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Effect of pH, aeration and sucrose feeding on the invertase 
activity of intact S. cerevisiae cells grown in sugarcane 
blackstrap molasses 
M Vitolo, IVlA Duranti and MB Pellegrim 

Faculdade de Ci~ncias Farmac~uticas, University of S&o Paulo, PO Box 66083, 05389-970, S#o Paulo, SP, Brazil 

S. cerevisiae was grown in a blackstrap molasses containing medium in batch and fed-batch cultures. The following 
parameters were varied: pH (from 4.0 to 6.5), dissolved oxygen (DO) (from 0 to 5.0 mg O2 L -~) and sucrose feeding 
rate. When glucose concentration (S) was higher than 0.5 g L -~ a reduction in the specific invertase activity of intact 
cells (v) and an oscillatory behavior of v values during fermentation were observed. Both the invertase reduction 
and the oscillatory behavior of v values could be related to the glucose inhibitory effect on invertase biosynthesis. 
The best culture conditions for attaining S. cerevisiae cells suitable for invertase production were: 
temperature = 30 ~ C; pH = 5.0; DO = 3.3 mg O2 L-~; (S) = 0.5 g L -~ and sucrose added into the fermenter according to 
the equations: (V - Vo) = t2/16 or (V - Vo) = ( V f -  Vo). (e ~ 1)/10. 
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In t roduct ion  

The yeast Saccharomyces cerevisiae is a useful source for 
several products of economic interest [5,8,9,18]. Among 
these is included invertase (EC.3.2.1.26), which has been 
largely used in confections and as a catalyst for inverted 
syrup production [6]. Recently, invertase has also been 
immobilized on sensors for continuous sucrose determi- 
nation [1,10]. 

To produce S. cerevisiae cells suitable for invertase pro- 
duction, four main factors must be considered. First is a 
glucose inhibitory effect on invertase biosynthesis, which 
occurs at glucose concentrations higher than 2 g L  -I 
[ 11,15]. Secondly, the invertase activity of intact cells oscil- 
lates at intervals of about 2 h in either steady-state continu- 
ous or fed-batch cultures, as glucose concentrations range 
from 2 g L -~ r.o 5 g L ~ [11,17]. Recently, Rouwenhorst et 
al [13] repo~Ied similar results, observing that the oscil- 
lation was related to the yeast's budding cycle. Thirdly, the 
overall cost of invertase production could be diminished 
when molasses, a cheap by-product largely available in the 
sugar industry, was used for growing S. cerevisiae. Finally, 
the insertion of invertase within the cell wall and/or the 
adequate binding of polysaccharides to the wall structure 
could be affected by such culture conditions as pH. 

The purpose of this research was to determine the best 
culture conditions to circumvent glucose repression and 
invertase activity oscillation, so as to obtain cells having 
high final invertase activity. 
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Mater ia ls  and m e t h o d s  

Inoculum preparation 
S. cerevisiae (isolated from pressed yeast cake) was main- 
tained on slant tubes containing (per liter) nutrient-agar 
(Difco, Detroit, MI, USA) 23.0 g and glucose 1.0 g. The 
cells were transferred to test tubes containing 2.5 ml of 
growth medium (5.0 g L l peptone; 10.0 g L -1 glucose and 
3.0 g L -1 yeast extract; the pH was adjusted to 4.5 with 
HC1) and incubated at 33 ~ C for 48 h. One tube was then 
used to inoculate 50 ml of molasses medium in a 250-ml 
Erlenmeyer flask, followed by incubation at 30 ~ C for 22 h 
in a NBS Gyratory shaker (New Brunswick Scientific Co, 
Edison, NJ, USA) (frequency = 120 minq). 

Molasses  med ium 
The sugar cane blackstrap molasses medium was clarified 
as described previously [3]. After pH adjustment to 7.0 and 
dilution to reach glucose and sucrose concentrations of 
8.5 g L < and 25.0 g L -1, respectively, the clarified medium 
was sterilized at 120 ~ C for 30 min. The medium was then 
supplemented with (NH4)2SO 4 (5.1 g L-l), MgSO 4 - 7H20 
(0.075 g L -1) and Na2HPO4 �9 12H20 (2.4 g L-l). 

In all tests, the pH of the medium during fermentation 
was maintained at the desired value by automatic addition 
of 1 M NaOH or 0.5 M H2SO 4. 

Batch fermentation 
A volume of 0.45 L of inoculum (1.0 + 0.2 g dry matter 
L -1) was introduced into a 5-L bench fermenter (NBS-MF 
200 coupled with an NBS-dissolved oxygen controller, DO- 
81) containing 2.55 L of sterilized molasses medium. The 
culture was then carried out under the following conditions: 
temperature of 30.0 + 0.5 ~ C; initial reducing sugars (So) 
8.5 +_ 2.1 g L-l; initial total reducing sugars (So') 
25.0 + 3.0 g L-l; impeller speed 500 rain -I, and 0.1 mg L -1 
dimethylpolysiloxane (added dropwise as needed). The pH 
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and dissolved oxygen (DO) were varied from 4.0 to 6.5 
and from 0 to 5.0 mg 02 L -~, respectively. Every hour, an 
aliquot of 10.0 ml of the culture medium was taken for 
analysis. 

Fed-batch fermentation 
A volume of 0.45L of inoculum (1 .0+0 .2g  dry 
matter L -1) was introduced into a 5-L bench fermenter 
(NBS-MF 200 coupled with a DO-81 dissolved oxygen 
controller) containing 1.55 L sterilized molasses medium. 
The culture was then carried out under the following con- 
ditions: temperature 30.0_+0.5~ DO 3.3mg OaL-1; 
impeller speed 500 min -1 and pH 5.0. The culture was 
allowed to ferment batchwise for 3 h. A sucrose solution 
(30.0 g L -1 )  w a s  then fed into the reactor from the initial 
volume of 2 L  up to a total volume of 3 L  in both 
exponential and linear modes (filling time: 2 h or 4 h; Table 
1). Once the feeding was completed, the fermentation was 
continued until sugar consumption was complete. Ten- 
milliliter aliquots of culture medium were taken at each 
hour for analysis. After sampling, 10.0 ml of sterile distilled 
water were added back to the fermenter. 

In order to better determine the effect of pH on the final 
invertase activity of intact cells, additional fed-batch tests 
were carded out by adding sucrose according to an increas- 
ing linear mode (filling time = 4 h; Table 1), without aer- 
ation and at pH 4.0, 5.0, 6.0 and 7.0. Once the fermentation 
was terminated, the cells were separated by centrifugation 
(10000 x g; 15 min), washed twice with distilled water, and 
the cell wall invertase was released as described below. 

Measurement of glucose, ethanol and cell 
concentrations 
Five milliliters of culture medium were filtered through a 
Millipore membrane (Millipore Division Products, 
Bedford, MA, USA) (pore diameter 0.45/xm). The cell 
concentration (X), expressed as g dry cell L -1, was meas- 
ured by drying the cell cake (105~ C for 2 h). Glucose, 
sucrose and ethanol were determined in the filtrate. The 
glucose concentration (S) was measured by using a glucose 
analyzer equipped with a glucose oxidase probe (Technicon 
Auto-Analyser II, Technicon Instruments Co, Tarrytown, 
NY, USA). Sucrose and ethanol were measured as 
described previously [17]. Data related to ethanol concen- 

tration are not shown, because in all tests it was about 
10 g L -1. 

Protein release from cell wall 
Induced release of extracellular protein from the cell wall 
was achieved by suspending 100 mg of cells in 5 ml of 
a 50 mM potassium phosphate buffer (pH 7.0) containing 
15 mM 2-mercaptoethanol and 15 mM dithiothreitol. The 
suspension was incubated for 2 h at 35 ~ C, followed by cen- 
trifugation (10000 x g; 10 min) at 4 ~ C. The protein content 
in the supernatant fluid was measured according to Lowry 
et al [7]. 

Measurement of invertase activity 
Invertase activity determinations (in duplicate) were carded 
out at 37 ~ C in a mixture of 1.5 ml 0.01 M acetate-acetic 
acid buffer (pH 4.6), 2.5 ml 0.3 M sucrose solution and 
0.5ml invertase solution or cell suspension (both 
adequately diluted to assure that less than 2.0% of the 
sucrose present in the solution would be hydrolyzed). After 
3 min, the hydrolysis was stopped by adding 1.0 ml of the 
Somogyi reagent [14], quickly followed by immersion in 
a boiling water bath for 10 min. The reducing sugar concen- 
tration (RS) was then measured as described pre- 
viously [16]. 

One invertase unit (U) was defined as the amount of 
enzyme catalyzing the formation of 1 g of reducing sugars 
per hour at pH 4.6 and 37 ~ C. Specific invertase activities 
were expressed as U mg -1 protein (soluble invertase) and 
U g-~ dry cells (insoluble invertase). 

The cell suspension was prepared as follows: 5.0 ml of 
the culture medium were centrifuged (3000 x g; 15 min); 
the sediment was washed with distilled water, centrifuged 
(3000 x g; 15 min) and suspended in distilled water in order 
to obtain a known volume. 

Results and discussion 

Between 0 and 5 h incubation the specific invertase activity 
was lower than 10U (g dry cells) -1, but after 6 h  it 
increased to approximately 100 U (g dry cells) -1 (test car- 
ried out at pH--5 .0  and DO = 3.3 mg 02 L -1) (Figures 1 
and 2). This result can be explained by assuming that the 
glucose inhibitory mechanism on invertase biosynthesis is 

Table 1 Equa t ions  for  sucrose  feed ing  s t ra tegies  used  in fed-ba tch  tests 

Tes t  M o d e  k a T b In tegra ted  equat ions  ~ 

1 F = Fo + kt  0.25 2 (V - Vo) = t2/4 
2 0.13 4 (V - Vo) = tz/16 
3 F = Fo - kt 0 .50  2 (V - Vo) = t - t2/4 
4 0.13 4 (V - Vo) = t/2 - t2/16 
5 F = F t .  e kt 0 .60 2 (V - Vo) = (Vf - Vo) �9 ( e ~  
6 0 .60  4 (V - Vo) = ( V r -  Vo) �9 (e~ 
7 F = Fo,/e kt 0 .60 2 (V - Vo) = (Vf - Vo) .  (1 - e~6 t ) /0 .7  
8 0 .60  4 (V - Vo) = (Vf - Vo) - (1 - e-~ 

ak = t ime  cons tant  (h -1) 
bT = f e rmen to r  f i l l ing-up- t ime (h) 
~  equat ions  w e r e  ob ta ined  by  a s s u m i n g  that V = Vr  w h e n  t = T,  and in tegra t ing  as p rev ious ly  
repor ted  [19] 
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Figure 1 Specific invertase activity (A, A), cell (O, �9 mad reducing 
sugar (m ~) concentration for batch tests carried out at 30 ~ C and pH 
5.0. The dark and open symbols refer to DO=0 and DO= 3.3 mg 
02 L -1, respectively 
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F i g u r e  2 Specific invertase activity (A, A), cell (O, �9 and reducing 
sugar (m, [~) concentration for batch tests carried out at 30~ without 
aeration. The dark and open symbols refer to pH 4.0 and 5.5, respectively 

switched off when the glucose concentration in the medium 
reaches a limit value [15]. In the literature, the upper limit 
established fi)r glucose concentration is 2 . 0 g L  -1 [11]. 
However,  the molasses medium studied here contained a 
concentration about three times lower (Figures 1 and 2, 
after 6 h). Furthermore, the glucose concentration in the 
medium also varied during the fermentation, increasing up 
to 3 h, and diminishing afterwards (Figures 1 and 2). This 
could result from sucrose hydrolysis catalyzed by the inver- 
tase present in the yeast  cell wall [4], associated with the 
low cell concentration in the fermenter during that step 
(1.0 g L-l).  
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The effect of  pH and dissolved oxygen on the growth of  
S. cerevisiae can be observed through the variation of  
substrate consumption/dry cell ratio (Yx/s = yield factor), 
which ranged from 0.08 to 0.24 (Table 2). The yield factor 
was defined as the conversion of  total reducing sugars, mea- 
sured as glucose, into cells [2]. 

In the tests with no aeration, Y• was not affected by 
pH (Table 2). As shown by Weitzel  et al [20], S. cerevisiae 
has an intracellular buffering capability, which could 
explain why the pH of  cul ture--wi thin  the range s tud ied - -  
did not significantly affect the overall intracellular sugar 
conversion. Furthermore, it can be assumed that the exter- 
nal pH interferes with nutrient uptake and/or the budding 
capabili ty of  the cells (maintained at DO near zero) leading 
to a defined pH value (4.5 in the present case) under which 
the specific growth rate reaches a maximum value 
(0.63 h-l).  

Nevertheless, the final invertase activity of  intact cells at 
pH 5.5 was about 20% higher than at pH 4.0 (Figure 2). 
The specific invertase activity, solubilized from yeast cell 
wall, varied around 48%, depending on the pH of  the cul- 
ture from which the cells were harvested (Table 3). Such 
a result can be due to modifications in the tertiary and quat- 
ernary structures of  invertase as a consequence of the exter- 
nal pH, leading to an anomalous insertion of  the enzyme 
inside the cell wall  network [12]. Of course, perturbations 
at the level of  the invertase biosynthesis pathway cannot 
be totally disregarded. 

In all cases the specific invertase activity was higher than 
the specific growth rate (Table 2). This constitutes evidence 
that the enzyme was not a limiting factor for cell growth, 
leading to the assumption that the invertase activity of  
intact cells and the conversion of  substrate into cells are 

Table 2 Specific invertase activity, conversion of substrate into cells 
(Y~) and specific growth rate for all batch tests 

Dissolved oxygen (mg L -a) 

pH 0 1.67 3.33 

4.0 6.12 a 4.92 4.86 
0.32 b 0.27 0.32 
0.10 c 0.11 0.07 

4.5 2.46 a 4.98 3.36 
0.63 b 0.30 0.29 
0.09 ~ 0.14 0.12 

5.0 3.84 a 3.24 3.30 
0,16 b 0.29 0.36 
0.08 ~ 0.14 0.24 

5.5 3,84 a 4.20 2.70 
0.20 b 0.39 0.32 
0.10 ~ 0.16 0.18 

6.0 9,06 a 8.16 3.90 
0.22 b 0.41 0.39 
0.10 ~ 0.16 0.19 

6.5 6.428 7.20 1.80 
0.27 b 0.37 0.30 
0.10 ~ 0.17 0.18 

"Specific invertase activity [g reducing sugars h-l(g cells) -l] 
bSpecific growth rate (h -1) 
~ of substrate (as glucose) into dry cells 
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Table 3 Specific invertase activity and protein concentration in the 
supernatant phase after induced release of cell wall proteins from cells 
harvested from fed batch tests 

pH Protein Specific invertase activity" 
(mg ml -~) [U (mg protein) -~] 

4.0 0.98 +_ 0.01 0.41 +_ 0.05 
5.0 ].]0 _+ 0.02 0.62 + 0.09 
6.0 1.00 + 0.02 0.32 + 0.04 
7.0 b _ _ 

"This activity was determined in samples containing 1 mg ml -~ protein 
bData releated to pH 7.0 were not acquired, because cell aggregation pre- 
vented proper sampling for the invertase activity measurement 

unrelated events. Therefore, invertase attached to the cell 
wall acts like a typical immobil ized enzyme [19]. 

Invertase production (Figure 3a), cell productivity 
(Figure 3b) and generation time (Figure 3c) (calculated, 
according to Borzani [2]), for aU batch tests are presented 
in Figure 3. The highest invertase production 
(P = 500 U L -~) and cell productivity (Px = 0.6 g dry cells 
L -t h -1) were obtained for the culture carried out at 
pH = 5.0 and DO = 3.3 mg 02 L -t.  Under such conditions 
the generation time was 1.5 h, leading to a highly budded 
cell population in the fermenter as observed by microscopic 
analysis. This result is in agreement with Rouwenhorst et 
al [13], who found a correlation between the degree of 
budding and invertase activity. 

The overall fermentation time can be lessened if glucose 
inhibition is circumvented by narrowing the period during 
which the specific invertase activity reduces markedly 
(Figures 1 and 2). In order to determine more precisely the 
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Figure 4 Specific invertase activity (solid symbols) and reducing sugar 
concentration (open symbols) related to fed-batch tests 1 (A, A), 2 (11, 
[~), 3 (0, �9 and 4 (V, V), in which sucrose was added according to a 
linear mode 

upper limit of  glucose concentration, several fed-batch tests 
were carried out under different sucrose feeding strategies 
(Table 1). 

Regarding test numbers 2 and 6, (Figures 4 and 5) 
addition of  sucrose to the fermenter by either an increasing 
exponential or increasing linear mode (filling time = 4 h in 
both cases), the glucose concentration in the medium after 
2 h was constant and equal to 0.5 g L 1. Thus, at such a 
concentration the glucose inhibitory effect is eliminated. 
Moreover,  working at that glucose level, the whole fermen- 
tation time can be reduced by 50% and oscillation of the 
specific invertase activity (observed in all tests except in 
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Figure 3 Data from batch tests. (3a): Variation of invertase production 0 4.S t(h) 9 
against pH at DO (rag OaL-1): 0 (0), 0.83 (B), 1.67 (A), 3.33 (Y) and 
5.0 ( . ) .  (3b):Variation of cell productivity against pH at DO (mg Oz L-l): Figure 5 Specific invertase activity (solid symbols) and reducing sugar 
0 (�9 0.83 ([]), 1.67 (A), 3.33 (V) and 5.0 (~). (3c): Variation of gener- concentration (open symbols) related to fed-batch tests 5 (A zX), 6 ( L  
ation time against pH at DO (rag 02 L-l): 0 (0), 0.83 (B), 1.67 ( i ) ,  3.33 [3), 7 (0, O) and 8 (V, V), in which sucrose was added according to an 
(A) and 5.0 (111) exponential mode 



Table 4 Cell productivity (Px), generation time (tg) and invertase pro- 
duction (P) for fed-batch tests 

Test Px tg P 
(no) (g L -1 h ~) (h) (U L -1) 

1 0.22 + 0.01 2.5 491 __+ 8 
2 0.22 __+ 0.01 1.5 550 + 7 
3 0.23 __+ 0.02 4.2 374 + 9 
4 0.23 __+ 0.01 3.0 400 __+ 11 
5 0.24 __+ 0.03 2.2 515 __+ 8 
6 0.23 + 0.01 1.9 537 __+ 7 
7 0.23 + 0.01 3.4 442 __+ 8 
8 0.23 __+ 0.02 3.7 467 __+ 7 

numbers 2 and 6) was not observed. These data indicate 
that the oscillation of  v during fed-batch culture and glu- 
cose inhibition are related phenomena. Such a result is in 
agreement with Rouwenhorst et al [13], who observed 
oscillation of invertase activity in tests carried out at a glu- 
cose concentration of 2.0 g L -1. 

Finally, highest invertase production (about 550 U L -a) 
was attained when sucrose was added according to an 
increasing linear mode (Table 4, filling time = 4 h; test 
number 2). Furthermore, cell productivity was not affected 
by the sucrose feeding rate (the variation coefficient was 
lower than 3%), whereas the generation time depended o n  
the manner by which sucrose was added. 
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