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Summary. An open-loop, on-off control system 
using the dissolved oxygen level to control a glu- 
cose feed was used in a study of growth and pro- 
duction of protease by Bacillus subtilis CNIB 
8054. With this system, both glucose and oxygen 
were controlled at low concentrations. In batch 
fermentations, protease activity in the fermenta- 
tion broth was maximum when growth had stop- 
ped. During oxygen-controlled, glucose fed-batch 
fermentations, growth and the production of pro- 
tease activity continued during glucose feeding. 
Oxygen-controlled, glucose fed-batch fermenta- 
tions produced more protease activity than batch 
fermentations, depending upon the set point for 
dissolved oxygen. These results indicate that con- 
trol of glucose and oxygen concentrations can re- 
sult in improvements in protease production. 

Introduction 

Many bacteria belonging to the genus Bacillus ex- 
crete large amounts of enzymes into the culture 
medium. Bacillus subtilis is well known for the 
production of industrially important enzymes 
such as amylase and protease (Debabov 1982). 
Bacteria of the genus Bacillus are active producers 
of extracellular proteases, and under most culture 
conditions, Bacillus sp. produce extracellular pro- 
teases during the post-exponential and stationary 
growth phases (Schaeffer 1969; Dawson and Kurz 
1969; Kole et al. 1987). Certain species of Bacillus, 
however, produce protease during the exponen- 
tial growth period (Chaloupka and Kreckova 
1966; Chaloupka 1969; Millet and Aubert 1969). 
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The exact mechanisms responsible for the cellu- 
lar control of protease synthesis are unknown. 
Production of protease can be inhibited by amino 
acids, the carbon source or by both nitrogen and 
carbon sources (Schaeffer 1969; Levisohn and 
Aronson 1967; May and Elliott 1968). 

The majority of the studies of protease pro- 
duction by Bacillus have used batch cultivation 
techniques, where the extracellular environment 
was constantly changing, with, for example, the 
concentrations of the carbon source and the ni- 
trogen source constantly decreasing. To maintain 
optimal conditions, control must be exerted over 
the concentrations of all relevant substrates. Dis- 
solved oxygen control can be obtained through 
variation in aeration or agitation rates, carbon 
source concentration can be maintained by time- 
dependent or various open-loop controlled feed- 
ing strategies; and, ammonium concentration 
control can be effected by closed-loop, separated 
sensor strategies (Thompson et al. 1985; Kole et 
al. 1985; Oguztoreli et al. 1986; Kole et al. 1986). 
In our experiments, an indirect control of glucose 
feed rate is presented for the production of pro- 
tease by B. subtilis. The glucose control system is 
based on the dissolved oxygen levels, which con- 
trol the on-off activation of a glucose feed pump. 
The results obtained with this system are com- 
pared with a simple fed-batch fermentation. Oxy- 
gen controlled, glucose fed-batch fermentations 
of B. subtilis resulted in higher final protease con- 
centrations than were obtained in batch fermenta- 
tions. 

Materials and methods 

Microorganism, media and fermentations 

The organism used in these experiments was Bacillus subtilis 
NCIB 8054, obtained from the culture collection of the De- 
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partment of Microbiology, University of Alberta. The culture 
was maintained on a slant on trypticase soya agar at 4 ° C. The 
basal medium used for all fermentation was synthetic M9 me- 
dium with some modifications. The medium has the following 
constituents (g/l unless otherwise noted): Na2HPO4, 6.0; 
KH2PO4, 3.0; (NH4)2SO4, 2.64; MgSO4.7H20, 0.5; CaC12, 
0.015; glucose, 5.0; thiamine HCI, 1 rag/l; CuSO4, 3 mg/1; 
FeC13, 3mg/1; MnSO4, 3rag/l;  ZnSO4, 3mg/1. Glucose, 
MgSO4, and CaCI2 were sterilized separately and added to the 
cooled medium. The trace metals and thiamine HCI were filter 
sterilized and added to the fermentor separately. Inoculum 
(500 ml) was grown to exponential phase at 35°+1°C on a 
gyrorotary shaker. 

Fermentations were performed in a standard design fer- 
mentor (Chemap A.G., Volketswil, Switzerland) with a 141 
vessel containing 10 1 of medium. Temperature was controlled 
at 35 ° C. Mixing was with three, 6-bladed flat-blade impellers 
operating at 500 rpm with an aeration rate of 3 1 air/min. The 
oxygen transfer rate under these conditions was found to be 50 
mM/L/h  by purging the tank with oxygen-free N2 and record- 
ing the reoxygenation of cell-free medium with an IL530 pola- 
ragraphic oxygen electrode system (Instrumentation Laborato- 
ries, Andover, Mass. USA). The pH of the culture broth in the 
fermentor was maintained by an Ingold sterilizable pH elec- 
trode attached to a Chemcadet pH/millivolt controller (Cole- 
Parmer, Chicago, I11. USA), with set point limits of pH 6.9 and 
7.2. The pH was controlled automatically by adding either 4N 
HC1 or 4N NaOH by the on-off activation of peristaltic 
pumps. 

Samples were taken every hour throughout each fermenta- 
tion. Biomass was determined spectrophotometrically 
(O.D.62o) and converted to grams of cell dry weight (g.c.d.w.) 
by comparison with a standard conversion curve which was 
prepared for this strain of B. subtilis. Microscopic examina- 
tions of the culture were made periodically. Total glucose was 
determined in cell free medium by the method of Dubois et al. 
(1956) and with a YSI glucose analyzer, model 27 (Yellow 
Springs Instrument Co. Inc., Ohio, USA). The ammonium ion 
concentration of each sample was also determined with an 
Orion model 95-12 ammonia gas electrode (Orison, Cam- 
bridge, Mass., USA), using the manufacturer's recommended 
sample preparation and calibration techniques. Extracellular 
protein was determined by the Bio-Rad method. 

Protease estimation 

Protease activity was assayed using the Azocasein method. In 
this method, 1 ml of the crude bacterial broth was placed into 
a test tube and 1 ml of 0.5% (w/v) azocasein (Sigma Chemical 
Co., St. Louis, Mo., USA) in tris-HC1 buffer (200 mM at pH 
7.4) was added. This was incubated for 60 min at 30°C. The 
reaction was stopped by adding 2.0 ml of 10% (w/v) trichlor- 
oacetic acid. This was centrifuged at 1500 9 for 10 min. The 
supernatant fluid was removed and the O.D. at 380 nm was 
measured. The enzyme activity was determined from a stand- 
ard curve which had been made for the enzyme papain (Sigma 
Chemical Co., USA). The activity of protease in the bacterial 
supernatants is expressed in terms of units equivalent to the 
activity of a given weight of papain (1 unit = 1 mg papain). 
This method assays both neutral and alkaline proteases in the 
medium and no attempt was made to distinguish between 
these activities at this stage of our investigations. 

Glucose control system 

The open-loop, on-off glucose control system is shown diagra- 
matically in Fig. 1. A dissolved oxygen (D.O.) probe in the 
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Fig. 1. Oxygen-controlled, glucose fed-batch fermentation sys- 
tem. Controller A maintains the pH in the fermentor. Controller 
B initiates the glucose feed when the dissolved oxygen concen- 
tration in the fermentor exceeds the set point 

fermentor was connected to an amplifier and an on-off con- 
troller. The amplifier was calibrated to give a reading of 100% 
saturation when air was sparged through uninoculated me- 
dium in the fermentor. After inoculation, the D.O. level slowly 
decreased, as the demand for oxygen increased during growth. 
When the glucose was exhausted from the medium, the bacte- 
ria became glucose limited and decreased their oxygen de- 
mand, resulting in an immediate increase in the D.O. level. At 
this time, the controller was turned on. When the dissolved 
oxygen level exceeded the set point, the pump was activated 
and glucose was supplied to the fermentor until increased oxy- 
gen demand brought the D.O. level below the set point, and 
the pump was automatically turned off. The concentration of 
the glucose feed solution was 250 g/1. With this system, the 
D.O. level was controlled at an average value close to the set 
point by a glucose feed which acted to increase the oxygen 
demand of the culture. The dissolved oxygen level was moni- 
tored with a dual channel recorder. 

Results and discussion 

a. Batch cultivation 

F i g u r e  2 g ives  the  resul t s  o f  a b a t c h  c u l t i v a t i o n  o f  
B. subtilis fo r  p r o t e a s e  p r o d u c t i o n .  E x p o n e n t i a l  

p h a s e  t e r m i n a t e d  at a p p r o x i m a t e l y  7 h w h e n  glu-  

cose  was  e x h a u s t e d  a n d  was  f o l l o w e d  by  a d e c l i n e  

p h a s e ,  d u r i n g  w h i c h  m o s t  o f  t he  p r o t e a s e  ac t iv i ty  
a p p e a r e d  in the  m e d i u m .  T h e  b i o m a s s  d e c r e a s e  
d u r i n g  the  d e c l i n e  p h a s e  was  d u e  to d e a t h  a n d  ly- 

sis o f  the  cel ls  as o b s e r v e d  by  v i a b l e  a n d  m i c r o -  
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Fig. 2. Batch fermentation of B. subtilis. (0 )  Apparent bio- 
mass determined by optical density (g cell dry wt/1); (A) am- 
monium (g/l); (0 )  glucose (g/l); (11) protease (U/I) 

scopic counts. There was no change in the total 
extracellular protein, but protease production in- 
creased in stationary and death phase. There was 
no spore formation of the Bacillus sp. during this 
study as determined by microscopic observation. 
Jensen (1972) found enhanced protease produc- 
tion in a two-stage fermentation of Bacillus. Both 
of these results indicate that stationary phase con- 
ditions favour protease production in Bacillus. 
Growth parameters for batch cultivation are given 
in Table 1. 
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Fig. 3. Trace of dissolved oxygen levels during an oxygen- 
controlled, glucose fed-batch fermentation. Dissolved oxygen 
levels of 10%--15% saturation initiated feeding with glucose 

b. Oxygen-controlled, 9lucose fed-batch cultivation 

Control System: The glucose control system de- 
scribed diagramatically in Fig. 1 and in "Materi- 
als and methods", results in a pattern of dissolved 
oxygen levels such as the example given in Fig. 3. 
The sharp spikes result from the depletion of glu- 
cose, followed by a sharp rise in D.O. due to de- 
creased oxygen demand, followed by a glucose 
feed period with subsequently reduced D.O. lev- 
els due to increased oxygen demand. This method 
is very simple, and results in the control of the av- 
erage glucose concentration in the fermentor at 
low levels. During periods of rapid glucose utili- 
zation, the oxygen level in the fermentor was also 
quite low, however, the average D.O. concentra- 
tion was probably close to the set-point. 

The results of an oxygen-controlled, glucose 
fed-batch fermentation are given in Fig. 4. In this 
fermentation, once the initial supply of glucose 

Table 1. Growth parameters and protease production of Bacillus subtilis in different fermentation conditions 

Uncontrolled 
batch 
fermentation 

Oxygen controlled glucose 
fed-batch fermentations 

20% 
saturation 

40% 
saturation 

Maximum apparent growth rate IX (h-]) 

Maximum biomass production (g/l) 
Maximum biomass productivity (g/l-h) 

Total glucose utilization (g/l) 
Average glucose utilization rate (g/l-h) 

Total ammonium utilization (g/l) 
Average ammonium utilization rate (g/l-h) 

Final protease concentration (U/l) 
Average protease productivity (U/l-h) 

Yp/glucose a 

Yp/NH + b 

0.91 0.80 0.91 

2.30 1.85 2.30 
0.18 0.14 0.21 

12.94 12.95 11.00 
1.00 1.00 1.00 

0.60 0.62 0.62 
0.05 0.05 0.06 

1600 1800 3000 
0120 0140 0270 

120 140 270 

2660 2900 4840 

a Units of protease produced/g of glucose consumed 
b Units of protease produced/g of NH2 consumed 
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Fig. 4. Oxygen-controlled, glucose fed-batch fermentation of 
B. subtilis with a D.O. set point of approximately 20% satura- 
tion. (0)  Apparent biomass determined by optical density (g 
cell dry wt/1); (A) ammonium (g/l); (O) glucose (g/l); (11) 
protease (U/l) 
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Fig. 5. Oxygen-controlled, glucose fed-batch fermentation of 
B. subtilis with a D.O. set point of approximately 40% satura- 
tion (see text). (0 )  Apparent biomass determined by optical 
density (g ceil dry wt/1); (A) ammonium (g/l); (O) glucose 
(g/l); (11) protease (U/l) 

was exhausted and dissolved oxygen concentra- 
tion increased, a glucose feed was initiated when- 
ever the dissolved oxygen level exceeded 20% sa- 
turation. Approximately the same amount of  glu- 
cose was used under these conditions as in the 
batch fermentation described above. During the 
period of glucose feed, there was a steady in- 
crease in both biomass and protease concentra- 
tions. However,  the final biomass was less than 
that achieved in batch cultivation. The reason for 
this may be the relatively low oxygen concentra- 
tion available to the organism during periods 
when there was ample glucose. Low oxygen con- 
centrations have been shown to inhibit protease 
production (Fabian 1970). Other fermentation pa- 
rameters for oxygen-controlled, glucose fed-batch 
fermentations of  this type are given in Table 1. 

Automatic control of glucose feed with a high 
dissolved oxygen concentration set point (>35% 
saturation) proved difficult with this equipment. 
In order to maintain the dissolved oxygen concen- 
tration at approximately 40%, the agitation rate 
was increased from 500 to 1000 rpm to increase 
the oxygen transfer rate. The prime effect of in- 
creased agitation rate is to increase oxygen trans- 
fer rate and agitation rate control has been com- 
monly used as an open-loop approach to D.O. 
concentration control. There are, of  course, sec- 
ondary effects of  variation in agitation rate on the 
mass transfer rate of  dissolved substrates into the 
cells, since metabolic rates are dependent on the 
concentrations of all substrates including oxygen 

available to the cell. In addition, with high set 
points the automatic controller tended to deliver 
excessive glucose to the fermentor. To solve this 
problem, a manual override was used to more ef- 
fectively maintain the D.O. levels close to the set 
point. 

Oxygen controlled glucose fed-batch fermen- 
tations with a high D.O. set point produced more 
biomass and protease than similar fermentations 
with a lower set point (Fig. 5). Final protease con- 
centration in oxygen-controlled glucose fed-batch 
fermentations with the D.O, set point of  40% was 
approximately 1.6 times more than cultivation 
with a D.O. set point of  20%, and 1.9 times more 
than in batch cultivations. The yields of protease 
on both glucose and ammonium were highest in 
oxygen-controlled glucose fed-batch fermenta- 
tions with a D.O. set point of 40% (Table 1). 

These results indicate that fed-batch fermenta- 
tions which optimize the steady-state concentra- 
tions of  both glucose and oxygen provide better 
conditions than batch fermentations for protease 
production from Bacillus. 
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