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Abstract. The simultaneous saccharification and fermentation of corn and different varieties of grain 
sorghum (i.e. high digestible and low digestible) were carried out using commercially available alpha 
amylase and glucoamylase enzymes and Saccharomyces cerevisiea yeast. The hydrolysis and 
fermentation conditions, such as enzyme, yeast and substrate concentrations, pH and temperature in 
all the runs were similar so that the ethanol yield will just be dependent on the starch digestibility. 
Among the three substrates, the highest ethanol concentration was obtained from the highly 
digestible sorghum. The study revealed that the high yielding sorghum cultivars with modified 
endosperm matrices can be used as an alternative for corn and can be optimized as a substrate for 
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low energy input ethanol production. Since the food consumption demand for sorghum is lower 
compared to corn, the new variety of highly digestible grain sorghum has a great potential for ethanol 
fermentation, especially in semi-arid region. Savings in energy and time in this process could be 
accomplished via saccharification at lower temperature (32oC) concurrent with the fermentation 
process. The fermentation system needs to be optimized to ensure that there is no shortage of 
reducing sugars during the entire fermentation process.  

Keywords. Ethanol production, enzymatic hydrolysis, highly digestible grain sorghum, 
Saccharomyces cerevisiea, simultaneous saccharification and fermentation 
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Introduction 
Fossil fuel combustion in the United States generates more than 90% of its total greenhouse 
gas emissions. In addition to the global warming effect, it is also the major source of air 
pollutants (nitrogen oxides, sulfur dioxide, volatile organic compounds, and heavy metals) that 
are being released into the atmosphere, according to the US Environmental Protection Agency 
(US EPA) 2000 inventory. But in spite of the aforementioned detrimental effects of fossil fuel 
combustion to the environment and of the unstable price of petroleum in the global market, the 
amount of world’s fossil fuel demand is still continuously increasing. And since our fossil fuel 
source is already depleting, the US government is now constantly finding several ways to 
reduce its dependence on non-renewable resources and to somehow minimize those petroleum 
related problems. One great step is the US Energy Policy Act of 2005, which states that by the 
year 2012, the oil industry is already obliged to mix renewable fuels (7.5 billion gallons) into 
gasoline. As of 2006, approximately 70% of the crude oil (about 20 million barrels) daily 
consumption in the United States accounts for the liquid transportation fuels such as gasoline, 
biodiesel and jet fuel (Gray et al., 2006). Thus, in effect, research and development work 
regarding commercial production of renewable transportation biofuels have drastically increased 
in the recent years. 

In the regions that receive low annual rainfall, like the Midwest region of the United States, grain 
sorghum (Sorghum bicolor (L.) Moench), which ranks third among cereal crops in the US, is a 
very important crop (Zhan et al., 2006). Grain sorghum is a staple food grain in many semi-arid 
and tropical areas of the world (Dicko et al., 2006) but in the United States, it is used primarily 
as a feed grain for livestock. Feed value of grain sorghum is similar to corn since its amount of 
starch (55% -75% of starch by kernel weight) is similar to corn (Serna-Saldivar and Rooney, 
1995), although its protein and starch are less digestible compared to corn. But due to its poor 
wet-milling property and lower starch digestibility, sorghum has been underutilized for bio-based 
products and bio-energy production even if it is present in abundant amount (Zhan et al., 2006).  

Several factors that have been suggested for the cause of low starch digestibility of wild type 
grain sorghum varieties. First factor is its starch content and the starch components. It is 
suggested that the high amylose content in wild sorghum may require high energy for 
gelatinization in preparation for ethanol fermentation (Dicko et al., 2006). Secondly, high levels 
of tannin, a polyphenol, in wild variety of sorghum can also reduce starch and protein 
digestibility (Corredor et al., 2005 and Zhan et al., 2006). Tannins can complex with proteins and 
make both starch and protein unavailable for digestion. However, even among the low tannin or 
tannin-free cultivars, low-protein digestibility was still observed. This leads to the last possibility 
that it is the nature of the proteins structure of the endosperm matrices that is mostly 
responsible for low-protein digestibility of sorghum grain (Oria et al., 2000). 
Before starch can be utilized by microorganisms during fermentation to produce alcohol, it 
should first be converted to glucose. There are three stages in the conversion of starch into its 
fermentable sugars, namely gelatinization, liquefaction and saccharification. Gelatinization is 
achieved by heating starch with water to form a viscous suspension. Gelatinized starch is easily 
liquefied by partial hydrolysis with acids or enzymes resulting to visible loss in viscosity. 
Hydrolysis is a reaction wherein water is added and used to break down polymers. Liquefied 
starch will undergo further hydrolysis to produce glucose and maltose and that process is called 
saccharification. In the past, acid hydrolysis of starch had been widely utilized. But because it 
needed the use of corrosion resistant materials and more energy for heating, it is now being 
replaced by enzymatic processes (du Preez et al., 1985). The so called “two enzyme cold 
process” was commercially established due to advances in heat resistant α-amylase (the starch 
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liquefying enzyme that catalyzes the hydrolysis of internal α -1,4- glycosidic bond  randomly) 
and glucoamylases (the starch saccharifiying enzyme that catalyzes the hydrolysis of  α -1,6- 
glycosidic bond and α -1,4- glycosidic bond  in the non-reducing ends giving glucose as the final 
product) (Mojovic et al., 2006). The main advantage of this process is low energy consumption 
for ethanol production.  

High yielding sorghum cultivars (High Digestible Grain Sorghum PRGE 5 and 6) with modified 
endosperm matrices for optimized low energy input ethanol production have been developed 
and identified by the Sorghum Breeding in Soil and Crop Science at Texas A&M University. 
Using simultaneous saccharification and fermentation (SSF) method, the hydrolysis of high 
digestible grain sorghum was investigated using commercially available α−amylase and 
glucoamylase. The objectives of this research were to compare the starch digestibility of corn, 
the common cultivar of low digestible grain sorghum or LDGS (PRGE 3 and 4) and genetically 
modified high digestible grain sorghum or HDGS (PRGE 5 and 6) and to compare their ethanol 
yield after 32 h of simultaneous saccharification and fermentation. 

 

Materials and Methods 
Substrates 
 Dry-milled samples of corn, HDGS (PRGE 3 and 4) and LDGS (PRGE 5 and 6) were 
obtained from Sorghum Breeding, Soil and Crop Science Department, Texas A&M University, 
College Station, Texas. The dry-milled grains were milled to obtain an average particle size of 
about 1 mm diameter. 

Microorganism and Culture Media 
 Saccharomyces cerevisiae was used for the fermentation of hydrolyzed high digestible 
sorghum, low digestible sorghum and corn meal. It was isolated from a commercially available 
Super Start® dry brewer’s yeast which can produce and tolerate up to 20% ethanol. Stock 
culture was maintained in a 15 x 90 mm petri dish with Yeast Peptone Dextrose (YPD) medium 
containing yeast extract (5 g/L), peptone (10 g/L), glucose (20 g/L) and agar (20 g/L) at pH 5.5 
and stored at 4 oC. Precultures were prepared by inoculating a loopful of yeast from an isolated 
colony in the stock culture into 400 ml of Yeast Malt (YM) broth in 500 ml Erlenmeyer flask with 
cotton plug. The yeast cells were aerobically propagate in a YM broth consisting of yeast extract 
(3 g/L), malt extract (2 g/L), peptone (5 g/L) and glucose (10 g/L) at pH 5.5 using a rotary shaker 
with a speed of 150 rpm at 35 °C for 48 h. An inoculum concentration of 10% v/v was used in 
the entire experiment. 

Enzyme 
 The enzymes used in this study, namely Spezyme® Xtra and G-zyme® 480 Ethanol, were 
enzyme samples given by Genencor International, Incorporated.  Spezyme® Xtra enzyme, which 
was derived from a genetically modified strain of Bacillus licheniformis, was used to liquefy the 
corn and the two grain sorghum cultivars. It is a thermostable starch-hydrolyzing α-amylase that 
can be successfully operated even at liquefaction temperature greater than 85 oC (185 oF) and 
is very stable at liquefaction pH as low as 5.4. According to Genencor International’s standard 
method for determination of α-amylase activity, one Alpha Amylase Units (AAU) of bacterial α-
amylase was the amount of enzyme required to hydrolyze 10 mg starch per minute under 
specified conditions. The typical enzyme activity of Spezyme® Xtra was 14,000 AAU/g and its 
typical specific gravity was 1.14 g/ml.   
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 On the other hand, G-zyme® 480 Ethanol enzyme, an optimized blend of extracellular 
enzymes of selected strain of Aspergillus niger, Rhizopus oryzae and genetically modified strain 
of Bacillus licheniformis, was used to produce glucose from the liquefied mash for ethanol 
fermentation. The typical specific gravity of the G-zyme® 480 Ethanol saccharifying enzyme was 
1.13 g/ml to 1.15 g/ml and its minimum enzyme activity was 380 GAU/g. One Glucoamylase 
Unit (GAU) is the amount of enzyme needed to release one gram of glucose per hour from 
soluble starch substrates under the conditions of the assay set by Genencor International. 

Starch Hydrolysis 
 Hydrolysis was performed in Erlenmeyer flask (2 L) heated on top of the temperature 
controlled hot plate with magnetic stirrer (Fisher Scientific) with agitation speed at 150 rpm. Split 
dosing of Spezyme® Xtra enzyme for liquefaction of dry-milled grains of HDGS, LDGS and corn 
meal was used in this study. The initial dose of enzyme (0.02% w/w of dry substrate) was added 
during the gelatinization stage of the starch to reduce the viscosity while cooking. Erlenmeyer 
flasks with 1L mixture containing 200 g starch substrate, 3 g peptone, 1 g KH2PO4, and 1 g 
NH4Cl at pH 5.6 were cooked up to 100oC temperature for 1 h. The second dosing of Spezyme® 

Xtra enzyme (0.02% w/w of dry substrate) was done at 85 °C after adjustment of pH to 5.5 
using 1 N H2SO4. Liquefaction was continued for 30 min at 85 °C and for another 30 min until 
the temperature reached 65 oC. G-zyme® 480 Ethanol enzyme (0.1% w/w of dry solid) was 
added after adjusting the pH to 4.5 using 1 N H2SO4 at 65°C. Saccharification with G-zyme® 480 
Ethanol was done for 30 min at 60°C and another 1h while cooling until the medium attained 
35°C for yeast inoculation. 

Ethanol Fermentation 
 After hydrolysis, the saccharified fermentation medium was transferred into 2 L 
polyethylene bottle with screw cap that was sterilized using boiling water at 100oC. The medium 
was then inoculated with 48 h yeast culture (10% v/v) and then incubated in a rotatory shaker 
(150 rpm) at 35°C for 72 h. Samples were collected after the first 3 h of inoculation and then 
every 10 to 12 h thereafter. Sample of about 1 ml was immediately plated for microbial analysis. 
Another sample, which is approximately 15 ml, was centrifuged at 3000 rpm for 5 to 10 min. The 
supernatant was kept in 20 ml scintillation bottles at -4oC until was analyzed for sugar and 
ethanol content. Fermentation set up for each grain sample was done in triplicate. Additional set 
up that is not inoculated with yeast for each grain sample served as a control. No aeration was 
provided for the yeast during fermentation except during sampling times where the screw cap is 
being removed. 

Analysis Methods 
 For microbial analysis, samples were serially diluted using peptone saline diluent (1g/L 
peptone and 8.5g/L NaCl) and plated using Plate Count Agar (PCA) which contained  glucose 
(1g/L), yeast extract (2.5g/L), tryptone (5g/L), and agar (15g/L). Sugar and ethanol 
concentrations were measured using High Performance Liquid Chromatography (Consta Metric 
3200 solvent delivery system from LCD Analytical) equipped with autosampler, Shodex SP 810 
packed column and a Refractive Index (RI) detector. The column temperature was maintained 
at 78oC. Each sample was analyzed for 20 min using HPLC water as the eluent at 0.8 ml min-1 
flowrate.  
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Results and Discussion 
The results presented are means of three independent experiments on each type of grain 
substrates. Batch fermentation of 1L hydrolyzed mixture was carried out in a shaker incubator 
using 2 L capacity polyethylene bottle with screw cap. The screw cap will ensure anaerobic 
condition during fermentation and will prevent loss of ethanol due to evaporation. Conditions, 
such as substrate, enzyme and yeast concentrations in this research may not be optimal to 
ensure complete fermentation thus future research on the kinetics is necessary to determine 
optimum processing parameters to attain maximum sugar and ethanol conversion.  

Figure 1 shows the microbial counts as well as glucose concentration on each set-up during 72 
h fermentation. During sample collection, which is every 10 to 12 h, the 1 L head space in the 
fermentation set-up allowed a constant amount of oxygen supply into the mixture. This minute 
amount of oxygen supply was able to maintain the number of viable cells throughout the 
experiment. An approximate ten fold increase was observed during the first 3 h of fermentation 
in all of the substrates used while loss of cell viability was observed after 48 h of fermentation. 
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Figure 1. Change in glucose concentration and viable yeast cells during 72 hours of of the grain 

hydrolysates fermentation. Hydrolysis conditions prior to inoculation: Cooking time, 
1hr; Liquefaction time, 1.5 hrs; Saccharification time, 2.5 hrs.  

 

After 5 h of enzymatic hydrolysis and 2.5 hrs of saccharification prior to yeast inoculation, the 
highest glucose conversion was observed using HDGS starch (127g/L). However, after 40 hrs 
of fermentation as presented in figure 1, the glucose was at constantly low concentration (0.2 to 
0.5 g/L) in all of the fermentation set-up. The graph shows that the amount of glucose which is 
continuously produced and is simultaneously consumed by the yeast and converted to ethanol 
during fermentation was not enough to sustain the yeast growth. Since the sugar production 
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from each starchy substrates is not in accordance with the yeast consumption, the substrates, 
enzyme and yeast concentrations must therefore be optimized in future study considering both 
hydrolysis and fermentation time.  

Ethanol yield for HDGS, LDGS and corn after 72 h of fermentation were 9.7%, 8.8% and 9.3% 
(v/v), respectively. Since the conditions on each set-up were made similar, the ethanol yield will 
just be dependent on the starch digestibility of the grain substrate used. Results showed that 
among the three substrates, the highest ethanol concentration was obtained from the high 
yielding sorghum cultivars with modified endosperm matrices. The hybrid sorghum cultivar has 
high digestible grain protein that lack the kafirin protein body that surround the starch granules 
and restrict gelatinization. The highly digestible sorghum has improved starch availability 
because it can be easily hydrolyzed by alpha amylase enzyme. The use of alpha amylase and 
glucoamylase enzyme during liquefaction and saccharification readily hydrolyzed the starch and 
release glucose for fermentation. This study revealed that the highly digestible sorghum can be 
used as an alternative for corn and can be optimized as a substrate for low energy input ethanol 
production. 
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Figure 2. Change in ethanol concentration during 72 hrs of simultaneous hydrolysis and ethanol 

fermentation. 

 

Savings in energy and time in this process could be accomplished via saccharification at lower 
temperature (32oC) concurrent with the fermentation process.  
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Conclusion 
The performance of dry milled highly digestible grain sorghum (HDGS), low digestible grain 
sorghum (LDGS) and corn for ethanol production were studied using simultaneous 
saccharification and fermentation. The hydrolysis and fermentation conditions, such as enzyme, 
yeast and substrate concentrations, in all runs were the same so that the ethanol yield will just 
be dependent on the starch digestibility. The highly digestible sorghum obtained the highest 
ethanol yield among the three substrates. The altered protein matrix in the genetically modified 
variety of grain sorghum improved the sorghum starch digestibility during enzymatic hydrolysis 
resulting to faster and higher starch conversion to glucose. Its performance in the simultaneous 
saccharification and fermentation runs that were made was also better over corn in terms of 
ethanol yield. Since sorghum has lower demand in human consumption compared to corn, the 
new variety of highly digestible grain sorghum has a great potential to replace corn in ethanol 
fermentation with low cost of production.  

Future Work 

In the past several years, there has been significant progress in bioconversion of starchy 
material, primarily corn, to ethanol. But to establish a competitive price of fuel ethanol, its 
commercial level of production must operate at lowest possible cost with reduced capital cost. 
Reduced capital cost can be achieved by the use of low cost substrates. Operation cost can be 
achieved if the operation is running with high efficiency and with minimum time and equipment. 
Capital cost can be reduced using the optimum combination of engineered and developed 
enzymes to hydrolyze the starch. Using enzyme with higher specific activities than the current 
commercial enzymes, higher glucose concentration can be converted at a very short time. 
Future research on the kinetics is necessary to determine optimum processing parameters to 
attain maximum sugar and ethanol conversion. 
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