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Effect of Various Process Parameters on Morphology, Rheology, and
Polygalacturonase Production byAspergillus sojaen a Batch Bioreactor

Selale Oncu, Canan Tari,* and Sevcan Unluturk

Department of Food Engineering, I1zmir Institute of Technology, Urla, Izmir 35430, Turkey

The effects of pH, agitation speed, and dissolved oxygen tension (DOT), significant in common
fungal fermentations, on the production of polygalacturonase (PG) enzyme and their relation to
morphology and broth rheology were investigated ugisgergillus sojaén a batch bioreactor.

All three factors were effective on the response parameters under study. An uncontrolled pH
increased biomass and PG activity by 27% and 38%, respectively, compared to controlled pH
(pH 6) with an average pellet size of 1.690.48 mm. pH did not significantly affect the broth
rheology but created an impact on the pellet morphology. Similarly, at constant agitation speed
the maximum biomass obtained at 500 rpm and at 30 h was 3.27 and 3.67 times more than at
200 and 350 rpm, respectively, with an average pellet size of £.0842 mm. The maximum
enzyme productivity of 0.149 U ml! h~! was obtained at 200 rpm with an average pellet size

of 0.71 £ 0.35 mm. Non-Newtonian and pseudoplastic broth rheology was observed at
500 rpm agitation speed, broth rheology exhibited dilatant behavior at the lower agitation rate
(200 rpm), and at the medium agitation speed (350 rpm) the broth was close to Newtonian.
Furthermore, a DOT range of 3®0% was essential for maximum biomass formation, whereas
only 10% DOT was required for maximum PG synthesis. Non-Newtonian shear thickening
behavior (i > 1.0) was depicted at DOT levels of 10% and 30%, whereas non-Newtonian shear
thinning behavior if < 1.0) was dominant at 50% DOT. The overall fermentation duration
(50—70 h) was considerably shorter compared to common fungal fermentations, revealing the
economic feasibility of this particular process. As a result this study not only introduced a new
strain with a potential of producing a highly commercially significant enzyme but also provided
certain parameters significant in the design and mathematical modeling of fungal bioprocesses.

Introduction species, media composition and supply, and the hydrodynamic
regime in the bioreactor determine the metabolic performance
of a microbial culture, which in turn determines the cellular
morphology affecting the bulk broth rheology. Rheology in turn
affects the supply of nutrients and oxygen, and the ease of

Deep tank fermentations are widely used in the production
of enzymes, antibiotics, and organic acids, which find many
applications in the food, medicine, pharmaceutical, chemical,
and textile industries1). The diverse range of commercially g . )
exploited fungal products, which have a large contribution to mixing of the_ br_o_th. Rr_]eologymorpholo_gy relgtlonsh|ps are
the global economy, is expanding enormously. However, their parnf:ularly significant in ferm_entanons |nvoIV|_ng filamentous
filamentous growth characteristic creates a number of process'Undi (7, 8). However, excessive hydrodynamic shear stresses
engineering problems attributed to the morphological change MY damage mycelial hyphae and pellets, where much lower
encountered during the fermentation process at large s2le ( shear stresses are suff|C|ent_ to influence growth_ m_orpholpgy.
This affects the maximum product concentration and the A Pellet type of morphology is usually preferred in industrial
productivity of the organism. It is well documented that the fe_rrmentatlons and in downstream processing because o_f the non-
fungal culture exhibits two major morphologies observed as Viscous rheology of the brott9(10). In such fermentations,
pellets, which are spherical agglomerates of hyphaes, or mycelia,the mass transfer of oxygen and nutrients is considerably better
which is free mycelium dispersed throughout the culture medium @nd the subsequent separation of the pellets from the medium
(3). These morphologies are very much determined by severalis simpler @). Since agitation and aeration are also much easier,
environmental and genetic factors including type of organism, the power input and therefore the operating cost are lower.
pH and composition of the media, inoculation ratio and type of However, in fermentations where the mycelia form is dominant
the inoculum, agitation speed and aeration rate, feeding rate,and the cell growth and productivity are higher, the broth is
and genetic factors of the culturd«6). In industrial fermenta- ~ much more viscous, resulting in heterogeneous stagnant non-
tions fungal morphology is often considered as one of the key mixed zone formations, which are harder and more expensive
parameters of physiological and engineering studies of filamen- to operate 7). Hence, the morphology of the culture, which
tous fermentations used in the design and operation of suchaffects productivity and results in rheological changes of the
systems §). Complex interactions of various operating condi- broth, needs to be controlled. Therefore, the relationship between
tions such as agitation intensity, aeration rate, type of microbial morphology and rheology and the factors influencing them have
to be fully investigated. Such knowledge can be very valuable
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With this perspective, polygalacturonase, which attracts the an empty sterile falcon tube, and tested for sterility, viability,
most attention among the pectinases due to its wide applicationand spore count. The spore counts were performed using a
area, is considered as a model product produced by a newThoma bright line hemacytometer (Marienfield, Germany). The
organismAspergillus sojaewhich was not considered for this  suspensions were stored at@ and used as inoculum for the
purpose so far to unveil the common industrial problem facing fermentation process.
fungal fermentations. Another objective of the study was to  Production Medium and Fermentation. The fermentation
extend the previous shake flask studies, which determined thewas carried outri a 5 L bioreactor (New Brunswick BioFlo
high polygalacturonase potential of this organism to bioreactor 3000, NJ) with a working volumefa! L at 30°C and 2.5 L/min
studies {1-13). It is well known that as opposed to shake flask aeration rate for 96 h. Agitation was provided with two sets of
studies, bioreactors are a better controlled environment wherestandard six-blade rushton impellers (6 cm diameter) and four
the effect of common factors such as pH, agitation, and dissolvedbaffle plates, equipped in the bioreactor (the distance between
oxygen tension can be observed and controlled. They alsothe two impellers was 108 mm and the distance to bottom
provide information required in scaleup processes. To the bestimpeller was 39 mm). The fermentation medium (4 L) was
of our knowledge there is no available literature on the composed of corn steep liquor (5 g/L), peptone (5 g/L), maltrin
polygalacturonase production of this organism in batch biore- 50 (75 g/L), disodium phosphate (3.2 g/L), monosodium
actors; therefore this study will be one of initial studies using phosphate (3.3 g/L), and glucose (0.75 g/L). The bioreactor was
this organism in the production of a highly valuable product inoculated with a total of 2« 1(f spores as prepared in the
and a new reference point in the microbiology area and enzymeinoculum preparation section. The pH of the fermenter medium
industry. Also there is no literature that we know about on the was adjusted automatically to pH 6 ugi6 N NaOH or 10%
investigation of the relationship of morphology and rheology H,SO, at the onset of the fermentation and was not controlled
to polygalacturonase production using other organisms. Hence,otherwise stated. Dissolved oxygen tension was monitored by
it will close to some degree the gap in the literature, which has means of a polarographic oxygen electrode (Mettler Toledo,
been lacking so far. USA) on line. Prior to each fermentation, the bioreactor was

As is known because of their myriad applications, the saturated to 100% with air. Samples were taken periodically
biotechnological potential of pectolytic enzymes from micro- and assayed for enzyme activity, biomass determination, and
organisms has drawn a great deal of attention worldwie: ( substrate utilization. Enzyme activity and carbohydrate content
These are used mainly in the food industry in the clarification were determined on supernatant obtained by centrifugation of
of fruit and vegetable juice, maceration of vegetables and fruits, the broth at 5000 rpm for 15 min. Fungal morphology and broth
extraction of olive oil and in the treatment of raw fibers in the rheology were investigated at the end of the fermentation period
textile and paper industry and in the process of waste treatment(at 96 h).

(15). It is also reported that pectinases, as one of the upcoming Enzyme AssayPG (polygalacturonase) activity was assayed
enzymes in the commercial sector, contribute to almost 25% according to the procedure given by Panda etlal) by using

of global enzyme sales, and its contribution is estimated to 2.4 g/L of polygalacturonic acid as substrate at pH 6.6 and
increase further by the year 20096]. In order to meet this 26 °C. The amount of substrate and enzymes used were 0.4
high demand, it is of great importance to produce this enzyme and 0.086 mL, respectively. In this study, one unit of enzyme
in a cost-effective and productive way, which makes this study activity was defined as the amount of enzyme that catalyzes
extra novel. the release of kmol of galacturonic acid per unit volume of

Therefore, combining the two main objectives in a single culture filtrate per unit time at standard assay conditions.
study, the effect of process parameters significant to fungal Galacturonic acid (Sigma, St. Louis, MO) was used as standard
fermentations such as pH, agitation speed, and dissolved oxygerfor calibration curve of PGase activity.
concentration on pellet morphology, broth rheology, and po-

lygalacturonase production were investigated in the submergedamivity (U/mL) = ] .
fermentation ofA. sojae. (mg of galacturonic acid/212.12) (1/20) x (1/0.086) (1)

Biomass Determination.The biomass expressed as dry cell
weight (g/L) was determined by means of gravimetric method.
Microorganism. Aspergillus sojaeATCC 20235 was pur-  The fermentation broth (25 mL), which was taken periodically
chased from Promochem Inc., an international distributor of during fermentation, was filtered through a preweighed What-
ATCC (American Type Culture Collection) in Europe. The man No.1 filter paper, followed by drying to constant weight
propagation of this culture was done on YME agar slant medium at 37°C for approximately 24 h.
containing malt extract at 10 g/L, yeast extract at 4 g/L, glucose  Protein and Carbohydrate Assay.The total protein contents
at 4 g/L, and agar at 20 g/L concentrations incubated &30  of the samples were determined according to the method
until well sporulated (1 week). Stock cultures of this strain were described by Lowry et al.18). A protein standard calibration
prepared with 20% glycerol water and stored-&0 °C. curve was prepared in the range of 800 ug/mL with the
Inoculum Preparation. For the seed medium, molasses protein standard Bovine Serum Albumin.
medium formulation composed of glycerol (45 g/L), peptone  The total carbohydrate contents of the samples were deter-
(18 g/L), molasses (45 g/L), NaCl (5 g/L), Fes@,0 mined by the phenol/sulfuric acid method. A carbohydrate
(15 mg/L), KH,PO, (60 mg/L), MgSQ (50 mg/L), CuS@ standard calibration curve was prepared in the range ef 10
5H,0 (12 mg/L), MnSQ-H,O (15 mg/L), and agar (20 g/L)  40ug/mL with pb-glucose as the standard. The absorbance was
was used. Initially, the frozen stock cultures were inoculated read at 490 nm using a Varian Cary Bio 100 Yuisible
on YME agar and incubated for 1 week at 0 for activation. spectrophotometer ).
After this period a single isolate of the strain was inoculated  Morphological and Rheological Measurementsin order
on a molasses slant and incubated for another week at the sam# investigate the pellet morpholog¥ g of fermentation broth
temperature. Following the incubation period, 5 mL of 0.01% was transferred to a petri dish and fixed with an equal volume
(v/v) tween 80 solution was added into the slant, harvested into of fixative (13 mL of 40% formaldehyde, 5 mL of glacial acetic

Materials and Methods
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acid, 200 mL of 50% ethanol)20). Pellet morphology was (a)
characterized by using image analy2$)( Pellet particles were
analyzed for determination of the number of pellet per given
volume and pellet size. The image was captured with a eurocam
(Euromax, Holland) mounted on a phase contrast microscope
(Novex, Holland). Image analysis was performed with the PH
software package Image-Pro Plus 4.5.1. (Media Cybernetics Inc.,
Silver Spring, MD). The size of the pellet was quantified using
the diameter corresponding to a circular area equivalent to the
pellet projected are&2p).

Rheological properties of the fermentation broth were deter- 0
mined by using a rotational viscometer (Brookfield DV-H
Pro, Brookfield Engineering Lab. Inc., MA) equipped with a Time (hour)
Rheocalc32 program. The principle of operation of the DV Il —e— Uncontrolled pH
+ Pro was to drive a spindle (which was immersed in the test —A—pH6
fluid) through a calibrated spring. The viscous drag of the fluid
against the spindle was measured by the spring deflection. (b) 600
Spring deflection was measured with a rotary transducer for a
given spindle geometry and spe@3); An increase in viscosity

N W A OO N ®
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500

was detected by an increase in deflection of the spring, which 400

allowed measurement of a variety of viscosity ranges. Tem-  agitation

perature was adjusted to 3C for all measurements. (rpm) 300
Broth rheology of the samples collected in 600 mL beakers 200 ¢

was usually examined at the end of the fermentation period

(96 h). For periodic measurements during fermentation, a small 100

amount of broth (16 mL) was driven from the bioreactor and
rheological measurement was performed by using a UL adapter.

. 0 20 40 60 80 100 120

In samples measured by the UL adapter, the size of pellets was )

) Time (hour)
generally of the same order of magnitude as the annulus of the
UL adapter. In order to overcome this measurement problem, —e— Uncontrolied pH
the measured viscosity of the fermentation broth was assumed —A—pHO
to be a suspension and was corrected by using a mathematicakigure 1. Profiles of (a) pH and (b) agitation of uncontrolled and
model developed by Metzne24). constant pH 6 experiments conducted af@02.5 L/min air flow rate

The model for estimating viscosity of dilute suspensions was @nd cascaded between 200 and 500 rpm agitation speed.

based on volume fraction of the suspended solids (pelfgt) ( . . .
and the relative viscosity of the suspension, given in eq 2 and /09arithm on both sides of eqs 4 and 5 yiekdsndn values.

3, wherey is the viscosity of the suspension andis the Since ext.ra force 7g) was needed to start the flow iq the
viscosity of the continuous phase: fermentations where the number of pellets were very high, eq

5 was preferred to explain the rheological behavior of the broth.

=L (2 Results and Discussion

s Effect of Medium pH on Biomass, Polygalacturonase,
—[1— P\ 2 3 Pellet Morphology, and Broth Rheology.In order to inves-
T ’ (A)] ©) tigate the effect of pH as a key parameter significant in fungal
fermentations, two types of fermentations were run at constant
In eq 3,A was in the range of 0.44 and 0.68 for the crystal pH of 6 and under uncontrolled conditions (initial pH was
and spherical shape particles. For this purpose, the volume andadjusted to 6 but afterward not controlled). The fermentation
mass of each sample containing spherical pellets was initially conditions were such that dissolved oxygen tension (DOT) was
measured and the bulk density of the suspension (fermentationcontrolled at 50% saturation by cascading the agitation speed
broth) was calculated. Then the sample was filtered and masshetween the ranges of 26800 rpm at constant airflow of
and volume measurements were repeated for the filtrate (clear2.5 L/min. The corresponding profiles of pH and agitation speed
broth). Volume fractionsd) (v/v) were calculated from these  are presented in Figure 1 (a, b), whereas the profiles of biomass,-
measurements. After, the viscosity of the clear brgthwas carbohydrate utilization and pellet size distribution are presented
measured by using a viscometer and the suspension visgosity in Figure 2 (a-c). The uncontrolled pH profile (Figure 1a)

was calculated from eq 2. dropped to pH 4 at the end of 96 h. Comparing this profile
All of the shear data were then analyzed according to the with biomass formation and carbohydrate utilization profiles
power law (eq 4) and the Herschel-Bulkley model (eqZg)( (Figure 2, a and b), the following conclusions can be with-
drawn: (1) Uncontrolled pH resulted in better and faster

T=Ky" 4) carbohydrate utilization as a result of better solubility of the

nutrient compounds in the broth due to pH effect. (2) Cell
T=1+Ky" 5) membrane permeability was affected because of low pH and

nutrient transport into the cells was more efficient. In fact
whererty, 7, andy are the yield stress, shear stress, and shearmaximum biomass that was 4 times higher compared to that of
rate, respectively. The constarn€sandn represent the consis-  the controlled pH experiment was achieved at 40 h. The reason
tency index (Pe") and the flow behavior index. Taking the for the low biomass (at constant pH 6) was explained with the
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Figure 2. Profiles of (a) biomass, (b) carbohydrate utilization, and
(c) pellet size distribution of uncontrolled and constant pH 6 experiments
conducted at 30C, 2.5 L/min air flow rate and cascaded between 200
and 500 rpm agitation speed.
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of all of these factors could have contributed to the smaller size
and higher number of pellet formation (Table 1 and Figure 2c)
observed in the case of uncontrolled pH experiments. Hence,
this observation pointed out some critical information on the
mechanism of pellet formation, which was due to chipping off
and fragmentation of the existing pellets. However, this cannot
be attributed solely in case of controlled pH experiments where
larger and fewer pellets were formed.

The effect of pH on morphology and its relation to rheology
was also investigated (Table 1). Pellet volume fraction and
number of pellet formation were comparable; the variation
among the suspension viscosities was not extremely significant
in both cases in spite of slightly higher (4.2 cP) suspension
viscosity when pH was set to 6. This was due to the filtrate
viscosity, which was found to be faintly higher, imposing an
effect on the suspension viscosity calculations. The difference
between the filtrate viscosities could also be attributed to the
production and secretion of some unknown metabolites into the
medium by this microorganism. Overall, pH did not significantly
affect the suspension viscosity, average pellet size, pellet
number, and pellet size distribution (Figure 2c) but created an
impact on the pellet morphology. Morphology varied between
the pellet form with a hairy region surrounding a dense core to
a compact, smooth, and very dense pellet structure.

The polygalacuronase profiles (Figure 3) for the two experi-
ments were similar in profile but differed in quantities. The
maximum polygalacturonase activity was achieved around
45 h for both cases. The uncontrolled pH experiments resulted
in 38% more activity compared to that of the controlled one.
This could be related to the higher biomass and higher number
of pellets obtained. However, in both experiments the activity
declined after this period and no activity could be detected at
the end of the fermentation (96 h). Explanations for this can be
that either this organism produced proteases that hydrolyzed
the enzyme or the medium pH was not suitable to maintain the
stability of the enzyme. Since the proteolytic activity was not
determined, the former statement could not be justified, but it
is known to be very common among these microorganisms.
Aspergillus sojaés considered as GRAS (generally considered
as safe) and very popular in Koji fermentation of a Japanese
food in solid-state fermentation of soya sourc&s, (27).
Therefore, it is very likely that it might produce high amounts
of proteases. However this issue will be exploited in future
experiments. As a conclusion, it is recommended to run the
fermentation under uncontrolled pH conditions and stop the run
around 50 h in order to recover the polygalacturonase enzyme.
This is actually a positive outcome since not only will the
operational costs be reduced as a result of a shorter run but
also the acid and base consumption will be eliminated, therefore
reducing the overall material cost. On this basis, the forthcoming
experiments were run under uncontrolled pH conditions.

small Compact and very dense smooth pe”et structure (Tab|e Since there is no literature either on this Organism or on the

1) possibly causing nutrient and oxygen limitations to the interior
of the pellets and reducing the growth. The overall biomass
profile was such that controlled pH (pH 6) resulted in a gradual

submerged polygalacturonase, no direct comparisons could be
made. However there are several literatures sources investigating
the effect of pH on morphology and on the fermentation of

increase, whereas uncontrolled pH resulted in biomass decreas¥arious products produced by various fungal organisms revealing

after 45 h. This could be attributed partly to the pH changes
encountered during this period but also to the high agitation

that the effect of pH as a key parameter needs to be investigated
for each and every single strain under stugg-{31).

speed observed at 500 rpm in order to maintain the dissolved Effect of Agitation Speed on Biomass, Polygalacturonase,
oxygen tension at 50% (Figure 1b) that exhibited shear effect Pellet Morphology, and Broth Rheology.lt is reported by a

and possibly mechanical damage to the cells. Hence, thenumber of researchers that agitation creates shear forces, which
decrease in DOT was faster in the uncontrolled pH experiments affect microorganisms in several ways, causing morphological
as a result of faster growth increasing the oxygen consumptionchanges, variation in their growth and product formation, and
rate, leading to an earlier start of the cascade. The combinationdamage even to the cell structurd2(34). Based on this,



840 Biotechnol. Prog., 2007, Vol. 23, No. 4

Table 1. Effect of pH on Rheology and Morphology at 30°C, 2.5 L/min Air Flow Rate and Cascaded at 200-500 rpm Agitation Speed

uncontrolled pH pH=6.0

viscosity (cP) (at 73.38 1/s)

suspension 3.20 4.20

filtrate 1.04 1.79
pellet volume fraction 0.26 0.20
pellets/1 g media 92 74
pellet morphology small pellets with dense core with a fluffy region small and compact smooth very dense pellets

surrounding the core

average pellet size (mm) 1.690.48 1.95+ 0.46

fermentation runs at three different but constant agitation speedsaverage size of 1.08 0.42 mm with wide pellet size

of 200 (tip speed 0.628 m/s), 350 (tip speed 1.099 m/s), and distribution were obtained. Also the mechanism for the pellet
500 rpm (tip speed 1.57 m/s) and constant air flow (2.5 L/min), formation at this speed as discussed in the previous section was
under uncontrolled pH conditions were performed. All the other due to chipping off, as can be observed from the pellet size
fermentation conditions were the same as described in Materialsprofile taken during the entire run (Figure 5c). As can be
and Methods. The corresponding profiles of DOT, pH, and observed from this profile, the pellets were formed within 24 h
biomass are presented in Figure 4 from which it can be and the perimeter and core diameter were reduced over the run,
seen that the growth was considerably faster at 500 rpm pointing out that in addition to the chipping off, the breakage
compared to the other agitation speeds. The maximum biomass (a) 1
obtained at this speed was 3.27 and 3.67 times more than 200
and 350 rpm (at 30 h), respectively. For all three runs the
differences in pH profiles were encountered mainly during the 80
lag and growth phases, reaching a final pH of445 at the
stationary and death phases. The slow growth at 200 rpm could
be related to insufficient oxygen supply, which dropped to 0% 40
saturation at 16 h, increased to 10% after 34 h, and remained at
this level until the cessation of the run. This finding was also

100
L

DoT 60

20

supported by the carbohydrate utilization profile, which was 0
slower at this agitation speed (Figure 5a). At both 200 and 0 Y . 60 i 100 20
350 rpm carbohydrate was not utilized completely and remained Time (hour)
at high levels. Because of faster biomass formation carbohydrate —&—200 pm
consumption was almost complete at 500 rpm. The DOT profile e AT
at this speed was very well correlated with both carbohyrate ()~ __ =i =000 [P
and biomass profiles (Figure 4a and c and Figure 5a). The :
oxygen supply could have been a limiting factor (DOT was 0%) 6
at 500 rpm since oxygen transfer rate was almost equal to
oxygen consumption rate. Although DOT level was not the %2
limiting factor at 350 rpm (since it was above 50% until the pH 5
end of fermentation), some other factors might have contributed
to the slow growth discussed above. Hence, this brings up the =
discussions on the effect of agitation speed on the morphology 4
of the culture and consequently on the broth rheology. ie
As can be seen from the pellet size distribution (Figure 5b) e 5 40 pa 80 160 o
very small compact spherical pellets with an average size of T
0.71+ 0.35 mm were obtained at 200 rpm with narrow size =
distibution. However, at 500 rpm small fluffy pellets with an —a 350 pm
14 —&— 500 rpm
| (©
1,2 40
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Figure 3. Polygalacturonase profiles of uncontrolled and constant pH Figure 4. Profiles of (a) DOT, (b) pH, and (c) biomass of experiments
6 experiments conducted at 30, 2.5 L/min air flow rate and cascaded  conducted at different agitation speed of 200, 350, and 500 rpm at
between 200 and 500 rpm agitation speed. 30°C, 2.5 L/min air flow rate.
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7 . . . _
Pellet 2 in the literature by many researchers (supporting our findings)
Numberllg 80 4 that in stirred tanks agitated up to 300 rpm the hyrodynamic
Mot % / shear regimens are comparable and permit stable existence of
40 2 pellets up to 2.3 mm in diameteBg).
20 / a Overall one can draw the final conclusions that low agitation
o L % speed (200 rpm) was not sufficient to fullfill the high demand
1e 1-1515-22-25626-33-3535-4 4> of oxygen, which in turn affects the carbohydrate metabolism
Pellet Size (mm) of the culture, resulting in low biomass and small pellets. On
@200 om the other hand, a medium level of agitation (350 rpm) induced
350 rpm bigger pellet for.mations with compact centers fac@ng .both
@500 rpm oxygen and nutrient mass transfer resistance, resulting in low
(c) 3 biomass. However, high agitation speed (500 rpm) was also

not adequate in supplying the necessary oxygen for the fast
carbon metabolism due to faster growth. Chipping off (erosion)
and breakage (outright rupture) mechanism resulted in small
sized pellets with wide distribution.

As is well-known. biomass concentration and morphology

(mm)
. affects the rheological properties of the fermentation broth.
These effects on the rheology can be interpreted using the
05 biomass concentration profile (Figure 4c) and viscosity data
. (Figure 7) along with corresponding consistency indé€xgnd
24 48 72 96

flow behavior index ) (Table 2). Non-Newtonian and pseudo-
Time (hour) plastic (shear thinning) < 1) broth rheology was observed in

: the case of 500 rpm agitation speed. Conversely, broth rheology
ECore Diameter|
Perimeter

2,5

Diameter 1

exhibited dilatant (shear thickening> 1) behavior at the lower
agitation rate (200 rpm), and at the medium agitation speed

Figure S. Profiles of (a) carbohydrate utilization and (b) pellet size (350 rpm) the broth was close to Newtonian4 1.0). These
distribution of experiments conducted at different agitation speed of .. _ . : .
200, 350 and 500 rpm at 3T, 2.5 L/min air flow rate and (c) pellet findings reveal some important features of broth rheology: (1)

size profiles during the course of fermentation conducted at 500 rpm. At an agitation speed of 500 rpm, tfevalue (Table 2) and
biomass concentration (Figure 4c) were the highest with an
of pellets might have occurred as well. This explains also the average pellet size of 1.08 0.42 mm (Figure 5b). At a low
wider size distribution observed in this particular run. intensity agitation of 200 rpm, the biomass concentration was
The current observation was in accordance with many reportsthe lowest where the pellet size was the smallest (Gt71
in the literature, reporting two main mechanisms of pellet size 0.35 mm). This suggests that tevalue of broths is sensitive
changes: (1) chipping off of pellicles from the surface of pellets to both pellet size and biomass concentration, which is also
and reducing the diameter and (2) direct breakup of the pellet supported by the study of Lopez et a22]. They reported a
structure due to higher hydrodynamic loads3b). Considering sensitivity of theK value of broths to pellet size but found little
the morphology at 350 rpm, few big pellets with compact centers effect of biomass concentration on the rheology The small
with an average size of 1.70 0.93 mm were obtained. In fact, pellets formed at the low agitation speed produced broths with
this explains that there might have been diffusion mass transfern values exceeding unity, i.e., shear thickening behavior. Broths
resistance in the interior of the pellets with respect to oxygen containing comparably larger pellets obtained at high intensity
and nutrients. Hence, the DOT level and carbohydrate levels of agitation had a shear thinning behavior (ires 1). On the
were high, whereas the biomass formation was low (Figure 4a, other hand, at an agitation speed of 350 rpm, formation of large
Figure 5a, and Figure 4c). Furthermore, the mechanism of pelletpellets that are low in number did not affect the broth rheology
formation in this case was mostly due to agglomeration of small significantly, Newtonian type of flow behavior was observed
pellets into bigger ones induced by agitation. Also it is reported (n~ 1.0) (3). The apparent viscosity calculated at the estimated
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Table 2. Rheological Parameters of the Broths Obtained in
Fermentations Conducted at Different Agitation Speeds at 30C, Biomass 40
2.5 L/min Air Flow Rate LN
agitation speed (rpm) 20
200 350 500 o
consistency indexq) (Pas") 0.005 0.045 0.1215
flow behavior index () 1.9805 0.9567 0.5033 0
0 20 40 60 80 100 120
constants obéained from regression analysis 2 Time (hour)
a C
105.2 —49.8 5.9 1.0 —e—10% DO
—aA—30% DO
shear rate of 13.74°% (eq 4) for each agitation intensity (200, —m—50% DO
350, and 500 rpm) was found to be 15.72, 9.75, and 16.95 cP,
. . - (© 80
respectively. Generally, because of the shear thickening and
shear thinning behavior, the broths produced at the highest and 70
lowest agitation rates were more viscous than the one obtained 60
at the intermediate agitation speed where Newtonian-type flow ot P
behavior was observed. Applying regression analysis t0 €Xperi-  carpohydrate 40 |
mental data obtained at the end of fermentation (96 h), the @ 4
following relationship was found with a high correlation 2
coefficient R = 1) betweenK value and the biomass 0
concentration of the broths produced at different agitation
. 0
speeds. 0 20 40 60 80 100 120
Y= aXZ — bX+c (6) Time (hour)
whereY is the consistency indexJ, X is the maximum biomass :;ﬁ; gg
concentration (on dry basis, g/L), argj b, and c are the 3 50% DO

constants obtained from regression analysis (Table 2). The ] - )
consistency index varies with biomass concentration to the Figure 8. Profiles of (a) agitation speed, (b) biomass, and (c)
S - . .~ carbohydrate utilization of experiments conducted at different DOTs
power of 2. This is in good agreement with the data cited in o 1006 309 and 50% at 30C, 2.5 L/min air flow rate.
the literature. The reported values of the consistency inkgx (
for the broths that have power-law like behavior varies with aerobic fermentations the supply of oxygen is often the rate-
biomass concentration, typically to the power of-633 ). limiting step and satisfying oxygen demands can often constitute
Maximum polygalacturonase activity (Figure 6) was observed a large proportion of the operating and capital cost of industrial
at 200 rpm, demonstrating an inverse relationship with biomass scale fermentation). Since oxygen plays such a detrimental
formation. This was prevailing that enzyme synthesis was not role in the fungal fermentations, it was anticipated to determine
growth-associated but a secondary product. Similar to pH effect the critical DOT level for the response parameters. Therefore
maximum enzyme synthesis was achieved at%® h. Based three different saturation levels (10%, 30%, and 50%) were set
on this time point (50 h) the maximum enzyme productivities by the bioreactor and were controlled through cascading the
were 0.1341, 0.059, and 0.027 U miLh~! for 200, 350 and agitation speed between ranges of 2800 rpm at constant
500 rpm, respectively. As with the pH effect, the enzyme was aeration rate of 2.5 L/min. All other conditions were the same
degraded after 70 h at both 200 and 350 rpm and after 50 h atas described in Materials and Methods. As can be seen from
500 rpm. Similarly, proteolysis could be stated as one of the the profiles of agitation (Figure 8a), cascading first started with
reason for this degradation as discussed before. experiments where DOT was set to 50%, followed by 30% and
Effect of Dissolve Oxygen Tension on Biomass, Polyga- then 10%. The system increased the agitation automatically
lacturonase, Pellet Morphology, and Broth Rheology.In between the prescribed ranges in order to keep the desired DOT
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levels. It was anticipated that the sooner the drop in the DOT,
the sooner would cascading start and the effect of agitation
would prevail on the response parameters. The highest DOT
(50%) required higher agitation levels compared to the low set
DOT, which started cascating later with lower agitation speeds.

All these combinations affected the response parameters at 14 media

different levels.

At 50% DOT the biomass formation was 6 times higher than
at 30% and 10% DOT at 45 h of fermentation, revealing the
oxygen dependency of carbon metabolism (Figure 8b). This was
also justified by the carbohydrate profiles (Figure 8c), where
carbohydrates were almost completely utilized at the end of
fermentation. This profile also indicated that oxygen was utilized
efficiently in this particular run. However, the same could not
be observed for the other two set points (30% and 10% DOT).
For these two runs the biomass formation was very low and
there was a high possibility of oxygen limitation, as can be
observed from the carbohydrate profiles (not completly utilized).
A significant difference in the biomass formation and carbo-
hyrate utilization rates of these two runs could not be detected.
Therefore the critical DOT level with respect to biomass
formation was suggested to be in the range 0f30% DOT.
Since 40% was not checked, an exact level at this point could
not be recommended.

The effect of cascading in order to keep the certain DOT
levels exhibited a profound effect on the pellets sizes and
distributions, as can be observed in Figure 9(a, b). At all three
DOT set points a wide size distribution with different pellet

numbers and sizes was observed. The average pellet sizes were

1.98+ 0.75, 2.80+ 0.87, and 1.7Gt 0.48 mm for 10%, 30%,
and 50% DOT, respectively. Similary, there was significant
difference in the pellet structure, with big fluffy pellets for 30%,
medium sized hairy pellets for 10%, and small compact smooth
pellets for 50% being obtained. Futhermore the number of the
pellets h 1 g of medium varied considerably among the three
set points, indicating critical information about the mechanism
of pellet formation. This difference can be mainly attributed to
the cascading effect through the agitation applied. The mech-
anism for the 50% DOT could be related to the chipping off

and direct breakage of the pellets, which increased the number

of pellets but reduced their sizes due to shear effect at higher
agitation speed. This was in accordance with the visual

observations of the pellets as described above. The mechanism

for the other two was similar but with a few differences. Here
for both set points agglomeration due to the lower agitation
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speeds were in place, increasing their sizes but reducing theFigure 9. Profiles of (a) pellet size distribution of experiments

numbers. This was more pronounced for set point of 30%
compared to 10%, where in the case of 10% DOT, oxygen
limitation occurred in the medium, preventing pellet growth.
This was also justified with the hairy fluffy structure that did
not exhibit interior diffusion limitation otherwise (Figure 9b).
However, in the case of 30% DOT in addition to the ag-
glomeration forming larger pellets, diffusion limitation of
oxygen to the interior of the pellet was observed. As a result it
was conluded that the DOT set point was effective in determin-
ing the size, numbers and morphology of the pellet&.afojae
under the conditions studied.

When comparison was made with the literature, contradicting
results were found relating the effect of DOT on the pellet
morphology and on the production of the product of interest.
For example, Gomes et al3%) found that no difference in
morphology for pellets or filaments @. nigercould be related
to DOT levels, although the production of citric acid was
enhanced by increasing DOT at different fermentation stages.

conducted at different DOTs of 10%, 30%, and 50% at@GQ(b) pellet
sizes during the course of fermentation run at 10% DOT, and (c)
changes in the viscosity of broths at different shear rates obtained at
the end of fermentations carried out at 10%, 30% and 50% DOT,
2.5 L/min air flow rate.

Similarly, Carter and Bull $8) found that the morphology of
A. nidulanswas unaffected by DOT levels. Also no direct
relationship between DOT and the morphologyRahnicillum
was determined by a study of van Suijdam and M&)z On

the contrary, in a study of Higashiyama et &9) the fungal
morphology ofMortiella alpina in the process of arachidonic
acid producton appeared to be very senstive to DOT. Similarly,
in the study conducted by Mcintyre et ai(j, oxygen was
found to be the overriding effector of morphological develop-
ment of the dimorphic funguSlucor circinelloides With this
respect the current study will be a new reference point in
highlighting the effect of DOT on the morphology of a new
strain @. soja@ and contibute to the literature.
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Table 3. Rheological Parameters of the Broths Obtained in 7
Fermentations Conducted at Different Dissolved Oxygen Tensions

(DOT) at 30 °C, 2.5 L/min Air Flow Rate 6

DOT 5

10% 30% 50% Activity 4

consistency indexq) (Pas")  0.002 00035  0.117 (Uimi) 5
flow behavior index if) 1.9712 1.9552 0.6317 2

Considering the rheology that is a function of the morphology, !

different rheological behavior was observed (Figure 9c, Table 0

3). Non-Newtonian shear thickening behaviorx 1.0) was 0 20 40 60 80 100 120
depicted in the cases of fermentation where the DOT level was Time (hour)

kept at 10% and 30%. On the other hand, when the DOT level —e—10% DO

was increased to 50%, non-Newtonian shear thinning behavior —4&—30% DO

(n < 1.0) was dominant. Using higher DOT level produced —&—50% DO

smaller and compact spherical pellets, whereas large and fluffy Figure 10. Polygalacturonase profiles of experiments conducted at
pellets were obtained at 10% and 30% DOT. Despite some different dissol.ved.oxygen tensions (DOT) of 10%, 30% and 50% at
debates in the literature about the effect of DOT on the 30 C: 2.5 L/min air flow rate.

morphology and rheology of the fermentation broth, it appeared
thatA. sojaemorphology was sensitive to DOT in the process Acknowledgment
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