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ABSTRACT 

In an attempt to grow microorganisms other than fungi using a 
solid-state fermentation process, a model system of Baker's yeast 
(Saccharomyces cerevisiae) was cultured in an air-fluidized bed fermen- 
tor. A semisolid potato mixture (pretreated with oL-amylase) was used 
for the substrate in this highly aerated system. 

The growth of Baker's yeast in this air-fluidized bed process was 
easily controllable and very reproducible. Once feasible moisture lev- 
els and air flow rates were determined, the independent  variables 
studied were the amount  of the enzyme used for digesting the potato 
Starch, the size of the yeast inoculum, and the concentration of the 
added defined medium. 

Index  Entries: Solid state fermentation; semisolid substrate fer- 
mentation; Baker's yeast fermentation; air-fluidized bed fermentor 
and potato substrate. 

INTRODUCTION 

Solid state fermentation processes are among the most interesting 
types of microbial systems, offering several advantages over conven- 
tional submerged culture systems. These advantages include higher vol- 
umetric productivity, less purification effort to prepare the fermentation 
substrate from the solid raw materials, and lower equipment costs (1-3). 
By virtue of the inherently low water content of solid substrates, usually 
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only fungi are grown on such solids since only these microorganisms are 
viable and excrete large amounts of enzymes under  these conditions. 
Other microorganisms, such as yeast and bacteria, potentially offer such 
high product productivities, if they could be grown on solid or semisolid 
substrates, perhaps at a somewhat elevated water level. 

In an attempt to extend the merits of solid state fermentation to mi- 
croorganisms other than fungi, Baker's yeast (Saccharomyces cerevisiae) is 
studied here as a model  system growing on a semisolid substrate. (A 
solid substrate of about 80% water content is defined here as a semisolid 
substrate.) Baker's yeast can be considered to have intermediate charac- 
teristics between filamentous fungi and bacteria, providing a first step in 
generalizing the application of semisolid culture to bacteria and yeast for 
use in industrial applications. 

An air-fluidized bed fermentor containing yeast, growing on a semi- 
solid potato mixture, is employed in this study. The system has a rather 
high air flow that supplies enhanced aeration to the solids. Such vigorous 
aeration speeds up the microbial growth rate in the solid so that it ap- 
proaches the generally more rapidly growing liquid cultures. The system 
also has enhanced aeration, which can provide better mixing to the semi- 
solid substrate fermentation. The better mixing offers improved humid- 
ity and temperature control, particularly when the process is compared 
to traditional static solid state fermentation systems. 

Recently, similar fluidized bed systems have been studied in Ger- 
many and Japan. Moebus and Teuber (4,5) in Germany studied the pro- 
duction of ethanol using fluidized yeast (S. cerevisiae) particles onto 
which a glucose/nutrient solution was continuously sprayed. The etha- 
nol productivity in their system was comparable to similar submerged 
culture processes. In another study (6), Moebus and Teuber employed an 
air-fluidized bed fermentor to produce glutathione from a mixture of 
L-glutamic acid, L-cysteine, and glycine, again utilizing S. cerevisiae. In 
Japan, Akao and Okamoto (7) found that their air-fluidized bed system 
exhibited a several-fold increase in both cell yield and several excreted 
enzyme levels with Aspergillus culture when compared to corresponding 
conventional solid cultures. Using a similar air-solid fluidized bed system 
as Akao and Okamoto, Tanaka et al. (8) found that the productivities of 
S. cerevisiae cell mass and Eupenicillum javanicum enzymes were also in- 
creased with the air-fluidized system when compared with traditional 
static solid fermentation systems. 

In this paper, yeast (Saccharomyces cerevisiae) growth on a fresh potato 
semisolid substrate contained in an air-fluidized bed fermentor is de- 
scribed. No internal stirring was required in this system as in (8), and no 
yeast clumping was observed. All of the substrate was added initially, 
creating a batch process vs the continuous addition of glucose in (4,8), a 
semibatch fermentation. The effects on the yeast cellular growth of cer- 
tain significant fermentation variables are reported here: the medium 
concentration, the inoculum size, and the amount of starch hydrolyzing 
enzyme (R-amylase) added.  In addition, the sugar level in the fermenta- 
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tion mash was regulated in order to control the cell growth rate. Cell 
growth here was estimated (without separating the cells from the mash) 
by optical density measurements of diluted samples, following a previ- 
ously developed procedure (9). 

MATERIALS AND METHODS 

Microorganism 
Baker's yeast (Saccharomyces cerevisiae, lot no. Oct. 1987) purchased at 

a local grocery in the form of Fleischmann's brand active dry yeast was 
used. The inoculum size was 3.6 mg/g potato substrate unless 'otherwise 
specified. 

Medium 
Synthetic Medium C of Maxon and Johnson (10), without  glucose, 

was used to supplement the potato substrate described in the next sec- 
tion. The M-J medium was sterilized at 121~ for 15 min before it was 
added  to the solid substrate. The amount  of M-J medium used was 0.15 
m u g  potato. Appropriately, concentrated medium was used to investi- 
gate the effect of the amount of medium on the cell growth with the 
volume of medium added kept constant. About 60% of the total medium 
was used to dissolve the o~-amylase powder.  The resulting solution was 
mixed with the potato substrate. The rest of the total med ium (40%) was 
used to suspend the yeast cell inoculum. That mixture was added to the 
potato substrate. 

Preparation of the Fermentation Substrate 
Potatoes (Golden Crown Brand, B. M. Tibbits & Sons Inc., St. 

Anthony,  ID 83445) purchased at a local grocery, were peeled and 
washed.  They were steamed at 121~ for 15 min, and then mashed to a 
homogeneous  paste with a Waring two speed blender. This paste con- 
tained about 80% water content. [The 80% water content level was se- 
lected based on a previous study (9) on the effect of water content on 
yeast growth]. The paste was well mixed with an o~-amylase (From Asper- 
gillus oryzae, Lot no. 31-003, Miles Lab.) solution and stored at room tem- 
perature for 12-14 h to allow for the conversion of digestible potato starch 
into sugars. For the runs without starch predigestion, the enzyme solu- 
tion and the potato paste were mixed together just before the fermenta- 
tion. The initial mass of fermentation substrate was 300 + 10 g. 

Apparatus 

A schematic diagram of the air-fluidized bed fermentor is shown in 
Fig. 1. Steam was used to sterilize the entire system. Air was filter- 
sterilized using glass wool, then passed through an air humidification/ 
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Fig. 1. Schematic diagram of the air-fluidized bed fermentor apparatus. 
1. steam regulator; 2. steam trap; 3. air filter; 4. air regulator; 5. air sterilization 
filter; 6. air flowmeter; 7. water reservoir; 8. water pump; 9. heating tape; 10. air 
saturation column; 11. air cooling column; 12. fermentation column; 13. fine grid 
supporting plate; 14. large hole flow distributor; 15. thermoregulator; 16. humid- 
ity measuring chamber; 17. wet and dry bulb thermometers; 18. overhead collec- 
tor. 

saturation glass column (number 10 in Fig. 1), where it reached about 
95% relative humidity at 50~ The air was saturated with water (to 
99-100%) as it was cooled down to 32~ during passage through the glass 
cooling column (number 11). The temperature in the glass fermentation 
column (number 12) was controlled at 32 + 1~ by a thermoregulator lo- 
cated at the top of the fermentation column, which activated the heating 
tape along the humidification/saturation column. The fermentation mash 
within the glass fermentation column was supported by a fine grid 
Teflon plate. 

Treatment of Samples for Analyses 

At selected times the upper  flange of the fermentation column was 
loosened and samples were taken with a long-handled spoon. A 0.5 g 
mash sample was taken each time and prepared for analysis, following 
the procedure shown in Fig. 2. 

Analyses 

The growth of yeast in this system was monitored by measuring the 
optical density of the mash sample, which was suspended  in water. 
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Fig. 2. Preparation of samples for analysis. 

Since the water content of a sample changed as the yeast cells grew, the 
water content of the most diluted sample was used as a basis for measur- 
ing the optical densities. This cell estimation method,  based on diluting 
all of the samples to the greatest water content of a given run, was previ- 
ously cited (9). 

The water content of each sample was analyzed gravimetrically by 
measuring the weight of the sample before and after drying at 80 + 2~ 
for 48 h. It is noted that volatile organics such as ethanol are included in 
this "water content" term. A maximum error of ca. 2% is expected in 
these measurements as a result of the volatile organics. 

The reducing sugar level was measured by the Somogyi-Nelson 
method (11) and corrected to include the dilution effect on the semisolid 
sample caused by the cell growth. 

The total extracellular protein was measured by the Bradford Coo- 
massie blue dye binding assay as modified by the Bio-Rad Laboratory Mi- 
croassay procedure (12). The assay was calibrated against the same batch 
of ~-amylase that was used to hydrolyze the potato starch. 

RESULTS AND DISCUSSION 

Growth of Yeast on Predigested Starch 

Results from a typical fermentation experiment of Baker's yeast 
growing on the semisolid substrate in the air-fluidized bed fermentor are 
depicted in Fig. 3. The increase in the water content of the fermentation 
mash is considered to result from the generation of water by respiration 
as the cells grow, especially during the exponential growth period. The 
considerable cell growth pictured in Fig. 3 indicates that yeast can be 
grown easily in this semisolid substrate/air-fluidized bed fermentation 
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Fig. 3. A typical fermentation experiment of Baker's yeast growing in an 
air-fluidized bed fermentor. 
-- /X-- = water content; - - O - -  = reducing sugar concentration; ....  �9 . . . . .  cell 
concentration. 

sys tem.  A res idual  concentra t ion of reduc ing  sugars of a r o u n d  70 mg/g  
sample  is observed.  This nonfermentab le  reducing  sugar is of ten called a 
limit dextr in.  These  undigest ible  sugars may  be conver ted  fur ther  into 
fe rmentab le  sugars by the addi t ion of debranching  e n z y m e s  such as 
o(-glucosidase. 

The a m o u n t  of synthet ic  m e d i u m  a d d e d  was varied,  whi le  ho ld ing  
the total v o l u m e  of the m e d i u m  constant  at 0.15 mL/g potato.  As can be 
seen in Fig. 4, no appreciable  differences in the cell g rowth  profiles we re  
observed.  (The threefold concentra t ion run  started wi th  less sugar  than  
the o ther  two runs ,  hence  somewha t  lower  cell g rowth  was  obse rved  at 
late t imes.)  These  three  runs  also demons t ra te  that the g rowth  in the air- 
f lu idized bed  fe rmen to r  sys tem with the semisolid substrate is qui te  re- 
producible .  
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Fig. 4. The effect of the amount of medium on" the cell growth. 

The effect of a change in the cell inoculum size on the yeast growth is 
shown in Fig. 5. A 50% reduction in the inoculum size nearly doubles the 
lag period time, although the final cell level and the specific growth rate 
during the growth phase remain unchanged. 

The amount  of enzyme used for predigesting the potato starch was 
varied in order to determine whether such changes would lead to differ- 
ences in cell growth (presumably because of differences in the initial 
sugar levels in the fermentor). Because sufficient time was available for 
the starch predigestion (12 h), the initial sugar level was nearly constant 
at the start of the fermentation for all of the predigestion studies. As 
shown in Fig. 6, the specific growth rates (0.4/h) and final cell concentra- 
tions (35 --- 2 mg/g sample) are also nearly the same for all three enzyme 
levels. The difference in the final cell concentrations from the previous 
results (Figs. 4 and 5) is attributed to using potato batches with different 
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Fig. 5. The effect of the amount of inoculum on the cell growth. 

storage times in the different runs. The sugar content of a potato, in gen- 
eral, gradually increases during the storage time (13). In addition to the 
expected natural sugar content increase in the potatoes as a result of stor- 
age, the total amount  of reducing sugar (obtained by enzymatic hydroly- 
sis of the potato starch) was observed here to be higher for "stored" pota- 
toes than for "'fresh" potatoes. 

The relative insensitivity of yeast growth to substrate repression/ 
inhibition over a wide concentration range of reducing sugar seems to be 
attributable to the finite solubility of sugar in the limited amount  of liquid 
water available to the cells. It is likely that the excess sugar is absorbed on 
the undigested potato solids (the limit dextrins) and, hence, is in a "stor- 
age," rather than in an inhibitory mode. Adding glucoamylases at the 
end of the fermentation may be desirable to increase the overall cellular 
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Fig. 6. The effect of the amount of enzyme on the cell growth. 

yield without causing early transient inhibition/repression by the sub- 
strate. 

Growth of Yeast with ln-Situ Starch Digestion 

The sugar level in the fermentation mash is controlled primarily by 
adjusting the initial amount of digesting enzyme. This follows from the 
rate at which the enzyme converts the starch substrate into sugar when  
the enzyme is administered directly into the potato paste (this is the case 
of "no enzymatic predigestion"). Examples of such a tandem starch deg- 
radation and fermentation are depicted by the cell growth and corre- 
sponding reducing sugar profiles in Figs. 7 and 8, respectively. 

For the case of no predigestion, the o~-amylase was introduced just 
before the start of the fermentation. Therefore, the potato starch was not 
completely hydrolyzed during the lag phase of the fermentation. Hence, 
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Fig. 7. The effect of the amount of enzyme on the cell growth for tandem 

starch digestion and fermentation. *Potato starch predigested for 12 h, **No 
yeast added. 

the optical densities (measured for the purpose of estimating cell growth) 
of the diluted samples during this 0-5 h lag period included contribu- 
tions from the starch particles as well as the yeast cells. As the potato 
starch reached its maximum hydrolyzed state, its contribution to the op- 
tical density measurement  was minimized, reducing its interference in 
the estimated yeast cell concentration. Since it was not possible to sepa- 
rate yeast cells from the rest of the solid material for a direct measure- 
ment  of cell concentration for calibration purposes, a baseline run with- 
out yeast inoculation was made  to determine the underlying component  
of undigested starch particles to the optical density measurements .  As 
depicted in Fig. 7, the contribution of starch particles to the optically esti- 
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Fig. 8. Reducing sugar profiles for various enzyme levels. *Potato starch 

predigested for 12 h, **No yeast added. 

mated cell concentration decreases rapidly, so that the effect is nearly 
negligible after approx. 5 h. The expected actual cell concentrations dur- 
ing this early transient period are represented by the dashed lines. 

In Fig. 7, the two runs of .07 and .017 mg enzyme/g potato levels 
show virtually the same growth rates and final cell concentrations as the 
highest  enzyme level run (.1 mg enzyme/g potato with predigested 
starch). These nearly identical results (within experimental error) hold in 
spite of the fact that the reducing sugar levels for these three cases are 
very different (shown in Fig. 8). Thus, the cell growth profile was not 
significantly affected by differences in the reducing sugar concentration, 
as long as the initial sugar level was above 130 mg/g sample. The higher 
(above that in the natural potato) initial reducing sugar levels likely were 
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the result of enzymatic digestion during the prefermentation mixing of 
homogenized potato paste and enzyme as well as during the postfermen- 
tation offline sample treatment for sugar analysis. 

The sugar release rates were calculated from the activity of ~- 
amylase, specified by the manufacturer, in order to select the enzyme 
levels appropriate for various sugar release rates. Typical sugar release 
rate values of .07 and .017 mg enzyme/g potato calculated were 85 and 20 
mg reducing sugar/h, respectively. For the case of .07 mg enzyme/g po- 
tato, the calculated sugar release rate (85 mg reducing sugar/h) was faster 
than the sugar consumption rate, thus the sugar level reached a maxi- 
mum (220 mg reducing sugar/g potato, as shown in Fig. 8) at 3 h. As the 
cells grew faster, the sugar consumption rate exceeded the sugar release 
rate, consequently lowering the sugar levels in the fermentor. For the 
case of .017 mg enzyme/g potato, the sugar release rate (20 mg reducing 
sugar/h) was slower than the sugar consumption rate, resulting in an ini- 
tial sugar level (140 mg reducing sugar/g, sample in Fig. 8) at its maxi- 
mum value. 

Using the amylase level of .0042 mg/g potato (corresponding to a 
sugar release rate of 5 mg/h), the specific growth rate dropped from .4 to 
.l/h, implying that sugar is the growth limiting component here (the 
lowest enzyme level employed). However, by 30 h (not depicted on Fig. 
7), the final cell concentration reached the same level as for the other ini- 
tial enzyme concentration cases. The cell yield, based on the consumed 
sugar, held at 12% for all three runs. 

Charactedzing the Yeast Growth in This System 

The cell yield, based on the consumed fermentable sugar, ranged be- 
tween 12-15%. This yield is lower than the optimal industrial yield (50%) 
of Baker's yeast. In liquid culture, a typical strategy for maximizing yeast 
yield is to maintain the sugar concentration at a very low level so that it 
becomes the growth limiting factor. These low sugar levels generally cor- 
respond to specific growth rates between .2 and .25/h, when  adequate 
oxygen is supplied (14). In our system, the high air flow rate makes it 
possible to supply  the necessary oxygen partial pressure to the fermenta- 
tion mash. The lowered sugar levels may be achieved in our process sim- 
ply by adjusting the initial concentration of the starch hydrolysis en- 
zyme. Controlling the oxygen supply and the sugar level, therefore, 
provides a feasible strategy for maximizing the yield of Baker's yeast. 

The final Baker's yeast cell concentration falls between 30-40 mg 
yeast cells/g sample, which is comparable to the industrial level of 35-45 
g/L in liquid culture (14). The industrial cell density level is normally 
achieved by growing the cells in a succession of ever increasing volumes 
of submerged batch culture (typically, 5-10 successive batches) as con- 
trasted with the single batch here. The observed high volumetric produc- 
tivity for the air-fluidized bed fermentor implies that the advantage of the 
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traditional static solid state fermentation system over the liquid culture 
holds here as well for our semisolid system. 

The specific cell growth rate in this simultaneous saccharification- 
fermentation system was about .4/h for all of the initial enzyme levels at 
or above .017 mg o~-amylase/g potato. This rate is considerably higher 
than that required to reach the optimal cell yield from fermentable sug- 
ars. It is demonstrated here, however, that the specific growth rate is eas- 
ily retarded in practice (.1/h in Fig. 7 by reducing the enzyme level to 
.0042 mg o~-amylase/g potato). 

Excretion of Yeast Proteins 

The amount  of extracellular yeast proteins produced under three dif- 
ferent conditions is graphed in Fig. 9. These levels correspond to three of 
the key cell growth patterns of Fig. 7. For the baseline run without yeast, 
the extracellular protein remains almost constant, as expected. It is noted 
that these three extracellular protein production rates can be approxi- 
mately correlated with their corresponding cell growth rates for the stud- 
ied conditions. In other words, for this air-fluidized bed system, higher 
cell growth rates lead to higher extracellular protein levels. 

The extracellular proteins have also been analyzed using gel electro- 
phoresis. Details of the observed molecular weight distribution will be 
reported in a separate communication. The possibility of protein separa- 
tion from the bed by the rapid air stream, capable of carrying specific pro- 
teins from the fermentation mash, will also be reported subsequently, fo- 
cusing on those particular proteins identified by gel electrophoresis. In 
particular, that report will stress the partitioning of the excreted proteins 
between the solid phase in the fermentation bed and the gas phase of the 
rising airstream. 

C O N C L U S I O N S  

A process for cultivating Baker's yeast on homogenized potato, pre- 
treated with (x-amylase, was developed using an air-fluidized bed fer- 
mentor. 

The yeast growth was stable and reproducible in this system. No ap- 
parent substrate inhibition/repression was observed within the initial re- 
ducing sugar range of 130 and 370 mg reducing sugar/g sample. The cell 
yield ranged between 12-15%, based on the consumed reducing sugar. 
The final cell concentration averaged 35 mg yeast cells/g fermentation 
sample, starting from a level of 2.5 mg yeast cells/g fermentation sample 
(a 14-fold increase). This final cell concentration was comparable to that 
achieved in industrial Baker's yeast production. 

This s tudy demonstrates the possibility of employing solid or semi- 
solid state fermentation for yeast culture. It also serves as a prototype 
process for cultivating bacteria on solid or semisolid substrates. 
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