core i5 x 4) cpu and 16 GB DDR memory. Convergence
criteria for judging the convergence were a combination of
tolerance smaller than 1 x 107> and the almost constant
whole gas hold-up and axial torque of impeller.

Results and discussion

Effects of seed and specific power input on pelletized
morphology

To evaluate the influences of seed morphology, fed-batch
cultivations inoculated with clumps and mycelia were
firstly conducted. In batches inoculated with clumps, pellet
formation occurred since the start of cultivation while in
batches inoculated with mycelia, no pellets could be
observed before 80 h, indicating that the morphology could
be governed effectively by seed morphology. In batches
inoculated with clumps, the pellets concentration increased
gradually from 600 pellets mL ™" at 24 h to 1,055 pellets
mL~! at 96 h. However, the average diameter of these
pellets was approximately 500 pm since 48 h. It can be
seen that, even though with a high DO level, the relatively
lower OUR value (Fig. 1b, ¢) indicated that a fraction of

biomass in pelletized morphology was in a low metabolic
state. Also, during 0-72 h, the average specific oxygen
uptake rate (go,) for batches of mycelia and clumps was
2.39 and 1.86 mmol/gpcw h, respectively. Due to the fact
that the critical transport distance for oxygen penetrating
the aggregates was about 200 pm [9], the pellets with the
diameter larger than 500 pm in this work certainly resulted
in the considerable decrease in the fraction of active bio-
mass. As a result, the enzyme activity and sugar con-
sumption in batches of clumps were reduced by 30 and
15 %, respectively, in contrast with mycelia (Fig. 1d, f).

The negative effects brought by pellet formation indi-
cated that the pellet size should be tailored carefully to
reduce the transport limitation within the core of pellets. To
control pellet size, a series of cultivations in 5-L fermenters
were carried out. The agitations were controlled at 300,
375, 450, 525 and 600 rpm, respectively, while other
conditions were fixed. As shown in Fig. 2, there existed a
direct correlation between the pellet diameters and P/V (or
EDCEF), indicating that the pellet size could be determined
directly by the specific power input.

Effect of pellet formation on bioreactor performances
under oxygen-limited phase

The oxygen-limited strategy was preferred in industrial
glucoamylase production. To further investigate the com-
plex interactions among the morphology, shear force and
enzyme production under oxygen-limited condition, two
impeller combinations, 2RT and 3RT, were employed to
investigate the influences of appropriate pellet formation
on bioreactor performances. The agitation in 2RT and 3RT
was kept at 380 and 360 rpm separately after 72 h and the
corresponding specific energy input was 0.96 and
1.34 W kg_l, respectively (Fig. 3). Due to the enhanced
agitation speed, the DO was maintained at a relatively high
value in first phase from O to 72 h, while in the second
phase from 72 to 144 h, it was always below the critical
value (Fig. 4b). The curves of OUR presented similar
tendencies for 2RT and 3RT (Fig. 4a), confirming the good
stability and reproducibility under the same inoculum types
and process control strategies. During fungal fermentation,
the broth viscosity was mainly related to biomass and
morphology [35]. As biomass increased, the broth viscosity
ascended quickly, reflected by the increased consistent
index (K) (Fig. 4f). The negative effects caused by the
increased broth viscosity were characterized by the
declined OUR levels when specific power input was
maintained constant after 60 h (Fig. 3b). Also, due to
entanglement of hyphae and accumulation of biomass, the
rheology character was changed from the Newtonian liquid
to the pseudoplastic as the flow index reduced from 1 at the
start of cultivation to 0.3 at the end (Fig. 4e).
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Fig. 1 Profiles of agitation
speed (a), DO (dissolved
oxygen concentration) (b), OUR
(oxygen uptake rate) (c), EA
(enzyme activity) (d), DCW
(dry cell weight) (e) and cum-
sugar (cumulative consumption
of sugar) (f) in batches of
clumps and mycelia. Clumps
(filled circle), mycelia (filled
triangle)

Fig. 2 Pellet diameter in
relation to the EDCF (a) and
specific power input (b) in 5-L
fermenter

As shown in Fig. 5a, the averaged diameter of pellets in
runs of 2RT and 3RT was 410 and 320 pum, respectively,
close to the critical diameter of 400 um [9]. At 120 h, the
pellet concentration in batches of 2RT and 3RT, was 640
and 320 pellets mL ™", respectively (Fig. 5b). As the pel-
letized morphology could slow down the fungal growth
[36], the DCW in 2RT was smaller (Fig. 4c). Furthermore,
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the pelletized morphology favored the significant reduction
in broth viscosity compared with mycelia morphology [37-
39]. Consequently, the kpa and go, in batches of 2RT
(Fig. 5e, f) were, respectively, 30.7 and 29.2 % higher in
comparison with 3RT. The earlier research [37] suggested
that the primary effect of morphology on product formation
was broth viscosity. As for filamentous fungi, the reduced
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broth viscosity, to some extent, could contribute to the
enzyme production [40]. Therefore, the relatively lower
broth viscosity brought by the formation of pellets may be
responsible for the higher production level in the batches of
2RT.

CFD was often used to depict the holistic distribution of
shear stress within larger bioreactors. To clarify the

detailed roles played by varied impeller combinations
under different specific energy inputs, the fields of liquid
velocity and shear strain rate were simulated with CFD. As
illustrated in Fig. 6a, the simulated velocity profiles dis-
played that these two agitator types formed similar flow
patterns. Also, the circulation time for 2RT and 3RT was
similar, both at about 1.1 s. However, the distribution of
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Fig. 5 Comparisons in average
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shear strain rate induced by 2RT and 3RT was distinctly
different (Fig. 6b). It was observed that the zone of higher
shear strain rate within the fermenter equipped with 3RT
was larger as each Rushton impeller was accompanied with
a zone of high shear rate. Overall, the simulated energy
dissipation rate (¢) of 2RT and 3RT was 0.29 and 0.43
m? s>, respectively, indicating that the shear stress
induced by 3RT was stronger. As the smallest eddies
determine the size of pellets in stirred tank reactors [32],
the Kolmogorov microscale of length (1x) was calculated.
The Jx in fermenters equipped with 2RT and 3RT were
900 and 870 pm, respectively, which was in the same
magnitude of pellet size in this study, thus it could be
concluded that the pellet size was mainly affected by the
fluid induced shear stress by eddies within fermenters.
Generally, the too intensive shear stress could lead to the

@ Springer

reduction in growth [41], thus, in turn, bringing adverse
effects. However, in this study, the shear force induced by
3RT was not strong enough to inhibit the growth of A.
niger due to the fact that the biomass concentration in
batches of 3RT was higher than 2RT during late phase of
cultivation (Fig. 4c). So combining the CFD simulation
with the morphological analysis, it could be concluded that
the milder shear stress environment of 2RT favored the
pellet formation, which in turn resulted in better enzyme
production.

EDCEF as a guide for fungi scale-up
Generally, the synthetic effects of local shear stress and

mixing time within the fermenters on cell physiology could
be characterized by energy dissipation rate/circulation
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Fig. 6 Flow field of velocity

(a) and shear strain rate (b) from Velocity
CFD simulations for the
impeller combinations of 2RT 1.000e+001
and 3RT. The color of red and
dark blue denotes highest value
and the lowest, respectively. 7.500e+000
The impeller rotation speed in
CFD was equal to the value
used.in the actual cultivation 5.000e+000
that is 380 rpm for 2RT and
360 rpm for 3RT. The CFD
simulations were conducted
under the similar rheological 2.500e+000
parameters before 80 h (color
figure online)
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function (EDCF). In large-scale fermenters, the EDCF
values were quite different at different positions or with
different impeller combinations [23, 26]. For the fungal
fermentation, the cell physiology could vary greatly under
different local EDCF values [42, 43], thus it is very
important to evaluate the effect of EDCF on morphology
and enzyme production in small-scale fermenters, which
could provide useful clues for process optimization and
scale-up. As reported by Jiisten [33], the correlation
between the morphological parameters and EDCF could be
established under different scales of fermenters using the
cold model experiments. However, the influences of EDCF
on production under real fed-batch cultivations were vague.
To describe the relations between the shear stress envi-
ronment and enzyme production, the cultivations under

different impeller configurations and scales in our lab were
summarized (Table 1).

As described in Fig. 7b, the effects of tip speed on
enzyme production were inconspicuous, which may be due
to the differences in impeller configurations and bioreactor
scales. It should be noted that a direct relation between the
enzyme activity and shear rate (or specific power input)
existed but some overlapping data points existed (Fig. 7a,
c). By comparison, the relation between the EDCF and
enzyme activity was more relevant as it was consistent with
the quadratic parabola. The reason for the increased
enzyme activity (Fig. 7d) may be explained by the higher
kra under larger EDCF values [29]. On the contrary, the
decreased enzyme activity may be due to the pellet breakup
[17] or growth inhibition [41] caused by the strong shear
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Table 1 Summary of fed-batch

e _ Cultivations P/V EDCF Tip speed  Shear rate s™h Enzyme activity®
cultivations in 50-L and 5-L (W/kg) (kW 1‘1’173871) (m Sfl) (AGI mLil)
fermenters

50L-2RT-360rpm 0.82 20.00 2.26 374.04 255 £ 20
50L-3RT-380rpm 1.62 28.00 2.39 458.40 197 £ 10
50L-3RT-335rpm 1.10 17.00 2.10 439.719 256 £ 24
50L-3RT-240rpm 0.27 5.06 1.51 165.69 154 +£ 10
50L-3Whu®-470rpm 0.84 14.00 2.07 642.11 230 +£ 13
* The enzyme activity was 50L-HBT*+2Whu-330rpm  0.54 9.33 2.07 384.76 214 + 28
bmeasured at 120 h 5L-2RT-300rpm 0.52 8.66 1.10 249.82 165 + 13
Whu three wide-blade 5L-2RT-375rpm 082  17.09 1.37 494.35 263 + 21
hydrofoil impeller pumping up
R . SL-2RT-450rpm 1.06 26.66 1.65 702.79 209 £ 14
HBT hollow blade turbine
Fig. 7 Enzyme activity in 300 300
relation to the shear rate (a), tip A i 1 i) B 1 i I
speed (b), specific power input 2501 I ; 250 + 1 1
(¢) and EDCF (d) I 1 Es I F
~ 2004 [ l — 200 A 1 | [}
- & I
E 150+ . ' Q 150 t [
Q <
:(’ 100 $ 100 -
w
504 50
0 T T T O T T T
0 200 400 600 800 1.0 15 2.0 25
-1 3 ]
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C ] 1D i
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- oYy ~ ] I
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0 T T B T T T T T T T T 0 . T T T T T
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force. So we think, under oxygen-limited condition, the
effect of EDCF on performances of bioreactors was much
more remarkable than other parameters. Hence, the effect
of the shear stress environment characterized by EDCF on
the enzyme production was firstly illustrated during fed-
batch cultivations.

Conclusion
The efficiency of glucoamylase production was closely
related to the control of morphology as both the mass

transfer and microbial growth were affected significantly
by morphological parameters. By integrating the seed

@ Springer

morphology and specific power input, the morphology
engineering could be carried out to reduce the pellet size,
thus reducing the oxygen limitation within the core of pel-
lets. The milder shear stress field could facilitate proper
pellets formation, which could help to relieve the limitation
in oxygen supply in the late phase of fermentation. To
describe the effects of process parameters on the final pro-
duction level, the relation between the enzyme production
and EDCF/tip speed/average shear rate/specific power input
was analyzed, respectively. We found that the optimum
EDCEF existed; hence, it could be scale-up criteria for fungal
fermentation. Further work should be conducted to combine
the fluid hydrodynamic with the growth kinetic of A. niger to
improve the performances of large-scale fermenters.
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