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ABSTRACT 
 Grain sorghum is an underutilized crop despite many advantages to its cultivation. A 
drought-tolerant plant with many pest-resistant cultivars, its applications are limited by problems 
with nutrient availability, particularly protein digestibility. Digestibility of grain sorghum protein 
is reduced by antinutritional compounds in the grain like tannins and phytates, and by moist-heat 
cooking. Some of these concerns can be mitigated by how the grain is processed. Fermentation is 
one processing method that can improve digestibility. Fermentation can also concentrate protein 
in a substrate. In this experiment, grain sorghum was subjected to different treatments and used 
as a substrate for yeast fermentation. Two species of yeast were tested; common baker’s yeast 
(Saccharomyces cerevisiae), and an amylolytic strain (Lipomyces kononenkoae). Effects of 
pasteurization or sterilization of the substrate, nitrogen supplementation, amyloglucosidase 
addition, and co-culture with an amylolytic lactic acid bacteria Lactobacillus amylovorous were 
examined. After 48 hours of incubation, baker’s yeast samples treated with enzyme increased in 
crude protein, from 9% in unfermented grain to approximately 27% after treatment. Nitrogen 
supplementation accelerates protein enrichment and is a significant factor at 24 hours of 
fermentation. Pepsin digestibility of fermented samples was improved compared to thermally 
processed controls. Phytates increased in concentrated high-protein samples, but the ratio of 
phytate to protein was reduced by both yeasts. Both types of yeast increased pepsin digestibility 
of sorghum protein compared to thermally processed control samples. L. kononenkoae reduced 
phytates in the substrate, but did not enrich protein content. The lactic co-culture had no 
significant effect on measured responses, but decreased incidence of spoilage and contamination 
of the fermentation samples. A fermentation with baker’s yeast can concentrate sorghum protein 
in a substrate if the grain starch is hydrolyzed first, and can increase digestibility as well. 
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CHAPTER 1: INTRODUCTION, OBJECTIVES, AND LITERATURE REVIEW 
INTRODUCTION 

Grain sorghum is a staple food for people and their livestock all over the world. It is of 
particular importance to human nutrition in arid parts of Africa and Asia, as it is better suited to 
dry climates than other cereal crops. Globally, the United States is the top producer of grain 
sorghum, with much of the crop exported for animal feed applications (Kumar et. al., 2011). 
Sorghum is considered an important dietary protein source despite being relatively low in 
protein. Like many cereals, it is deficient in lysine and methionine as well (Belton and Taylor, 
2004). Additionally, the presence of antinutritional factors interferes with digestion and 
absorption of the protein that the grain does contain (Weaver, Hamaker and Axtell, 1998). 
Cooking also reduces protein digestibility through various mechanisms including protein 
crosslinking and amino acid racemization, both of which make the protein resistant to digestive 
enzymes of monogastric organisms (Duodu et al., 2003). These issues limit the extent to which 
sorghum can be used in feed applications; though grain sorghum contains roughly the same 
amount of protein as maize, the digestibility of sorghum protein is much lower (Duodu et al., 
2003). 

Because of its dietary importance and potential for expanded applications, much work 
has been done on improving the availability of protein in grain sorghum. Cultivars with low or 
no tannin content generally have better protein digestibility than high-tannin grain, but at the cost 
of reduced pest resistance which increases losses in the field. Breeding for cultivars with higher 
protein is another approach, however increased protein in the grain does not necessarily translate 
into more protein metabolized by the consumer (Axtell et al., 1981). Post-harvest processing of 
the grain can be used to improve protein quality and digestibility. Chemical and physical 
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processing such as alkali treatment and de-hulling can decrease tannins and phytates; removal of 
these compounds correlates with higher protein digestibility (Chavan et al., 1979). 

Fermentation is another way of increasing protein digestibility. Many traditional 
preparation methods for sorghum foods involve a fermentation step, and studies of these methods 
show improvement in nutrition over non-fermented methods (Axtell et al., 1981). Often the 
bacteria indigenous to the microbiome of the grain are enough to facilitate the fermentation 
(Chavan, Chavan, and Kadam 1988) but the process can be controlled and improved by 
inoculation with a specific organism (Oboh, 2006). Lactic fermentations are commonly 
employed in making porridges, breads, and other sorghum food products; studies of these 
fermented foods have shown higher digestibility and improved amino acid profile compared to 
foods prepared from unfermented grain. (Hassan and El Tinay 1995; Correia et al., 2005) 
However, these fermentations do not change the total protein content of the grain food product.  

There are many other benefits to lactic acid fermentation. Increased vitamin content and 
mineral bioavailability have been observed in fermented foods (Kazanas and Fields, 1981; Pyo, 
Lee and Lee, 2005; Leroy and De Vuyst, 2004). Lactic acid bacteria also contribute to shelf life 
and food safety by inhibiting growth of many types of spoilage and pathogenic organisms. This 
occurs not only because of the reduced pH as lactic acid accumulates, but can also result from 
the production of antimicrobial compounds called bacteriocins. These compounds have been 
shown to inhibit contamination by Listeria and Salmonella species in fermented food products 
(Ashenafi, 1991; Makras et al., 2006).  

Fermentation also has been used to increase protein contents of plant matter, generally for 
feed applications. Organisms used in these processes are generally fungi, particularly in solid-
substrate applications. Molds have the advantage of rapid growth, which means faster 
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carbohydrate respiration and accumulation of biomass. However, production of mycotoxins is a 
concern when using mold, either by the desired organism or contamination by another. Yeasts 
are also used in protein production applications. Yeast biomass can be used directly as a protein 
supplement (Winkler et al., 2011; Maylin, Cervantes, and Beames, 1984), or as part of a 
fermentation byproduct as with distiller’s grain (Ferreira et al., 2010; Øverland et al., 2013).  
Many common yeasts can metabolize glucose as a carbon source; this sugar can be obtained by 
breaking down starch, as with malting in beer processing. Some yeasts are amylolytic, and can 
produce enzymes to degrade the starch directly. Such organisms may still require processing of 
the substrate to function efficiently. Yeasts also require other vitamins and minerals to thrive, in 
some protein-enrichment studies these nutrients are provided using yeast extract, a common 
ingredient in yeast growth media formulas. Yeast extract is also a good nitrogen source, but an 
expensive one. Replacement of yeast extract with other nitrogen sources such as urea or 
ammonium salts have proved successful in some studies (Rosma and Cheong, 2007). 
 Development of an inexpensive processing method that could preserve or improve the 
digestibility of protein in sorghum grain could provide several benefits. Increasing the content of 
digestible protein in the grain would make it more useful in food or feed applications. Increase in 
demand for sorghum could allow commercial farmers to shift production to sorghum during 
drought conditions and still have a profitable harvest if other more water-intensive crops fail. 
The goal of this research is to determine conditions for a fermentation process to enrich and 
improve protein content in grain sorghum.                 
RESEARCH OBJECTIVES 

The overall purpose of this study is to increase protein content and quality of grain 
sorghum by a fermentation process using yeast. Preliminary studies with baker’s yeast and 
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sorghum meal have demonstrated that a statistically significant increase in percent protein can be 
achieved with the Saccharomyces cerevisiae available to consumers if the grain has been treated 
enzymatically to convert the starch into sugars. However, literature has shown increases in 
percent protein with other species of yeasts and different substrate treatments. This study will 
compare commercial active dry baker’s yeast to an amylolytic strain of yeast, Lipomyces 
kononenkoae, under different substrate treatment conditions, to determine which of the factors 
tested have the most effect on protein content in the final fermented grain product. 

Digestibility is also important in assessing the quality of protein in a food or feed product. 
The amount of crude protein in sorghum grain is similar to that of other grains, but the 
digestibility of sorghum protein is lower. This is a result of the structure of the grain, as well as 
antinutrient compounds present in the grain. A fermentation process that could increase both the 
quantity and digestibility of sorghum grain would expand the range of potential food and feed 
applications for this crop.  
Objective 1: Examine the effects of thermal and enzyme treatments, nitrogen supplementation, 
and bacterial co-culture on the final percent protein in yeast-fermented sorghum  
Objective 2: Compare the nutritional quality of sorghum fermented by different species of yeast 
in terms of in vitro protein digestibility and phytate content. 
LITERATURE REVIEW 
  
Sorghum Cultivation and Use  
 Sorghum is an important crop in many parts of the world. Indigenous to Africa, sorghum 
has been cultivated in a wide range of locations and climates in Asia, Australia and the Americas 
as well as its native habitat. There are different varieties of sorghum grown for several 
applications; many consumers are familiar with sorghum syrup, which is extracted from the 
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sugar-rich stalks of sweet sorghum cultivars. There are leafy varieties grown for livestock 
forages; some fast-growing cultivars have also been examined as feedstock for biofuel 
production (Zhao et al, 2009; Schittenhelm and Schroetter, 2014). Grain sorghum is grown 
primarily as a food source for humans and livestock. Currently the top producing nations are the 
United States, Mexico, Nigeria, India, and Ethiopia (FAOSTAT 2015). 

There is recent interest in bioethanol production from grain sorghum (Wu et al. 2007; 
Dyartanti et al. 2015). However, food and feed are still the most common applications for the 
grain. Grain sorghum can be made into many food products, including porridge, breads, tortillas, 
beverages, and a snack similar to popcorn (Anglani, 1998). There is also increasing interest in 
sorghum as an ingredient in gluten-free products (Pineli et al., 2015; de Meo et al., 2011). In the 
United States, grain sorghum is used primarily for animal feed applications. Sorghum grain has 
been examined as a low-cost replacement for corn or other grains in feed formulations. Sorghum 
has been studied in feed applications for dairy and beef cattle (Delgado-Elorduy et al. 2002; 
Wood et al. 2011), poultry (Selle et al., 2010), swine (Lizardo, Peiniau, and Aumaitre, 1995), and 
fish (Alderolu et al., 2009) with varying degrees of success. 
Benefits of Grain Sorghum Use  
 Grain sorghum is a very water efficient crop. Native to arid desert regions, it is well-
adapted to dry climates can often be grown without any irrigation and still produce a harvest. 
Various cultivars have been developed for optimized performance in warmer or cooler climates 
and different patterns of water availability including rainy seasons and irrigation. Careful 
cultivation has increased yield without requiring more land area, production volumes have been 
maintained even in places where land area used for sorghum cultivation has decreased (Kumar 
et. al., 2011; FAOSTAT 2015). Cultivars can be selected for resistance to insect and bird damage 



6  

as well, with tannins and seed hardness contributing to reduced losses caused by these pests 
(Kumar et al., 2011). Though other grain crops such as maize and wheat have surpassed sorghum 
in its native regions for economic reasons, sorghum remains an important source of energy 
particularly when heat and drought reduce yields of these other crops.  
Challenges to Grain Sorghum Use 

While there are many advantages to cultivation of grain sorghum, there are limitations to 
its practical application. The hard seed and high tannin contents that confer pest resistance to 
some cultivars of the grain also make them unpalatable to livestock, and difficult to metabolize 
nutrients for both people and animals. One major reason other cereals are preferred over 
sorghum for many applications is the relatively low digestibility of sorghum grain. The 
percentage of crude protein sorghum contains is similar to that of other grains, but the 
digestibility of that protein is lower by comparison. And, unlike many other grains, the 
digestibility decreases significantly upon cooking (Duodu et al., 2002). Low digestibility of 
nutrients slows growth in livestock, which makes sorghum less attractive for feed applications. 
Studies comparing sorghum grain to maize have shown sorghum to result in reduced weight gain 
or weight loss by poultry (Harms et al., 1958), swine (Sotak-Peper et al., 2015) and fish (Allan et 
al., 2000). Low protein digestibility also contributes to malnutrition in humans who depend on 
sorghum as a primary food source (Wong et al., 2009). 

One contributing factor to the low digestibility of sorghum grain is presence of anti-
nutritional compounds in the grain, particularly tannins and phytates. While many species of 
sorghum grown in the United States are low-tannin or tannin-free sorghum cultivars, many of the 
more drought-tolerant and pest-resistant cultivars widely grown in other parts of the world are 
high in tannins. Sorghum tannins help protect the grain from insect and bird damage, and reduce 
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other types of loss in the field (Price et al., 1979). However, these tannins have antinutritional 
properties in humans and livestock. In addition to being unpalatable, which reduces overall food 
intake, tannin compounds can bind to protein and inhibit enzymatic digestion of the nutrient 
(Hassan and El Tinay, 1995). Even non-tannin sorghum cultivars contain phytate compounds, 
which also bind protein and interfere with protein digestion (Osman, 2004; Duodu et al., 2003). 

Another factor which contributes to reduced protein digestibility is heat processing of the 
grain. The grain must be cooked for human consumption, and is often subjected to some thermal 
treatment for use as animal feed, such as steam-flaking. Such wet-heat processing has been 
shown to reduce protein digestibility (Duodu et al., 2001). The mechanisms behind this are not 
completely understood, but may include formation of protein-starch complexes, as well as cross-
linking of proteins in general and of sulfur-containing amino acids in particular. Changes in 
protein structure that result from these reactions can result in increased resistance to the typical 
protease enzymes found in monogastric organisms’ digestive systems (Duodu et al., 2003). Wet-
heat applications could also possibly cause isomerization of amino acids from L to D isomers, 
which would reduce their bioavailability as well as their digestibility (Duodu et al., 2003). These 
adverse effects of heat treatment are less pronounced or even absent in dry-heat processing, such 
as extrusion (Duodu et al., 2001; de Mesa-Stonestreet, Alavi, and Gwirtz, 2012) 

Improving sorghum protein availability is of great concern; though most of its calories 
come from carbohydrates, the grain is considered to be more important as a source of dietary 
protein. It is most vital in areas where other types of protein are difficult to access, so there has 
been extensive research into mitigating the effects of anti-nutritional factors and optimizing the 
digestibility of the amino acids it contains (Duodu et al., 2003). Sorghum, like many other grains, 
is known to be deficient in lysine (Virupaksha and Sastry, 1968), so efficient and cost-effective 
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ways to supplement the amino acids it lacks have also been studied. Blending sorghum grain 
with other available plant proteins has been one way of supplementing needed protein in 
sorghum foods (Chavan, Chavan and Kadam, 1988). Fermentation has also been employed as a 
means of improving availability of protein from sorghum (Correia et al., 2005). 
Fermentation Process Applications 

Fermentation has been used as a food processing method throughout human history, for 
various reasons. The wild fermentations that traditionally resulted in foods like cheese, tempeh 
and sauerkraut have been gradually refined into processes that today produce a myriad of food 
and pharmaceutical products as well as industrial chemicals. Fermentation is an efficient way of 
generating complex molecules that would be time-consuming, expensive, and difficult (if even 
possible) to synthesize by other means. Fermentation can also remove undesirable compounds as 
the fermenting organisms metabolize the substrate. Many organisms can be used in fermentation 
processes, including yeasts, molds, algae, bacteria and mixed cultures. 

In food, fermentation has several applications. Traditional fermentation methods were 
used to make food safe to eat, to preserve it for storage, or to make foods taste better. Many 
fermentation organisms produce organic acids, peroxides, and antimicrobial chemicals that 
inhibit pathogens and other organisms from colonizing the food product (Bourdichon et al., 
2012; Chang and Chang, 2010). Fermenting perishable foods can extend their shelf lives by 
reducing pH or making the food otherwise inhospitable to spoilage organisms; fermentation 
effects can help make other preservation methods such as drying or curing more effective (Ross, 
Morgan and Hill 2010). Fermentation can impart desirable sensory characteristics as well. 

Fermentation has been found to reduce antinutritional factors and toxic compounds and 
can increase vitamin and antioxidant content (Caplice and Fitzgerald, 1999; Juan and Chou, 
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2010). Enzymatic processes involved in fermentations increase digestibility of nutrients, so they 
are easier to metabolize by the intended consumer, an effect has been seen in both human food 
and livestock feed preparations (Gibson, Perlas and Hotz, 2006; Kiers et al., 2000; Feng et al., 
2007). Fermentation can change molecular structures in foods, for instance by hydrolysis of 
carbohydrates or proteins, which can result in improvements in nutritional quality. 
Protein Enrichment by Fermentation 

Fermentation processes can be used to increase protein content in foods in addition to 
increasing protein quality. Bacterial fermentation can be used to generate proteinaceous biomass 
from a carbon-rich fluid substrate, such as a sugar solution (Wang et al., 2013), industrial 
processing byproduct (Bough et al. 1972), or even methane gas (Bothe et al., 2002). However, 
most bacterial protein must be separated from the growth medium for use as an ingredient, and 
separation processes are often expensive. Fungal fermentations are generally more efficient, and 
have a wider range of applications (Nasseri et al., 2011). Fungal fermentations can use a variety 
of substrates, including semi-solid, solid-state, and solid substrate fermentations with water 
activities too low for bacterial culture. Co-cultures and mixed cultures with many types of 
organisms are commonly used for protein production, and are often more effective at protein 
accumulation than monoculture processes (Fields, Tantratian, and Baldwin, 1991; Cojho et al., 
1993; Tesfaw and Assefa 2014) 

Yeast fermentation can increase both content and digestibility of proteins in plant foods, 
and often yield a product with acceptable sensory qualities (Khetarpaul and Chauhan, 1990). 
Yeast fermentation processes have been demonstrated to double the protein contents in sweet 
potato and cassava processing wastes (Yang, 1988; Oboh, 2006), and triple the protein in potato 
and cactus process wastes (Gélinas and Barrette 2007; Araújo et al., 2005). A fermentation of 
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sorghum with yeast to generate ethanol yielded a distillers grain byproduct that was 44% protein 
(Horn, du Preez and Kilian, 1992). The goal of this work was to convert all of the starch in the 
grain into ethanol, a process that took up to 200 hours. A more modest increase in protein could 
be achieved in a shorter amount of time. 

Factors that can affect the amount of protein increased by yeast fermentation include 
inoculation rate, type of carbon source, and micronutrient availability. Compared to bacteria, 
yeast are tolerant of a wider range of temperatures and pH, and can survive much lower water 
activities and moisture contents; varying these conditions appears to have less of an effect on 
growth compared to the amount of yeast added initially (Araújo et al., 2005). Inoculum sizes 
used in literature range from 3.6 mg dry yeast per gram (0.36%) of substrate weight (Hong et al., 
1989) to 15 percent of the substrate weight (Araújo et al., 2005) in fresh yeast, which contains 
about 70% moisture. Fresh yeast is approximately 40% crude protein on a dry basis, so an 
inoculation rate of 15 grams of fresh yeast per 100 g would immediately increase the total 
protein content by about 2 percent. However, the increase in percent protein at such an 
inoculation rate was seen to be much greater than that 2 percent, indicating that the increase is 
not merely an artifact of the added yeast. Increased inoculum size also shortens the lag time in 
the yeast growth cycle, reducing the total incubation time (Horn, du Preez and Kilian, 1992). 
However, such large quantities of yeast may not be feasible for a cost effective process. 
Applications of Fermentation to Sorghum 
 There are several types of fermentation processes that use sorghum as a substrate. 
Sorghum is used for the production of ethanol for both biofuel and consumption in beverages. 
Sweet sorghum and sorghum cultivars developed specifically for cellulosic biomass are 
generally used over grain sorghum for bioethanol applications (Mamma et al., 1996), but 
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fermentation of grain sorghum has been studied for this purpose as well. The distillers grain from 
sorghum ethanol fermentation has been shown to be nutritionally similar to other distillers grain 
byproducts (Al-Suwaiegh et al., 2002). Fermentation of sorghum grain has been used to increase 
digestibility in both food and feed applications. Fermentation in traditional preparations of foods, 
like porridges and flatbreads, has been shown to increase digestibility of protein and starch, 
reduce phytate and tannins, and increase bioavailability of iron (Kazanas and Fields, 1981; 
Taylor and Taylor, 2002; Osman, 2004). As a feed ingredient, fermenting sorghum can result in 
better outcomes compared to using unfermented grain (Aderolu, Kuton and Odu-Onikosi, 2009). 
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CHAPTER 2: PRELIMINARY STUDIES AND PARAMETER SELECTION 
INTRODUCTION 

Preliminary studies were conducted to determine what substrate conditions would support 
fermentation, which organisms should be used for fermentation, and how cultures for the 
organisms used would be maintained and propagated. Treatment parameters were selected over a 
series of experiments, which demonstrated their effect on the sorghum meal substrate. Initially, 
the study was on the effects of lactic fermentation of sorghum, and only inoculation with L. 
amylovorous was studied. However, the desired information on how the treatments affected the 
sorghum substrate were still relevant. Here, the effects of different pH control methods, nitrogen 
supplementation, enzyme treatments, and thermal treatments were studied. Different yeast strains 
were tested for use in this substrate system as well. The results of these studies helped establish 
the treatments parameters used in the main experiment. 
EXPERIMENT OVERVIEW 
 Grain sorghum was ground and mixed with water to make a slurry for the fermentation 
substrate. The substrate was subjected to different treatments including thermal processing, 
enzyme treatment, pH control, nitrogen supplementation or any combination of those. Substrates 
were inoculated with lactobacillus, yeasts, or co-cultures of both types of organism. Control 
samples without inoculation were prepared for these treatments as well. Samples and were 
incubated for up to 96 hours, with samples collected at intervals throughout the duration of the 
run. Substrate samples were tested for pH, lactic acid, and crude protein, to monitor for microbial 
growth and any occurrence of protein enrichment. 
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PRELIMINARY STUDIES 
pH control 
 Fermentation by lactobacillus and yeast both result in reduced pH of the fermentation 
substrate. As the name suggests, lactic acid bacteria are quite efficient at producing lactic acid, 
and though these bacteria are acid tolerant they can generate enough to inhibit their own growth. 
While the main fermentation products of Saccharomyces cerevisiae are carbon dioxide and 
ethanol, other compounds can be produced, particularly from complex substrate systems. Many 
of these minor products are acidic, including malate, pyruvate and several amino acid 
degradation byproducts (Postma et. al., 1989; Zelle et. al., 2008).  

 Changes in pH can affect the progress of the fermentation. Microorganisms and enzymes 
have optimum pH ranges for best performance, as well as pH limits that will result in death or 
deactivation if exceeded. In these experiments, various methods of pH control with different 
compounds were tested. Calcium carbonate (CaCO3), ammonium carbonate ((NH3)2CO3), 
ammonium sulfate ((NH3)2SO4), and solutions of sodium hydroxide (NaOH) were tested as 
means of raising acidic pH during fermentation. 

 During initial trials pH was adjusted every few hours using CaCO3, (NH3)2CO3, or 
NaOH. The CaCO3 was rarely effective enough to use alone; the quantity required for even a 
modest change in pH was very large compared to the total amount of substrate. Instead, it was 
often combined with NaOH or (NH3)2CO3, with the stronger basic compounds used for gross pH 
adjustments, and the CaCO3 used to stabilize that pH and maintain it for longer periods. 

In studies on lactic acid production, it was shown that the pH could be held within a 
given desirable range by adding the pH adjustment compounds directly to the substrate before 
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inoculation (Hofvendahl and Hahn-Hägerdal 2000; Yang et. Al., 2015). The presence of CaCO3 

in the substrate would bind lactic acid continuously as it is generated to form calcium lactate, 
which is mostly insoluble in aqueous solution. The lactate salt would precipitate from the 
substrate as it formed, and the pH would decrease much more slowly. However, in practice, the 
lactobacillus often failed to grow when the pH was modulated in advance. Addition of 
(NH3)2CO3 with the CaCO3 resulted in very high pH of the substrate; adjusting the pH to neutral 
with a solution of hydrochloric acid before inoculation did not result in any bacterial growth. 
Samples subjected to this treatment showed no lactic acid production. Substrate treated with 
(NH3)2SO4 and CaCO3 did show growth and lactic acid production, but (NH3)2SO4 is mildly 
acidic and does not raise pH of the substrate. The pH of substrate treated with (NH3)2SO4 started 
low and continued to fall throughout the fermentation unless CaCO3 was also present. Even 
samples that showed some growth were very slow to ferment, with no lactic acid detected until 
66 hours of incubation. Pre-emptive pH control was not feasible for this system, in subsequent 
experiments pH control was not applied until after microbial growth was established. 

When the scope of the experiment shifted to protein enrichment by yeast, pH control 
became less critical to the result. The yeast appeared to tolerate a low pH, so the main concern 
was for the enzymes added. The amyloglucosidase chosen to hydrolyze starch into sugars has an 
optimum pH range between 4.5 and 4.8. For subsequent experiments pH was monitored early in 
the fermentation and adjusted if necessary. After several trials it was determined that pH should 
be checked 8 to 9 hours after inoculation to allow sufficient growth of the organisms before 
adjustments were made, and any sample with a pH below 4.5 at that time would be adjusted to 
between 4.5 and 5 with CaCO3 and a NaOH solution. Addition of CaCO3 was not to exceed 1.5g 
for a 40g sorghum substrate, and any further adjustment required was performed with the NaOH 
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solution. Subsequent experiments used CaCO3 and NaOH exclusively for adjusting the pH of the 
samples. 

Nitrogen supplementation 
 During the pH adjustment work with L. amylovorous, it was noted that substrate samples 
adjusted with ammonium carbonate and ammonium sulfate showed slightly more lactic acid 
production than those treated with other compounds; this was true even though ammonium 
sulfate is acidic and did very little to control the pH of the substrate. Literature on the matter 
revealed that these compounds are readily metabolized by microorganisms as a nitrogen source 
(Belasco, 1954; Nancib et. al., 2001). Experiments were conducted to separate the effects of 
nitrogen supplementation from those of pH control. Ammonium carbonate was eliminated from 
the study for its effects on the pH of the substrate. Ammonium sulfate was studied as a nitrogen 
source since it had the least effect on pH, as well as superior material handling properties such as 
the absence of dust and ammonia fumes. Nitrogen addition increased lactic acid production; 
measurement of the acid was used to monitor bacterial growth.  

 Though nitrogen supplementation was having an effect on the growth of the lactobacillus, 
it was not affecting the total protein in the substrate. It was hypothesized that a more effective 
nitrogen supplement could promote enough growth to increase the substrate protein. Organic 
nitrogen sources like urea, corn steep liquor, and yeast extract were considered; these are good 
nitrogen sources but costly, their use could prove prohibitively expensive for most processes. 
Yeast extract in particular is used as a supplement because not only does it provide nitrogen, but 
other trace nutrients as well. One way to take advantage of these benefits is to blend yeast extract 
with a less expensive nitrogen source. This was the approach used in a 2007 study by Rosma and 
Cheong, which found that a 1:4 w/w blend of yeast extract and ammonium sulfate performed as 



16  

well as pure yeast extract in terms of lactic acid produced by the fermentation. The same ratio of 
yeast extract and ammonium sulfate was used to supplement a lactic fermentation at a rate of 5% 
of the dry grain weight in the substrate. This resulted in a modest increase in lactic acid 
production, but no change in percent protein. The lactobacillus were growing well, but not to an 
extent that their accumulated biomass could have any effect on the percentage of protein in the 
substrate. 

 It was determined that the lactobacillus used here could not increase the amount of 
protein in the substrate. Literature on protein enrichment of complex substrates often use fungi 
rather than bacteria (Durand and Chereau, 1988; Yang 1988; Araújo et. al., 2005). In light of this 
fact, a fermentation was conducted with baker’s yeast instead of, and in co-culture with, the L. 
amylovorous used in prior experiments. Initially the substrate tested was raw sorghum meal 
mixed with sterile deionized water, and treatments included addition of a saccharification 
enzyme (amyloglucosidase) and the addition of a 3:1 blend of ammonium sulfate and yeast 
extract, at an addition rate of 3% of the dry grain. Tests for crude protein showed an increase in 
the fermented samples, from 12% (dry basis) in the unfermented grain to about 16% in the 
fermented grain after 48 hours. A similar experiment was performed on thermally processed 
substrate, there crude protein increased to between 23% and 29% after 48 hours of incubation. 
The method by which the crude protein was determined showed the amounts of ammonia 
nitrogen left in the supplemented samples. It was noted that there was an excess of ammonia left 
in the samples after fermentation was mostly complete, an indication that more nitrogen was 
being added than the organisms were able to metabolize. This finding prompted a reduction of 
the nitrogen addition rate in the proposed work, to 2% of the dry grain weight in the substrate.  
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Enzyme selection 
A test was run to study the activity of amyloglucosidase with and without amylase. The 

amylase used was a solution of thermostable α-amylase from Bacillus lichenformis (18,000 
U/ml), and the amyloglucosidase was produced by Aspergillus niger (321 U/ml); both enzymes 
were purchased from Sigma-Aldrich Co. (St. Louis, MO). Four sets of grain samples were 
prepared; raw (R), cooked (C), cooked with amylase (A), and cooked with amylase and 
amyloglucosidase (AG). A 1:1 w/v ratio of grain to water was used. Addition rates of the 
enzymes were 5.33 μl amylase per gram sorghum, and 8.0 μl amyloglucosidase per gram 
sorghum in the substrate. Each of these were prepared in pairs, with and without a nitrogen 
supplement, which was added at 5% of the dry grain weight.  The thermal treatment applied was 
to place the sample flasks in a water bath maintained at 86°C for 90 minutes; the time and 
temperature selected were the optimum conditions for the thermostable α-amylase to act on 
starch. The same treatment was applied to all the cooked samples including the ones without 
enzyme treatment. After the thermal treatment, the samples were cooled to 40°C. The AG 
samples were adjusted to a pH of 4.5, from an initial pH of about 6.3, using a 2 N solution of 
HCl. Amyloglucosidase was added to the pH-adjusted samples, and  the samples were held at 
55°C for another 30 minutes; the other 3 samples were held at the incubation temperature of 
37°C. At the end of the enzymatic treatment, the pH of the AG samples was returned to the 
initial pH of about 6.3 using a 4 N solution of NaOH. These were equilibrated to 37°C also. The 
lactobacillus inoculum was prepared and each sample received 3.8*108 cells. These samples 
were incubated at 37°C for 72 hours, with samples collected for nitrogen testing at 0, 24, and 72 
hours, and for lactic acid by HPLC more frequently. The pH of each sample was taken at each 
sampling and adjusted to about 5 with CaCO3 if it fell below 4.5. 
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Samples were inoculated with Lactobacillus amylovorous to see how the treatments 
affected the growth of the organism. After incubation, lactic acid was present in all samples 
except the amylase/amyloglucosidase treatment. The reason why the lactic bacteria did not grow 
in these samples was not determined, but it is possible that the pH adjustment raised the salinity 
of the samples above a concentration that the organism could survive. Lactobacillus become 
stressed at sodium chloride levels exceeding 10 g/L in part because of reduced water activity; 
this effect is exacerbated by high sugar concentrations (Neysens, Messens, and De Vuyst, 2003) 
Reducing the pH to 4.5 for the treatment using 2 N HCl, and raising it back to the original pH of 
6.3 using 4 N NaOH added an equivalent to 10 g salt per liter of water in the substrate, which 
already had a high solid content. The sugars generated by the enzymes combined with the excess 
salt could have been enough to inhibit the growth of the L. amylovorous in these samples. These 
samples showed signs of microbial growth eventually, but had a high pH for most of the 
incubation period. Toward the end of the 72 hour incubation the pH dropped below 4, indicating 
some acid-forming organism was growing in the substrate. However, HPLC analysis showed no 
lactic acid, indicating that the organisms growing were not the Lactobacillus originally 
inoculated. 

Because of the difficulty of pH adjustment and potential for poor growth as a result, 
another test was conducted using only amyloglucosidase, with no pH adjustment for the enzyme 
treatment. The enzyme works best at a pH range of 4.5 to 4.8, and should be more effective in 
conjunction with amylase, which will break the starch into smaller dextrins with more ends 
exposed for the amyloglucosidase to attack. It was hypothesized that the enzyme would be more 
effective at hydrolyzing starch into fermentable sugars when the amylolytic lactobacillus was 
present, as L. amylovorous would release amylases into the substrate to degrade the starch, and 
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reduce the pH as well. The test was conducted without thermal treatment, sorghum meal was 
mixed with water 1:1 (w/v) with treatments administered as in Table 1: 

Table 1: Crude protein in raw sorghum meal substrate by treatment 
Treatment avg. % protein 
ground sorghum control 12.05a 
ground sorghum/yeast control 12.23a 
ground sorghum/yeast/nitrogen control 13.45abc 
t=0 yeast only 12.68a 
t=0 yeast/lactic co-culture 13.06ab 
t=6 yeast/lactic co-culture 12.78a 
t=0 yeast/nitrogen  13.07ab 
t=0 yeast/nitrogen/lactic co-culture 13.57abc 
t=6 yeast/amyloglucosidase 15.22cd 
t=6 yeast/amyloglucosidase/lactic co-culture 14.92bcd 
t=6 yeast/amyloglucosidase/nitrogen 16.23d 
t=0 yeast/amyloglucosidase/nitrogen 16.39d 
t=6 yeast/amyloglucosidase/nitrogen/lactic co-culture 15.63d 
t=0 yeast/amyloglucosidase/nitrogen/lactic co-culture 16.50d 
 
These samples were inoculated with dry Saccharomyces cerevisiae baker's yeast (Best Choice 
Traditional Active Dry Yeast, AWG Brands, Kansas City, KS) granules at a rate of 0.5% w/w of 
the dry grain meal, either at the start of the incubation, or 6 hours later. The delayed inoculation 
was to determine whether there was any advantage to allowing sugars to be produced before the 
yeast were added to the substrate. Inoculated samples were incubated for 72 hours, including the 
6 hour delay. The samples were tested for crude protein at 48 hours of incubation. 

Though it was expected that the samples with the acidity and amylases conferred by the 
lactic bacteria would result in more sugars generated, there did not appear to be much difference 
in the final results. Amyloglucosidase samples with the lactic co-culture did not exhibit more 
fermentation than the amyloglucosidase samples without it, and delaying the inoculation did not 
make a difference in final percent protein. Samples with amyloglucosidase and the lactic co-
culture were visibly liquefied, as were samples treated with amyloglucosidase but no co-culture. 
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Protein enrichment occurred in all samples with amyloglucosidase added, and none of the 
samples without it, regardless of which other treatments were also applied. 

Thermal treatment 
The previous test was conducted without thermal treatment, but amylolytic enzymes are 

generally more effective against gelatinized starch. Initially, when only L. amylovorous 
fermentation was being studied, it appeared that raw grain was an acceptable substrate. This 
organism produces enzymes that are capable of hydrolyzing raw starch, so lactic acid was 
produced in similar concentrations whether the substrate was thermally processed or not, 
particularly when the fermentation was permitted to run for several days. Making the starch 
easier to hydrolyze by gelatinizing it with a thermal treatment did not appear to make a 
difference, possibly because the inoculation rates used were the same; if the bacteria were 
already metabolizing as much of the carbohydrate as that number of bacteria could consume, 
increasing the availability of the starch without increasing the amount of bacteria would not be 
likely to change the amount of lactic acid produced.  

For a protein enrichment by baker’s yeast, which is not amylolytic, the amount of growth 
depends on availability of fermentable sugars. The amyloglucosidase enzyme is much more 
effective at hydrolyzing gelatinized starch, so cooking the starch should increase the amount of 
sugar available to the yeast, which would potentially yield higher protein enrichment. A thermal 
process should be able to increase the amount of starch hydrolyzed by the amyloglucosidase.  

To test this hypothesis and determine an appropriate grain/water ratio to use in a 
thermally processed substrate, four different slurries were prepared in duplicate. The 1:1 ratio of 
grain to water  used for the raw samples would not be a feasible moisture level for a thermally 
processed sample, so different grain to water ratios were tested as illustrated in Table 2. The 
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water ratios used were (in weight of dry grain to volume water) 2:3, 1:2, 1:3, and 1:4, each with 
20 grams of sorghum meal and 0.6 grams of the ammonium sulfate/yeast extract nitrogen 
supplement. Sterilized slurry samples were autoclave sterilized in a Tuttnauer model 3870 ELVC 
vertical steam sterilizer (Tuttnauer USA, Hauppauge, NY, USA) at 121°C for 15 minutes.  
Pasteurized slurry samples were processed in a VWR Model 1227 water bath (VWR, Radnor, 
PA, USA) at 86°C for 90 minutes, with 20 rpm shaking to maintain water circulation. After 
processing, the samples were cooled to room temperature for addition of amyloglucosidase and 
the lactic co-culture. The samples were then stirred and inoculated with dry baker’s yeast 
granules. Incubation was conducted at 37°C for up to 96 hours, with samples taken at 24-hour 
intervals. Crude protein was tested initially and after 48 hours of incubation. The grain/water 
ratio with the highest protein enrichment was chosen for the main experiment. 

Liquefaction of the substrate was apparent in all samples when pH was adjusted after 8 
hours, a phenomenon not observed with raw grain substrate. Bottles with lower water-to-grain 
ratios had firm lumps of substrate floating in them, and sterilized samples had more solid chunks 
of substrate than pasteurized samples. Better mixing at the start of fermentation to break up the 
large pieces could prevent this by allowing the enzyme to contact more of the substrate. All 
thermally processed samples increased in percent protein. The 1:3 w/v ratio resulted in high  

Table 2: Crude protein results by thermal treatment 
Treatment Grain-to-water ratio (w/v) initial % CP 48-hour % CP 
Pasteurized 2:3 11.49 24.74 
Pasteurized 1:2 10.76 23.70 
Pasteurized 1:3 10.4 29.68 
Pasteurized 1:4 11.62 28.77 
Sterilized 2:3 10.85 22.50 
Sterilized 1:2 10.94 28.05 
Sterilized 1:3 11.74 28.85 
Sterilized 1:4 11.04 28.53 
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protein for both thermal treatments as seen in the result in Table 2, this ratio was used in the 
main experiment. 

Co-culture organism 
The co-culture organism was selected for its ability to metabolize starch, demonstrated in 

preliminary studies as well as literature (Nakamura, 1981). Lactobacillus amylovorous has been 
used to decrease viscosity of grain slurries, which occurs as it secretes extracellular amylases 
into the substrate. Yeast and lactic acid bacteria compete for the same nutrients in a fermentation 
system, and have been shown to inhibit growth of each other in mixed culture. Because of this, 
lactobacillus are often considered a contaminant in ethanol fermentation processes (Narendranath 
et. al., 1997). However, ethanol production was not the goal of this work, and test runs showed 
that baker’s yeast and L. amylovorous were able to grow in the same substrate without evidence 
of serious growth inhibition for either organism. For the yeast, substrate weight losses were 
similar between samples with and without the lactic co-culture, which would only occur if the 
yeast were metabolizing sugars at similar rates in both sample treatments. Decreases in pH of the 
co-culture samples were comparable to the pH reduction using only L. amylovorous for lactic 
fermentation, suggesting the bacterial growth and subsequent lactic acid production were similar 
in both systems. 

Amylolytic yeast selection 
 The previous tests were performed exclusively using baker’s yeast and L. amylovorous. 
However, one objective of the proposed research was to determine whether an amylolytic yeast 
could be used to metabolize starch directly for protein enrichment of the sorghum substrate, 
without the need for the enzymatic treatment required by normal Saccharomyces cerevisiae. To 
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select an amylolytic organism, yeasts documented to have the ability to produce amylases and 
glucoamylases were requested from the United States Department of Agriculture’s Agricultural 
Research Service (USDA ARS) Culture Collection. Five strains with this capability were 
available; Pseudozyma tsukubaensis NRRL Y-7792, Piskurozyma capsuligena NRRL Y-6355, 
Saccharomycopsis fibuligera NRRL Y-1062, Schwanniomyces occidentalis var. occidentalis 
NRRL Y-2477, and Lipomyces kononenkoae NRRL Y-11553. The cultures arrived as 
lyophilized pellets in glass vials; pellets were aseptically transferred to cryovials with 0.6 ml 
sterile YM broth; each vial was streaked to its own YM agar plate and grown for approximately 
3 days at between 25°C and 28°C. The vials containing the original cultures were frozen at -80°C 
with 30% v/v of a sterile 87% glycerol solution for long-term storage.  

After the initial incubation, one isolated colony from each agar plate was streaked to new 
YM plates and grown for 24 hours. From each plate, 0.02 grams of cells were collected with a 
sterile loop and placed into Erlenmeyer flasks containing 50 ml of YM broth. The flasks were 
incubated in a MaxQ 4450 orbital shaker (ThermoScientific, Waltham, MA, USA) at 250 rpm 
and 27°C for 9 hours, then 18 ml of fresh YM was added to each flask. Shaking was increased to 
275 rpm to ensure aeration, and incubation was continued for another 9 hours for 18 hours total. 
Cells were counted with a hemocytometer to choose the inoculum volume, between 15 and 30 ml 
of broth. The inoculum was transferred to centrifuge tubes and centrifuged in and Allegra X-22R 
(Beckman Coulter, Brea, CA, USA) at 1450 g for 10 minutes.  

To test the yeasts, a commercial food-grade white sorghum (Pleasant Hill Grain, 
Hampton, NE, USA) was ground into meal, sieved through #18 mesh, and mixed with sterile 
water in a 1:3 w/v ratio and pasteurized at 86°C for 90 minutes. Each bottle was inoculated with 
one yeast species and incubated at 35°C for 48 hours. Weights of each bottle were taken initially, 
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after 24 hours of incubation, and after 48 hours of incubation. The organism associated with the 
most weight loss, Lipomyces kononenkoae, was selected for the research experiment. 

Table 3: Substrate weight reduction by each amylolytic yeast 
Species grams lost 
Lipomyces kononenkoae 4.95 
Schwanniomyces occidentalis occidentalis 1.94 
Piskurozyma capsuligena 0.90 
Pseudozyma tsukubaensis 1.47 
Saccharomycopsis fibuligera 2.23 

 
Propagation of yeast inoculum 

Throughout the proposed research, cultures of the fermentation organisms had to be 
maintained and propagated for inoculating test samples. To maintain consistency, both the 
Saccharomyces cerevisiae baker’s yeast and the Lipomyces kononenkoae cultures were streaked 
to separate YM agar plates. Colonies harvested from these plates were streaked or spread onto 
new plates to grow cells for the inoculum. Initially, it was intended that the test substrates would 
be inoculated with the same cell counts for both species of yeast. However, the L. kononenkoae 
cells are much smaller than the baker’s yeast cells, and the disparity in cellular mass added to the 
substrates could have resulted in an incorrectly perceived advantage in efficiency for the larger 
yeast. Adding the same cell mass was also considered, but the smaller yeast species was also 
more difficult to cultivate and would require several agar plates to grow enough colonies to 
match the amount of baker’s yeast used in the other preliminary experiments. Instead, it was 
decided that volumes of YM broth medium would be inoculated with the same weight of cells, 
and incubated for the same amount of time. The broth inoculation rate used was 0.02 grams of 
live yeast cells for 50 milliliters of media. At the end of the incubation, the same volume of broth 
would be used per test sample for each type of yeast.  
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Initially it seemed that both yeasts had comparable growth requirements; each had been 
grown in shaker flasks of YM broth for 18 hours, near room temperature. However, in the first 
trial with both yeast species, while the baker’s yeast flourished none of the L. kononenkoae 
samples showed any signs of growth of the inoculated species. The propagation method was 
revisited, and it was found that the incubation temperature for the inoculation broth had been 
raised to 32°C, from a temperature range of 25°C to 27°C. In the next trial run the temperature 
was reduced to the original temperature.  

The next inoculum was grown for a substrate weight loss study. New YM agar spread 
plates were grown for each yeast species, resulting in a dense lawn of cells of each yeast. Two 
500ml Erlenmeyer flasks containing 100ml aliquots of YM broth were inoculated with 0.04 
grams of cells for each yeast, for 200ml of inoculated broth per yeast species. The flasks were 
incubated at 26°C with 250-rpm rotary shaking for 18 hours; 36ml of fresh sterile YM broth was 
added to each flask after 9 hours of incubation. After 18 hours, cell counts for both yeasts were 
on the order of 106 cells. This was a normal count for baker’s yeast, but at least one order of 
magnitude low for the L. kononenkoae. The samples were inoculated anyway, with the volumes 
increased to make up for the low L. kononenkoae count. Agar plates were streaked from each 
flask and incubated at room temperature while the fermentation ran. The baker’s yeast samples 
grew well, but the L. kononenkoae showed no signs of growth in the fermentation substrate. 
There was no growth of L. kononenkoae on the agar plate streaked from the inoculum. 

At this point a study on the cultivation of L. kononenkoae was conducted. Colonies were 
harvested from older plates that had been stored in the refrigerator (2-8°C) to determine if age of 
the colonies influenced the growth in the broth medium. One plate was had been incubated for 
43 hours before refrigeration, and the other plate had been incubated 69 hours. Two 250 ml 
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Erlenmeyer flasks containing 50 ml YM broth were inoculated with 0.02 g of cells from each 
plate. Spread plates were inoculated from each plate as well. Broth cell counts were taken at 8.5 
and 18 hours. Both flasks appeared to have good growth, with the broth inoculated from the 43-
hour old plate showing higher counts. The spread plate inoculated from the 43-hour old plate was 
incubated for 45 hours, and substrate was prepared for another experimental run. Cells from the 
new plate were harvested to inoculate 3 flasks of fresh YM broth; baker’s yeast was cultured 
from a spread plate grown at the same time the L. kononenkoae plate was started. The flasks 
were incubated for the same amount of time at the same temperature as the cultivation study. 
After 18 hours, the baker’s yeast had good counts; the broth in the L. kononenkoae flasks was 
clear and showed no signs of growth. The substrate had not been hydrated yet, and was saved for 
a later date. The L. kononenkoae flasks were left shaking in the incubator; several hours later one 
of the three flasks showed signs of growth. Examination of the broth under a microscope showed 
L. kononenkoae cells, and the flask emitted the characteristic odor of L. kononenkoae 
fermentation. Neither of the other two L. kononenkoae flasks showed any activity. 

After this inoculum failed to grow, the original plates were reexamined. The first plate, 
which grew successfully, had sparse, isolated colonies, while the second plate was covered in a 
dense lawn of growth. It appeared that overcrowding on the plate was inhibiting the cells’ 
growth, even after they were removed from the plate and placed in new media. Baker’s yeast 
appeared to have no such difficulty growing in densely populated conditions. Subsequent 
propagation plates were streaked with diluted broth, and any plate without well-isolated colonies 
was discarded and not used to prepare the inoculum. 

Substrate was prepared for another run. Broth was inoculated from several plates with 
well-isolated colonies for both yeast species. Yeast cell counts were taken after 10 and 18 hours 
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of incubation at 25°C with constant shaking. After 18 hours, the counts for L. kononenkoae had 
fallen slightly, from 6.9x107 to 6.5x107 cells, but these counts were still considered sufficient for 
inoculation. The substrate was inoculated and the fermentation was conducted under the same 
conditions as the amylolytic yeast test (35°C, 72 hours, pH adjustment at 9 hours). Growth was 
detected, but not to the extent that it was during the preliminary test- the most weight lost from 
any substrate treatment was not very different than the pasteurized control.  

At this point it was suspected that the drop in cell counts was not a result of error in 
counting or variation in the sample collected, but of actual cell death. This would imply that the 
cells were past the exponential growth phase, and even the stationary phase as they were 
beginning to die. A test was conducted to determine the optimum incubation time for L. 
kononenkoae. A 500 ml Erlenmeyer flask with 150 ml sterile YM broth was inoculated with 0.06 
grams of cells scraped from appropriately isolated colonies. The flask was incubated at 25°C 
with shaking. Cell counts were taken at 6, 9, 12, and 15 hours, at which point the counts began to 
drop. Prepared substrate samples were inoculated with cells from 15 ml of broth at 7, 9, 11, 13, 
and 15 hours of incubation. The inoculated samples were incubated for 72 hours, with samples 
collected at 48 and 72 hours. Sample bottle weights were recorded every 24 hours.  

 
Figure 1: L. kononenkoae cell counts 
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The sample inoculated with 9-hour broth showed the most substrate weight loss after 
both 48 and 72 hours of incubation, as seen in Table 4. All subsequent L. kononenkoae 
inoculation broth cultures were incubated for 9 hours instead of 18 hours. Baker’s yeast 
incubation time was not altered. 

Table 4: Substrate weight loss by inoculum incubation time 

 
Lactic acid analysis 

Though the method was not used in the main research experiment, much of the 
preliminary work used high-pressure liquid chromatography (HPLC) to analyze lactic acid. 
Lactic acid production was used to monitor the progress of fermentation by L. amylovorous, and 
many of the decisions around thermal processing, pH control, and nitrogen supplementation were 
based on these results. The HPLC method used to analyze for lactic acid was high-performance 
size exclusion chromatography (HPSEC) with a refractive index (RI) detector. The HPSEC-RI 
system was a Waters (Milford, MA, USA) which included a 515 HPLC pump and 2410 
refractive index detector. The column used was a 150 x 7.80 mm Rezex ROA organic acid 
column (Phenomenex Inc., Torrance CA, USA), and the mobile phase was an aqueous 0.005 N 
H2SO4 solution. The sample preparation for this method was both rapid and simple; the 
fermented samples were extracted 1:10 in sterile deionized water and filtered through a 45μm 
syringe filter, 50 μl of this filtrate was injected into the column. This convenient method could 
quantify simple sugars, dextrins, and carbonate compounds as well as lactic acid when 

Inoculum age (hours) 48 hour loss (g) 72 hour loss (g) 
7 0.55 0.79 
9 2.99 4.31 
11 0.82 1.28 
13 1.02 2.55 
15 1.85 2.99 
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appropriate standards were used. Degradation of starch in to dextrins and accumulation or 
consumption of sugars could be monitored concurrently with lactic acid production.  

 
Figure 2: Chromatograms of glucose, maltose, maltodextrin, and lactic acid standards. 
 

 
Figure 3: Chromatograms of raw and autoclaved sorghum slurries fermented with L. 
amylovorous compared to unfermented sorghum control.  
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PARAMETER SELECTION SUMMARY 
Based on the results of the preceding trials, the following conditions were selected for the 

research experiments: the pH of the fermentation samples was checked after 9 hours of 
fermentation, if the pH fell below 4.5 pH adjustment was performed with calcium carbonate. 
Nitrogen was supplemented by a 3:1 w/w blend of ammonium sulfate and yeast extract, at a rate 
of 2% w/w of the dry grain in the substrate. Amyloglucosidase from Aspergillus niger (321 
U/ml, Sigma-Aldrich) was added at a rate of 0.8% v/w of dry grain.  Thermal treatments used 
were pasteurization at 86°C and sterilization at 121°C, the appropriate grain/water ratio for 
thermal treatments applied was 1:3 w/v. At least 108 cells of Lactobacillus amylovorous were 
added to the co-cultured sample flasks. Fermentation yeasts selected were Lipomyces 
kononenkoae and baker’s yeast (S. cerevisiae). Fermentation temperature was 37°C during the 
preliminary tests; this was the optimum temperature for L. amylovorous growth. However, yeasts 
tend grow better at lower temperatures, so temperature was reduced to 35°C for fermentations 
during the main research experiment as well as studies on substrate weight and effect of yeast 
cultivation method. Fermentations were initially run for 96 hours, but very little change in 
substrate mass occurs after 72 hours. Analyses were conducted on samples incubated for 48 
hours, so the incubation time was reduced to 72 hours for the research experiment. 
Table 5: Summary of experimental fermentation conditions 
Fermentation conditions   
Nitrogen supplement 3:1 ammonium sulfate/yeast extract; 2% of dry substrate weight 
Thermal treatment Pasteurization 86°C/90 minutes; Sterilization 121°C/15 minutes 
Enzyme treatment Amyloglucosidase from Aspergillus niger, 8μl/g dry substrate 
Co-culture organism Lactobacillus amylovorous, 1x108 cells per sample 
Yeast species Saccharomyces cerevisiae (baker’s yeast); Lipomyces 

kononenkoae 
Fermentation temperature 35°C 
pH adjustment Add CaCO3 if pH falls below 4.5 

  



31  

CHAPTER 3: OBJECTIVE 1 - PROTEIN ENRICHMENT FERMENTATION OF 
GRAIN SORGHUM  
INTRODUCTION 
 The overall goal of this work is to develop a fermentation method that can improve both 
the content and quality of protein in grain sorghum. To determine the conditions required for 
such a process to be successful, critical parameters must be identified. The preliminary studies 
showed that enrichment will occur when a nitrogen supplemented, thermally processed, and 
enzyme treated substrate is inoculated with yeast and lactic acid bacteria. The goal of this 
experiment is to separate the effects of each treatment factor and determine which ones are the 
most important for protein enrichment of sorghum.  
Objective 1: Examine the effects of thermal and enzyme treatments, nitrogen supplementation, 
and bacterial co-culture on the final percent protein in yeast-fermented sorghum 
 
MATERIALS AND METHODS  
Culture Propagation and Inoculum Preparation 
Lactobacillus propagation 

Cultures of Lactobacillus amylovorous NRRL B-4540 obtained from the USDA 
Agricultural Research Service (ARS) were maintained frozen in deMan, Rogosa and Sharpe 
(MRS) broth (EMD, Gibbstown NJ, USA) with 15% v/v of an 80-86% sterile glycerol solution 
in 1ml aliquots at -80°C. The frozen vials were revived in 50 ml MRS broth per 2 ml culture and 
stored in 4 ml aliquots at -20°C. The 4 ml vials were grown in MRS broth to use for the 
inoculum within 2 weeks of freezing.  

Approximately 48 hours before the fermentation run, two 4-ml vials of frozen L. 
amylovorous were thawed and placed into two 250ml Erlenmeyer flasks containing 100 ml of 
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prepared sterile MRS broth. The flasks were incubated at 37°C with 150 rpm rotary shaking for 
18 hours. After 18 hours, a 1/100 dilution of the culture medium was prepared using two 9 ml 
0.1% peptone blanks, a drop of the diluted medium was placed on a hemocytometer to count the 
cells. Once the count was obtained, aliquots of the volume required for at least 108 cells were 
frozen in centrifuge tubes until the fermentation was performed. The frozen tubes were thawed in 
cool water, centrifuged and decanted, then the cells were suspended in PBS buffer immediately 
prior to inoculation. 
Baker’s yeast propagation 

To maintain consistency with the amylolytic yeast samples, dry yeast granules (AWG 
Brands, Kansas City, KS) were suspended in Difco Yeast Mold (YM) broth (Becton, Dickinson 
and Co., Sparks, MD, USA) and incubated at 35°C. This broth was used to streak YM agar 
plates, which were incubated at 27°C for 24 hours. Isolated colonies from those plates were 
collected, suspended in sterile water, and spread on YM agar plates and incubated to grow lawns 
of cells. These cells were used to grow the fermentation inoculum, or to streak new plates for the 
next run.  

Approximately 3 days prior to the fermentation run, a new YM agar plate was streaked 
with isolated yeast colonies from a previously grown plate. This plate was incubated for at least 
43 hours, at which point there was enough growth to collect 0.02 g of cells per 50 ml YM broth. 
Cultures were usually 0.06 g in 150 ml YM or 0.08 g in 200 ml YM; this was the maximum 
volume used in a single flask to ensure sufficient aeration. The inoculated YM broth was 
incubated between 25°C and 28°C with rotary shaking between 250 and 300 rpm in a MaxQ 
4450 incubator for 18 hours. At the end of the incubation, the cells were diluted 1/20 and 1/200 
in aqueous 0.1% sterile peptone (Amresco, Solon, OH, USA). The cells were counted under an 
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AO Model L150 microscope (American Optical, Buffalo, NY, USA) using a Bright Line 
hemocytometer (Hausser Scientific, Horsham, PA, USA). The volume of broth required to 
supply approximately 1x108 cells was calculated, usually between 15 and 30 ml per sample. The 
broth was mixed well and distributed between 16 sterile disposable centrifuge tubes (VWR LLC, 
Radnor, PA, USA) and centrifuged at 1200 g for 10 minutes. The broth media was decanted and 
the cells were re-suspended in 3 ml sterile deionized water by vortex mixing. The suspension of 
cells in sterile water was used for inoculating samples. 
Lipomyces kononenkoae propagation 

The amylolytic yeast was obtained from the USDA ARS Culture Collection. Culture 
method for L. kononenkoae was similar to that used for the baker’s yeast, with the notable 
exceptions that cells harvested from agar plates to inoculate the culture broth had to be from 
well-isolated colonies, and the incubation period was reduced to 9 hours for the last two 
attempts. The target cell count was 1x109 in 15-30 ml broth, and the centrifuged cultures were 
decanted to approximately 5ml and mixed by vortex to re-suspend the cells in this reduced 
volume of the original growth media, instead of being suspended in water. 
Fermentation Process 
Substrate preparation 

A single lot of food-grade, USDA organic, white grain sorghum (Pleasant Hill Grain, 
Hampton, NE, USA) was used in this experiment. The grain was ground in a Sunbeam Mr. 
Coffee grinder (Jarden Consumer Solutions, Boca Raton, FL, USA) and sieved through #18 
mesh to yield particle sizes of 1mm or less. Forty grams of grain were weighed into sterile glass 
media bottles labeled 1 through 34 for the 32 treatments, pasteurized control, and sterilized 
control samples. The samples that received nitrogen supplement had the ammonium sulfate and 
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yeast extract mixed into the dry sorghum meal. Sterile deionized water was added to each bottle, 
and thermal treatment was applied immediately. Sterilized treatment bottles were autoclaved 
while the pasteurized treatment bottles were placed in an approximately 90°C water bath. The 
pasteurization time was measured from when the bath and samples equilibrated to 86°C, this 
temperature was maintained for 90 minutes. The pasteurized and sterilized samples were cooled 
to room temperature in a water bath while the yeast and lactobacillus were prepared for 
inoculation.  
Batch Fermentation  

Once the thermally-processed substrate cooled to room temperature, amyloglucosidase 
was added to bottles designated for enzyme treatment. The centrifuged Lactobacillus cultures 
had the MRS broth decanted, and the cells were re-suspended in 2 ml of PBS buffer and added to 
the co-culture treatment samples. The prepared yeast inoculum was added to the substrate. A 
summary of the treatment combinations used is listed in Table 6. The initial weight of each bottle 
was recorded, then the inoculated media bottles were placed in a 35°C water bath. One 
pasteurized control and one sterilized control sample of uninoculated grain slurry was placed in 
the bath with each run. After 9 hours of incubation, the bottles were removed from the bath, 
dried, and weighed again. The pH of each bottle was taken, and any pH below 4.5 was adjusted 
to around 5 with calcium carbonate (Alfa Aesar, Ward Hill, MD, USA). After pH adjustment 
was complete, all samples were weighed again and returned to the bath. Weights and/or samples 
were taken at 24-hour intervals. Samples collected were dried in an oven between 55°C and 
70°C, transferred to sterile containers and held at room temperature until chemical analyses were 
conducted. 
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Table 6: Experimental design by treatment 
Sample Yeast species Nitrogen 

supplement 
Thermal 
treatment 

Enzyme 
addition 

Lactic co-
culture 

1 Saccharomyces cerevisiae Yes 86°C Yes Yes 
2 Saccharomyces cerevisiae Yes 86°C Yes No 
3 Saccharomyces cerevisiae Yes 86°C No Yes 
4 Saccharomyces cerevisiae Yes 86°C No No 
5 Saccharomyces cerevisiae Yes 121°C Yes Yes 
6 Saccharomyces cerevisiae Yes 121°C Yes No 
7 Saccharomyces cerevisiae Yes 121°C No Yes  
8 Saccharomyces cerevisiae Yes 121°C No No 
9 Saccharomyces cerevisiae No 86°C Yes Yes 
10 Saccharomyces cerevisiae No 86°C Yes No 
11 Saccharomyces cerevisiae No 86°C No Yes 
12 Saccharomyces cerevisiae No 86°C No No 
13 Saccharomyces cerevisiae No 121°C Yes Yes 
14 Saccharomyces cerevisiae No 121°C Yes No 
15 Saccharomyces cerevisiae No 121°C No Yes  
16 Saccharomyces cerevisiae No 121°C No No 
17 Lipomyces kononenkoae Yes 86°C Yes Yes 
18 Lipomyces kononenkoae Yes 86°C Yes No 
19 Lipomyces kononenkoae Yes 86°C No Yes 
20 Lipomyces kononenkoae Yes 86°C No No 
21 Lipomyces kononenkoae Yes 121°C Yes Yes 
22 Lipomyces kononenkoae Yes 121°C Yes No 
23 Lipomyces kononenkoae Yes 121°C No Yes  
24 Lipomyces kononenkoae Yes 121°C No No 
25 Lipomyces kononenkoae No 86°C Yes Yes 
26 Lipomyces kononenkoae No 86°C Yes No 
27 Lipomyces kononenkoae No 86°C No Yes 
28 Lipomyces kononenkoae No 86°C No No 
29 Lipomyces kononenkoae No 121°C Yes Yes 
30 Lipomyces kononenkoae No 121°C Yes No 
31 Lipomyces kononenkoae No 121°C No Yes  
32 Lipomyces kononenkoae No 121°C No No 

 
Weight loss study 

The mechanism by which protein is concentrated as a result of fermentation is removal of 
carbohydrate from the substrate as the yeast metabolize sugars into carbon dioxide and water 
vapor. As such, a relationship between the decrease in mass of the substrate and the final protein 
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content could be expected. To determine whether this was the case, bottles of substrate with and 
without nitrogen supplementation were prepared for each yeast species and inoculated. The 
baker’s yeast samples had amyloglucosidase added at the same rate used in the main experiment, 
8 μl enzyme per gram of dry grain. The L. kononenkoae samples had no enzyme added, as in the 
preliminary screening study. These bottles were weighed and sampled at shorter intervals, with 
weights recorded at 0, 8, 18, 24, 30, 48, 71, and 99 hours, and protein analyses conducted at 0, 
18, 30, and 48 hours.  
Crude protein analysis  

Samples collected during the run were dried in an oven between 55°C and 70°C, and 
crushed with a metal spoonula or ground with a mortar and pestle to prepare them for analyses. 
Dried samples were analyzed for percent moisture using an Omnimark μ-wave moisture analyzer 
(Sartorius Corporation, Bohemia, NY, USA), and prepared samples and extracts were tested for 
total and ammonia nitrogen at the Altheimer Laboratory in Fayetteville, AR. Total nitrogen was 
assayed by combustion using an Elementar Rapid N III unit (Elementar Analysensysteme 
GmbH, Langenselbold, Germany). Ammonia nitrogen was assayed as follows: one gram of 
sample was extracted into 30 ml of a 2 N solution of potassium chloride by mixing the samples 
and KCl solution in sterile plastic centrifuge tubes. The tubes were placed on a shaker at 180 rpm 
for 15 minutes, then the extract was filtered through #4 Whatman qualitative filter paper (GE 
Healthcare, Buckinghamshire, UK) into glass vials with screw caps. The filtered extract was 
analyzed for ammonia nitrogen content by Skalar autoanalyzer (Skalar Analytical, Breda, The 
Netherlands). Crude protein was calculated from the difference between total and ammonia 
nitrogen using a factor of 6.25, which is appropriate for calculating sorghum protein (Tontisirin 
and others, 2003). 



37  

Statistical analysis 
Statistical analyses were performed using SAS 9.4 software (SAS Institute Inc., Cary, 

NC, USA). Effects of individual treatments and treatment interactions on crude protein were 
determined using analysis of variance (ANOVA), and means were compared with Fisher’s least 
significant difference (LSD) test. 
 
RESULTS AND DISCUSSION 
Crude protein analysis 
 After 48 hours of fermentation, only samples inoculated with baker’s yeast and treated 
with amyloglucosidase exhibited any crude protein increase (Figure 4). Percent protein in 
samples with just one of these factors but not the other were not significantly different from the 
uninoculated control samples. No significant protein enrichment was observed in any sample 
inoculated with L. kononenkoae regardless of what other treatments were applied. Substrate mass  
 

Figure 4: Crude protein by yeast species after 48 hours of fermentation, compared to 
pasteurized and sterilized controls.  N- Nitrogen supplement; P- Pasteurized; S- Sterilized; 
E- Enzyme treatment; C- Co-culture 
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loss was observed with L. kononenkoae fermentation in the preliminary tests, but did not occur in 
any of the trials during the experiment, despite improvements to the culture method.  Effects for 
each factor and their interactions are displayed in the analysis of variance (Table 7), only yeast 
type and enzyme addition have significant effect. 
Table 7: Significance of each treatment on percent crude protein at 48 hours of incubation. 
Y- yeast species, N- nitrogen supplement, T- thermal treatment, E- enzyme, C- co-culture. 
Significant factors (P<0.0001) are Y, E, and Y*E 
Source  DF  Anova SS Mean Square  F Value Pr > F 
Y  1 1819.36248 1819.36248 321.42 <.0001 
N  1 0.138928 0.138928 0.02 0.876 
Y*N  1 1.471635 1.471635 0.26 0.6119 
T  1 19.618608 19.618608 3.47 0.0672 
Y*T  1 0.730108 0.730108 0.13 0.7207 
N*T  1 2.449287 2.449287 0.43 0.513 
Y*N*T  1 1.823811 1.823811 0.32 0.5723 
E  1 2158.122176 2158.122176 381.26 <.0001 
Y*E  1 1801.93874 1801.93874 318.34 <.0001 
N*E  1 0.410555 0.410555 0.07 0.7886 
Y*N*E  1 0.007776 0.007776 0 0.9705 
T*E  1 10.943101 10.943101 1.93 0.1692 
Y*T*E  1 0.657035 0.657035 0.12 0.7344 
N*T*E  1 0.013824 0.013824 0 0.9607 
Y*N*T*E 1 0.729759 0.729759 0.13 0.7207 
C  1 2.30764 2.30764 0.41 0.5254 
Y*C  1 1.353275 1.353275 0.24 0.6265 
N*C  1 4.532704 4.532704 0.8 0.3742 
Y*N*C  1 6.091345 6.091345 1.08 0.3035 
T*C  1 0.237009 0.237009 0.04 0.8385 
Y*T*C 1 0.496513 0.496513 0.09 0.7681 
N*T*C 1 3.369752 3.369752 0.6 0.4432 
Y*N*T*C 1 5.012376 5.012376 0.89 0.3502 
E*C 1 3.365257 3.365257 0.59 0.4435 
Y*E*C  1 6.140817 6.140817 1.08 0.3015 
N*E*C  1 6.842676 6.842676 1.21 0.2757 
Y*N*E*C 1 8.799126 8.799126 1.55 0.217 
T*E*C 1 0.000963 0.000963 0 0.9896 
Y*T*E*C 1 1.039584 1.039584 0.18 0.6697 
N*T*E*C 1 6.745841 6.745841 1.19 0.2791 
Y*N*T*E*C 1 3.627815 3.627815 0.64 0.4263 
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Literature on protein enrichment fermentation using L. kononenkoae exists, but the 
organism almost always appears in co-culture with a non-amylolytic yeast (Horn, du Preez, and 
Kilian, 1992; Horn, du Preez and Lategan, 1988). It seems the predominant use of this organism 
is as an enzyme source. In the 1992 study, fermentation of a 10% sorghum slurry with a co-
culture of L. kononenkoae and Candida utilis yielded a final crude protein content of 43.7 
percent, but a fermentation using L. kononenkoae alone was not attempted. The low percent 
solids in the substrate was used to facilitate continuous stirring for oxygenation, which results in 
higher protein content. Stirring was not possible above 20% solids, so no higher percent solids 
were used. 

Lactic co-culture, thermal treatment, and nitrogen supplement did not have any 
significant effect at 48 hours. However, based on mass lost in the test samples, addition of the 
nitrogen supplement did have an effect on the fermentation rate. The maximum amount of 
substrate mass lost was reached 24 to 30 hours earlier in samples with nitrogen supplementation, 
suggesting an effect on crude protein as well. Nitrogen supplementation has been shown to 
increase the rate and amount of protein accumulation in enrichment fermentation processes 
(Yang, 1988; Correia, Magalhães, and Macêdo, 2007). 
 The mechanism by which protein enrichment occurs from plant material is by the 
removal of non-protein substrate by the fermentation organism (Araújo et. al, 2005). The 
organism must be able to convert the carbon portion of the substrate into a substance that will 
leave the system, specifically CO2 or water vapor, while retaining any proteinaceous mass. The 
biomass of the organisms themselves may have little effect on the total protein of the substrate, 
instead the amount of carbohydrate they can consume and release from the substrate will change 
the protein content. A study of ethanol fermentation from sorghum grain (Horn, du Preez, and 
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Killian 1992) yielded a high-protein distillers grain co-product. After complete conversion of 
starch to ethanol, the substrate was 43.2% protein. Initially, the substrate was 1000 kg of grain 
containing 120 kg protein, with 8.5 kg of protein from the yeast that was added. After all starch 
was consumed there was 300 kg of grain biomass left, which still contained 120 kg protein, and 
9.5 kg of yeast protein. Almost 93% of the protein in was originally present in the grain, the 
increase in yeast biomass accounted for 0.77% of the total protein. A fermentation of sorghum 
specifically for protein enrichment resulted in a 30-fold increase in protein from yeast biomass, 
but not all starch was consumed, and the total protein in the substrate was still about 43% at the 
end of the fermentation (Horn, du Preez, and Killian 1992). 

The amount of carbohydrate consumed was dependent on how much starch was 
converted to fermentable sugars. The amyloglucosidase was very effective at hydrolyzing the 
starch into sugars, and the baker’s yeast was very effective at consuming those sugars. Despite a 
reported ability of L. kononenkoae to produce extracellular amylases capable of complete 
hydrolysis of starch (Spencer-Martins and van Uden, 1979; Ramachandran, Pretorius and Otero, 
2005), the organism did not consume much carbohydrate in the substrate. There was no 
difference between starch only gelatinized by the thermal process, and starch hydrolyzed into 
sugars by the addition of amyloglucosidase. The fact that no significant protein enrichment 
occurred in either case implies that enzyme production by the yeast was not the limiting factor 
for enrichment to occur. 
Weight loss study 
 As the fermentation progresses, the substrate mass decreases, and percent protein 
increases as a result. A plot of the weight lost in substrates treated with each yeast species shows 
a faster rate of loss in substrates with nitrogen added (Figure 5). Total weight loss was greater in 
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 Figure 5: Substrate weight losses over time for both yeast species 
the baker’s yeast samples than in L. kononenkoae samples. Select samples from this study were 
analyzed for crude protein. The percent protein was calculated and plotted against the amount of 
substrate weight loss for each type of yeast. Percent crude protein was plotted against substrate 
weight loss (Figure 6). A linear correlation between weight loss and crude protein was observed 
for the baker’s yeast samples, with an R2 value of 0.98. No correlation was seen for the L. 
kononenkoae samples, possible since no statistically significant protein accumulation occurred in 

Figure 6: Correlations between weight loss and percent crude protein in fermented samples 
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any of these samples. The L. kononenkoae inoculum for this test initially failed to grow, so the 
samples were re-inoculated with freshly grown cells 18 hours later. Some weight loss occurred 
after the second inoculation, but did not show correlation to the protein content. The L. 
kononenkoae sample with nitrogen supplement did lose slightly more substrate mass than the 
sample without it, though this was not enough to make a significant difference in the amount of 
protein in the substrate. 

 Crude protein content analyses on the experimental samples was conducted after 48 hours 
of fermentation; to check the validity of the linear correlation, the equation was applied to the 
weight lost from the baker’s yeast samples at 48 hours. The calculated values were plotted 
against the analytical values in to determine whether they were similar. The plot exhibited a 
linear correlation with an R2 value of 0.976 (Figure 7). Thus, it is reasonable to assume the 
correlation can predict protein content from substrate weight losses that result from baker’s yeast 
fermentation. 

 Figure 7: Correlation between analytical results and calculated values for crude protein in 
baker’s yeast fermentation samples after 48 hours of incubation 
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Treatment effects 
Nitrogen supplementation 

After 48 hours of fermentation, there was no significant difference in protein content 
between samples with the nitrogen supplement added and without it. However, in the baker’s 
yeast samples it was apparent that weight loss occurred much more quickly in the nitrogen 
supplemented samples. The linear relationship found between weight loss and protein content 
was used to estimate the percent protein in the samples after 24 hours.  The calculated values 
show a significant difference in protein between samples with nitrogen treatment and their 
untreated counterparts. This suggests that nitrogen availability is an important factor for 
fermentation efficiency, and has a significant effect on protein content early in the process.  

  Figure 8: Protein in baker’s yeast samples calculated from weight lost after 24 hours of 
incubation.  N- Nitrogen supplement; P- Pasteurized; S- Sterilized; E- Enzyme treatment; 
C- Co-culture 
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nitrogen supplementation rate was reduced from the amount used in the preliminary study 
because high levels of ammonia nitrogen were detected in the fermented substrate, even in 
samples that displayed a lot of growth. Nitrogen concentrations that are too high can inhibit 
growth of some organisms under certain circumstances, (Rajagopal, Massé, and Singh, 2013) so 
the supplement was reduced form 3% to 2% for the main experiment.  

The amount of ammonia nitrogen in preliminary samples with the 3% supplementation 
rate increased after fermentation. The increase was most likely a result of the entire substrate 
being concentrated as carbohydrate was consumed. However, at the 2% supplementation rate, 
ammonia nitrogen decreased in samples where protein enrichment occurred, even as the 
substrate became concentrated. Presence of ammonia nitrogen in inoculated samples that did not 
undergo protein enrichment shows that the ammonia nitrogen does not evaporate or get removed 
by other mechanisms during the fermentation, drying, or other steps in the process. This suggests 
that the fermentation organisms were in fact metabolizing the nitrogen, and doing so more 
effectively at the lower supplementation rate. Both the 3% and the 2% supplementation resulted 
in the same amount of protein enrichment, to between 25% and 30% protein for thermally  
Table 8: Typical examples of residual ammonia nitrogen in Baker's yeast samples. 
*'unfermented' samples were either not inoculated, initial time, or no amylase added. 
**'fermented' samples were incubated for 48 hours 
Substrate treatment / nitrogen supplement rate  unfermented* 

NH4-N (mg/g) 
fermented** 
NH4-N (mg/g) 

Raw, co-culture / 3%  4.314 4.474 
Raw / 3%  4.395 5.178 
Pasteurized, co-culture / 3% N 4.030 4.525 
Sterilized, co-culture / 3% N 3.451 5.351 
Pasteurized, co-culture / 2% N 2.537 0.568 
Sterilized, co-culture / 2% N 2.613 1.247 
Pasteurized / 2% N 2.814 0.503 
Sterilized / 2% N 2.730 0.501 
Pasteurized Control / 0% N 0.038 0.051 
Sterilized Control / 0% N 0.047 0.021 
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processed samples. A study on nitrogen effects on wine yeast growth and sugar consumption 
reached a similar conclusion; nitrogen supplied in excess of what the yeast will metabolize will 
not have any effect on growth (Taillandier et. al., 2007). That study also found that a large excess 
in nitrogen could reduce the rate of sugar consumption by the yeast, which would slow the rate 
of protein concentration in a protein enrichment fermentation. This would imply that the lower 
supplementation amount is more efficient for this protein enrichment fermentation process. 
Effect of thermal processing 
 The thermal process method had no significant effect on final crude protein. The purpose 
of the thermal treatments was to gelatinize the starch, and reduce microbial load of the substrate 
to prevent competition from the natural flora of the grain. One of the two factors that had an 
effect on crude protein was enzyme treatment; if the enzyme was more effective with one of the 
thermal treatments it could result in differences in the protein content. The fact that there was no 
difference suggests that the enzyme treatments were similarly effective on both types of 
thermally treated substrate. A similar outcome was obtained in a study on ethanol production 
from corn starch (Shigechi et. al., 2004); a strain of Saccharomyces cerevisiae engineered to 
express amylolytic enzymes produced the same amount of ethanol from starch cooked at 80°C as 
it did from starch cooked at 120°C. The specific temperature at which the starch is gelatinized is 
not as important as long as it is above the minimum gelatinization temperature for the starch, and 
the length of time at the temperature is sufficient for gelatinization to occur. 
 The thermal process also did not appear to have a direct effect on growth of the 
fermentation organisms themselves; protein enrichment was not significantly different between 
sterile and unsterile substrate. Any competition from the grain’s natural flora did not affect the 
amount of substrate consumed by the yeast. The physical condition of the substrate after thermal 
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processing did not appear to have an effect on microbial growth. The pasteurized substrate 
remained soft and easily stirred after thermal processing, while the sterilization process 
completely solidified the grain slurry. Despite the rheological differences that resulted from the 
thermal processes at the initial time, both enzymatic and microbial action resulted in at least 
partial liquefaction of both types of substrate by the time pH adjustment was performed.  
Effect of co-culture organism 
 Presence of L. amylovorous had no significant effects on crude protein content. The 
amylases secreted by L. amylovorous did result in some degree of starch liquefaction, which was 
more readily observed in samples without amyloglucosidase treatment. However, the activity of 
the enzymes produced by the bacteria did not have any detectable effect on the effectiveness of 
the added enzyme, and there was no evidence of increased fermentation rates in samples with co-
culture added. If more sugars were being formed, no difference would be seen if there were not 
enough yeast to utilize them. The exogenous amylases produced by the co-culture also had no 
effect on the L. kononenkoae fermentations, which did not appear to be promoted or inhibited by 
the presence of the co-culture. Lactobacillus has been documented to reduce ethanol production 
by inhibiting yeast growth (Narendranath et. al., 1997), but any growth inhibition that may have 
occurred was not enough to reduce the amount of protein enrichment by the baker’s yeast.  
CONCLUSION 

Of the five treatments tested, the combined effect of baker’s yeast and amyloglucosidase 
was the only factor that increased final crude protein content. Samples with one of those 
treatments applied but not the other had no significant increase in protein. Inoculation with L. 
kononenkoae did not result in any significant protein enrichment. Type of yeast and availability 
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of fermentable sugars are the most important factors in protein enrichment, nitrogen 
supplementation can accelerate the rate at which protein is enriched in the substrate. 
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CHAPTER 4: OBJECTIVE 2- EFFECTS OF FERMENTATION ON PROTEIN 
DIGESTIBILITY AND PHYTATE CONTENT OF GRAIN SORGHUM  
INTRODUCTION 
  In addition to protein enrichment, fermentation has other effects on the substrate. Low 
digestibility of sorghum protein is one of the problems that limit its applications, and 
fermentation is one way to improve digestibility. Phytate compounds in grain can reduce 
digestibility of protein and other nutrients, so removal of this antinutrient is one mechanism by 
which digestibility increases. A fermentation that could improve digestibility as well as increase 
protein could increase the utility of this grain. The next set of analyses was conducted to 
determine fermentation effects on in vitro digestibility and phytate content in the substrate. 
Objective 2: Compare the nutritional quality of sorghum fermented by different species of yeast 
in terms of in vitro protein digestibility and phytate content.  
 
MATERIALS AND METHODS  
Percent digestibility 

Percent digestibility was analyzed in vitro using two enzymatic methods: a multi-enzyme 
pH-drop method based on one developed by Hsu et. al. in 1977, and a standard method for 
pepsin digestibility modified from AOAC method 971.09. The pepsin method was performed by 
the Tyson Foods, Inc. Food Safety and Research Laboratory in Springdale, AR. 

For the multienzyme method, the dried and ground samples were weighed into small 
glass beakers and a 1% NaCl solution was added. The amount of sample used was determined by 
the amount of protein in the sample, to achieve a slurry concentration with 6.25 mg protein per 
ml of the NaCl solution. The method was tested at the original sample size of 50 ml of the NaCl 
solution, and a reduced sample size which used only 15 ml of NaCl solution. Casein from bovine 
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milk (Sigma Aldrich Co., St. Louis, MO, USA) was used as a standard. The casein powder as 
received was approximately 93% protein, so amounts tested were 0.336 g in 50 ml of 1% NaCl, 
and 0.1008 g in 15 ml of the NaCl solution. The multienzyme solution was prepared fresh 
immediately prior to each test. Enzymes used were trypsin, chymotrypsin, and peptidase (Sigma 
Aldrich). Solid enzymes were dissolved into 1% NaCl at 1.6 mg trypsin/ml, 3.1 mg 
chymotrypsin/ml, and 1.3 mg peptidase/ml of the solution. The pH of the enzyme solution was 
adjusted to 8.0, and the enzyme solution was kept in an ice bath for the duration of the test. The 
pH of all samples and standards were adjusted to 8.0 immediately prior to analysis. Beakers were 
placed in a 37°C water bath with constant stirring while the pH was adjusted to 8.0, once the 
desired pH stabilized, the multienzyme solution was added at 10% of the sample volume (5 ml 
for 50 ml samples or 1.5 ml fir 15 ml samples). The resulting pH change after the enzyme 
addition was recorded over a period of 10 minutes. Percent digestibility was calculated by the 
applying the following equation:  

% digestibility = 210.46 – 18.10 x (pH at 10 minutes) 
The test was started when the initial pH stabilized at 8.0 ± 0.01, and the final pH was 
standardized by taking the absolute difference and subtracting it from 8.0 before applying the 
calculation. 

Pepsin digestibility was determined as follows: solid pepsin enzyme was dissolved in 
0.075M HCl to make three different concentrations of acid pepsin solutions. A 0.20 percent 
solution, a 0.020 percent solution, and a 0.002 percent solution (w/v) were prepared and used for 
this test. One gram of the dried, ground sample was weighed into filter paper for each test. The 
samples were extracted with petroleum ether to remove and quantify any fat by Soxhlet method, 
using a Gerhardt Soxtherm unit (C. Gerhardt GmbH & Co., Königswinter, Germany). The 
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defatted samples were transferred to 250 ml Erlenmeyer flasks and mixed with 150 ml of acid 
pepsin solution. The flasks were covered with foil and digested by incubation in a shaking water 
bath set to 45°C and 100 rpm for 16 hours. The digested samples were vacuum filtered through 
Whatman #541 filter paper on Buchner funnels and washed with several aliquots of DI water to 
remove the acid. The filter papers were transferred to Kjeldahl tubes to analyze the undigested 
residue for nitrogen using the Kjeldahl distillation method. The original samples were assayed 
for protein using a LECO Nitrogen Analyzer (LECO Corporation, Saint Joseph, MI, USA), and 
the percent digestibility was calculated from the difference in nitrogen between the original and 
pepsin-digested samples, using the following equation: 

Pepsin digestibility = 100 x  (  % ) (  % )
(  % )  

The digestibility was calculated separately for each concentration of pepsin used. 
Phytate Determination 

Phytate content was analyzed using the colorimetric method described by Haug and 
Lantzsch in 1983. Standards were prepared from solid phytic acid sodium salt hydrate (Sigma 
Aldrich) over a range of 3 to 30 μg/ml. To maintain an acidity of 0.2 N HCl for all standards, an 
aqueous stock solution of 300 μg/ml phytic acid was diluted 1:1 in 0.4 N HCl, and all standards 
were prepared by diluting this solution in volumes of 0.2 N HCl. A solution was prepared by 
dissolving 0.1 gram of solid of ammonium ferric sulfate (Acros Organics, Geel, Belgium) in 50 
ml 0.2 N HCl, and diluting to 500 ml with deionized water. The indicator solution was made by 
dissolving 2.5 grams of 2,2’ bipyridine (TCI America, Portland, OR, USA) and 2.5 ml of 
thioglycolic acid (TCI America) in 250 ml deionized water. 

Approximately 0.04 grams of each sample were extracted into 10 milliliters of 0.2 N 
HCl, by rotary shaking in 50 ml Erlenmeyer flasks at 250 rpm for 2 hours at 29°C. After 



51  

extraction, 0.5 ml of each sample extract or standard were mixed with 1 ml of the ferric 
ammonium sulfate solution in 13x100 mm glass tubes with screw caps and boiled for 30 
minutes. The samples were cooled in an ice bath for 15 minutes, then brought to room 
temperature. There are two methods to complete this analysis, and both were attempted. In the 
first, the 2 ml of the 2,2’-bipyridine/ thioglycolic acid indicator solution is added directly to the 
cooled tubes, mixed, and transferred to a disposable cuvette to read immediately. In the second 
method, the glass tubes were placed inside plastic centrifuge tubes and centrifuged at 3000 g for 
30 minutes. One milliliter of the supernatant was mixed with 1.5 ml of the 2,2’-bipyridine/ 
thioglycolic acid indicator solution, which was then transferred to a cuvette. The absorbance was 
read at 519nm using a UV-1700 PharmaSpec spectrophotometer (Shimadzu, Columbia, MD, 
USA) for both methods. Phytate in the samples was quantified against a phytic acid standard 
curve.  
Statistical analysis 
 

Statistical analyses were performed using SAS 9.4 software (SAS Institute Inc., Cary, 
NC, USA). ANOVA with Fisher’s LSD test was used to compare means and determine 
differences in phytate and multienzyme digestibility of select samples. 

 
 RESULTS AND DISCUSSION 
Percent digestibility 
 Two methods were used to determine percent digestibility. Pepsin digestibility is a 
standard method for animal feeds, the use of multiple concentrations of pepsin increase the 
sensitivity of the test (Johnston and Coon, 1979). The multi-enzyme method was designed to 
better predict digestion in human models (Hsu et. al., 1977). Four baker’s yeast-fermented 
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samples and two L. kononenkoae-fermented samples were evaluated for pepsin digestibility; the 
same four baker’s yeast samples were evaluated with the multi-enzyme assay. 

The pepsin digestibility test yielded results similar to literature values for sorghum 
digestibility (Duodu et. al., 2003). The pepsin digestibility test was performed on composite 
samples because of limited sample availability, so the values obtained represent an average for 
the samples. According to the test method, low concentrations of pepsin give better correlation to 
in vivo digestibility, with the lowest concentration used here showing a strong correlation to in 
vivo lysine digestibility. Thermal processing appeared to reduce digestibility, with sterilized 
samples generally less digestible than pasteurized samples. Digestibility was increased by 
fermentation with both types of yeast compared to thermally processed controls, a result seen in 
yeast fermentations of other grains (Khetarpaul and Chauhan, 1990). Pasteurized samples 
fermented with baker’s yeast were as digestible as raw grain, with sterilized baker’s yeast 
samples slightly lower. Sterilized L. kononenkoae samples had slightly higher digestibility than 
sterilized baker’s yeast samples. Natural fermentation was noted in the pasteurized control  

 Figure 9: Pepsin digestibility of select samples at 3 pepsin concentrations. B- Baker’s yeast; 
L- L. kononenkoae; N- Nitrogen supplement; P- Pasteurized; S- Sterilized; E- Enzyme; C- 
Co-culture 
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sample, an expected result of the non-sterile condition. This fermentation appears to have 
increased the digestibility compared to the initial condition of that sample, as seen in studies on 
natural fermentations of sorghum and green gram (Chavan, Chavan, and Kadam, 1988) and pearl 
millet (Elyas et. al., 2002).  

The multi-enzyme test resulted in questionable values for percent digestibility. The 
average results for the test samples were similar to those obtained using the pepsin assay, but the 
standards and controls gave both inconsistent and unexpected results. The digestibility of the 
thermally processed sorghum controls at the initial time were not significantly different from the 
raw control or fermented samples. The digestibility of both thermally processed control samples 
was higher at the initial time than they were after 48 hours, despite evidence of natural 
fermentation (from wild flora in the pasteurized samples, or contamination of sterile samples)  

 Figure 10: Multi-enzyme digestibility of baker’s yeast (B) and unfermented (Pasteurized, 
Raw, and Sterilized) samples at initial condition or 48 hours of incubation. N- Nitrogen 
supplement; P- Pasteurized; S- Sterilized; E- Enzyme; C- Co-culture 
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occurring in the sample bottles. The digestibility for the casein standard used to verify the test 
yielded inconsistent results as well, with the pH drop varying from 1.12 to 1.38 for trials run on 
different days. This amount of variation in the pH should not occur for the same material. Similar 
variations were seen in the test samples, not necessarily during the same trials in which the 
casein standards were off. The pH meter was calibrated with fresh standards prior to each run, 
and verified against those same standards during and at the end of the run, but the sample 
variability persisted. One potential source of error was the time the sample spent stirring in the 
37°C bath before the enzyme was added, which was not specified by the method. It is also 
unknown if additives like the ammonium sulfate used in the nitrogen supplement could 
potentially interfere with the method, no literature could be found on this matter. 
Phytate determination 
 Microorganisms can use phytases to degrade phytates in plant materials to obtain 
phosphorus (Sreeramulu et. al., 1996; Türk, Carlsson, and Sandberg, 1996). This is one 
mechanism by which phytate concentrations in plant matter are reduced as a result of 
fermentation. In one study, fermentation of millet by yeasts and lactic acid bacteria resulted in a 
50% reduction in phytic acid after 36 hours (Elyas et. al., 2002). A study of phytate in whole 
grain bread found that an acidic pH caused by the presence of organic acids in the dough can 
increase the activity of phytase, and baker’s yeast phytases were most active at a pH of 4.5 
(Türk, Carlsson, and Sandberg, 1996). However, in this experiment, the baker’s yeast samples 
with the highest protein enrichment actually had higher phytate levels than the unfermented 
control samples (Figure 11). This was most likely a result of substrate concentration, as there is 
not a mechanism for phytates to be produced in the system. The carbohydrate reduction that 
resulted in higher percent protein in these samples would concentrate other components present 
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in the grain substrate. For a protein enrichment fermentation, simply evaluating the phytate 
content would give an incomplete view of the effect of the fermentation process. 

 Figure 11: Total phytate and phytate/protein ratio for select samples. B- Baker’s yeast; L- 
L. kononenkoae; N- Nitrogen supplement; P- Pasteurized; S- Sterilized; E- Enzyme; C- Co-
culture 
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amount of protein should increase protein digestibility, even if the total phytate does not 
decrease.  The amount of phytate was compared to the amount of protein in the samples. The 
phytate/protein ratio was lower in the fermented samples than the control samples, as seen in 
Figure 11. For baker’s yeast, the ratio of phytate to protein is much lower than in the control 
samples, though with the concentration effect it is unclear if the reduction is merely an artifact of 
the high percent protein, or if the fermentation activity actually removed phytate from the 
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certain that fermentation by the baker’s yeast had occurred in these samples. There were L. 
kononenkoae samples that showed growth despite the lack of protein concentration; these 
samples were tested for phytate. These samples exhibited reduced phytate/protein ratios 
compared to the control samples, even without protein enrichment. This shows that the 
fermentation did reduce phytate content. 
CONCLUSION 

Digestibility of sorghum grain was reduced by thermal treatments, but the protein 
enrichment fermentation described was demonstrated to mitigate decreases in pepsin 
digestibility. Some fermented samples approached or exceeded the percent pepsin digestibility of 
raw grain. Fermentation using L. kononenkoae also increased pepsin digestibility despite the fact 
that the fermentation did not result in protein enrichment. The multi-enzyme test attempted was 
not found to be suitable for this substrate. Phytate reduction was demonstrated in the L. 
kononenkoae fermentation, and implied in the baker’s yeast fermentation, though the absolute 
phytate increased as the substrate became concentrated. Decreases in the ratio of phytate to 
protein may account for some of the positive effect on protein digestibility of the grain sorghum 
substrate.  
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CHAPTER 5: CONCLUSIONS AND OPPORTUNITIES FOR FUTURE RESEARCH 
 
Baker’s yeast significantly increased percent protein of the sorghum substrate if 

amyloglucosidase was added; it has no amylolytic capability but is very efficient at metabolizing 
simple sugars if they are made available. Furthermore, the digestibility of the protein was 
improved by fermentation, each organism used increased pepsin digestibility compared to 
thermally processed control samples. The combined effect of the increase in protein content and 
digestibility results in over 20% digestible protein in the pasteurized samples fermented with 
baker’s yeast, even at the lowest concentration of pepsin. 
Table 9: Percent digestible protein in sorghum samples at different pepsin concentrations. 
B- Baker’s yeast; L- L. kononenkoae; N- Nitrogen supplement; P- Pasteurized; S- 
Sterilized; E- Enzyme; C- Co-culture 
Sample % Crude 

Protein 
Digestible protein 
at 0.002% pepsin 

Digestible protein 
at 0.02% pepsin 

Digestible protein 
at 0.2% pepsin 

Raw  9.035 6.27 6.35 7.62 
Pasteurized  9.257 4.40 5.55 7.17 
Sterilized  8.91 3.79 5.26 6.74 
BNPEC 29.312 20.67 24.47 26.55 
BNPE  27.369 20.15 22.98 24.42 
BNSEC  25.022 15.84 19.82 21.34 
BNSE  30.736 17.38 23.27 26.37 
LNSEC  11.261 7.51 8.80 9.76 
LNSE  10.875 7.09 9.15 9.36 

 
The S. cerevisiae used commercially and sold to consumers for baking is a particularly 

robust organism. There is evidence that species in this genus of yeast has been in use by humans 
for food production for 2500 years, and beverage production considerably longer (Mortimer, 
2000), and is well adapted to these applications. It is capable of growing at a wide range of 
temperatures and does not appear to suffer from temperature variation or overcrowding issues 
that were observed when using L. kononenkoae. It is also generally recognized as safe (GRAS) 
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for human consumption, and is already used as a protein source in animal feed applications 
(Winkler et. al., 2001; Lim, Li, and Klesius, 2011). These attributes make this yeast a good 
candidate for continued research in protein enrichment. 

The protein increase observed in this study could likely be improved by altering the 
fermentation process. Baker’s yeast grows most efficiently under aerobic conditions, but the 
batch system employed here is not the most effective for oxygen transfer, especially once the 
samples liquefy from enzymatic activity. Oxygen-limited systems favor ethanol production over 
cell growth (Strohm and Dale, 1961), better oxygenation results in more carbohydrate 
consumption, reduced ethanol production, and higher biomass accumulation (Novak et. al., 
2007). A process with constant stirring or air bubbled through the substrate could result in higher 
protein accumulation, or shorter fermentation time as a result of more aerobic activity. 

Enzyme use in the system could be optimized as well. The amyloglucosidase addition 
rate in this experiment was in excess of literature values for sorghum starch hydrolysis (du Preez 
et. al., 1985) and could most likely be reduced for this system. Enzymes are one of the most 
expensive components in this process, the fermentation would be more economically feasible if 
the quantity of enzyme could be decreased. Some work has been done to eliminate enzyme 
addition completely through the use of S. cerevisiae that can metabolize starch (Ogden and Tubb, 
1984). Genetic modification of S. cerevisiae by insertion of genes for amylase production has 
been attempted, with limited success in direct starch conversion (Eksteen et. al., 2003). However, 
this could sacrifice some of the utility as a food ingredient if the modified yeast did not retain 
GRAS status. 

Though use of L. kononenkoae did not result in effective protein concentration, there are 
other amylolytic organisms that could be used for this purpose. Of the organisms screened for 
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this research, Saccharomycopsis fibuligera was very effective at liquefaction of the substrate, 
and is known to make both amylase and amyloglucosidase enzymes. However, the main product 
of the fermentation is the sugar trehalose (Chi et. al., 2009), which remains in the substrate; no 
protein concentration occurs. Combining this yeast with an organism capable of metabolizing 
that sugar into carbon dioxide and water could yield an effective protein concentration process. 
Co-culture may be more effective than monoculture for this application. 

This work has shown the potential for improvement of sorghum grain through yeast 
fermentation. Not only can the protein digestibility be improved, and the antinutrient phytate 
decreased, but the percentage of protein can increase significantly though fermentation. Though 
the process reduces the total grain mass, the increase in protein could yield a more valuable 
product than the original grain. One potential application of the work here could be to test the 
effect of yeast fermentation on the types of tannin sorghum commonly grown in other areas of 
the world. Development of an efficient fermentation process that could increase both protein 
digestibility and content in these grains could improve the nutritional quality and utility of this 
staple crop.  
  



60  

REFERENCES 
Aderolu AZ, Kuton MP, Odu-Onikosi SG. 2009. Substitution effect of sorghum meal for maize 
meal in the diet of catfish (Clarias gariepinus, Burchell, 1822) juvenile. Research Journal of 
Fisheries and Hydrobiology 4(2):41-45 
Al-Suwaiegh S, Fanning K, Grant RJ, Milton CT, Klopfenstein TJ. 2002. Utilization of Distillers 
Grains form the Fermentation of Sorghum or Corn in Diets for Finishing Beef and Lactating 
Dairy Cattle. Faculty Papers and Publications in Animal Science. Paper 536. 
http://digitalcommons.unl.edu/animalscifacpub/536 
Allan GL, Parkinson S, Booth MA, Stone DAJ, Rowland SJ, Frances J, Warner-Smith R. 2000. 
Replacement of fish meal in diets for Australian silver perch, Bidyanus bidyanus: I. Digestibility 
of alternative ingredients. Aquaculture 186:293-310 
Anglani C. 1998. Sorghum for human food – A review. Plant Foods for Human Nutrition 52:85-
95 
Araújo LF, Medeiros AN, Neto AP, Oliveira LSC, da Silva FLH. 2005. Protein Enrichment of 
Cactus Pear (Opuntia ficus - indica Mill) Using Saccharomyces cerevisiae in Solid-State 
Fermentation. Brazilian Archives of Biology and Technology 48:161-168 
Ashenafi M. 1991. Growth of Listeria monocytogenes in fermenting tempeh made of various 
beans and its inhibition by Lactobacillus plantarum. Food Microbiology 8(4):303-310 
Axtell JD, Kirleis AW, Hassen HM, D'Croz Mason N, Mertz ET, Munck L. 1981. Digestibility 
of sorghum proteins. Proceedings of the National Academy of Sciences 78(3):1333-1335 
Belasco IJ. 1954. New Nitrogen Feed Compounds for Ruminants- A Laboratory Evaluation. 
Journal of Animal Science 13(3):601-610 
Belton PS, Taylor JRN. 2004. Sorghum and millets: protein sources for Africa. Trends in Food 
Science & Technology 15:94-98 
Bothe H, Jensen KM, Mergel A, Larsen J,  Jørgensen C, Bothe H, Jørgensen L. 2002. 
Heterotrophic bacteria growing in association with Methylococcus capsulatus (Bath) in a single 
cell protein production process. Applied Microbiology and Biotechnology 59(1):33-39 
Bough WA, Brown WL, Porsche JD, Doty DM. 1972. Utilization of Collagenous By-Products 
from the Meat Packing Industry: Production of Single-Cell Protein by the Continuous 
Cultivation of Bacillus megaterium. Applied & Environmental Microbiology 24(2):226-235 
Bourdichon F, Casaregola S, Farrokh C, Frisvad JC, Gerds ML, Hammes WP, Harnett J, Huys 
G, Laulund S, Ouwehand A, Powell IB, Prajapati JB, Seto Y, Schure ET, Van Boven A, 
Vankerckhoven V, Zgoda A,Tuijtelaars S, Hansen EB. 2012. Food fermentations: 
Microorganisms with technological beneficial use. International Journal of Food Microbiology 
154:87-97 
Caplice E, Fitzgerald GF. 1999. Food fermentations: role of microorganisms in food production 
and preservation. International Journal of Food Microbiology 50:131-149 



61  

Chang JY, Chang HC. 2010. Improvements in the Quality and Shelf Life of Kimchi by 
Fermentation with the Induced Bacteriocin-Producing Strain, Leuconostoc citreum GJ7 as a 
Starter. Journal of Food Science 75(2):M103-M110 
Chavan JK, Kadam SS, Ghonsikar CP, Salunkhe DK. 1979. Removal of tannins and 
improvement of in vitro protein digestibility of sorghum seeds by soaking in alkali. Journal of 
Food Science 44(5):1319-1322 
Chavan UD, Chavan JK, Kadam SS. 1988. Effect of Fermentation on Soluble Proteins and In 
Vitro Protein Digestibility of Sorghum, Green Gram, and Sorghum-Green Gram Blends. J Food 
Sci 53(5):1574-1575 
Chi Z, Chi Z, Liu G, Wang F, Ju L, Zhang T. 2009. Saccharomycopsis fibuligera and its 
applications in biotechnology. Biotechnology Advances 27:423–431 
Cojho EH, Reis VM, Schenberg ACG, Döbereiner J. 1993. Interactions of Acetobacter 
diazotrophicus with an amylolytic yeast in nitrogen-free batch culture. FEMS Microbiology 
Letters 106(3):341-346 
Correia I, Nunes A, Duarte IF, Barros A, Delgadillo I. 2005. Sorghum fermentation followed by 
spectroscopic techniques. Food Chemistry 90:853–859 
Correia R, Magalhães, M, Macêdo, G. 2007. Protein enrichment of pineapple waste with 
Saccharomyces cerevisiae by solid state bioprocessing. Journal of Scientific and Industrial 
Research 66(3):259-262 
Delgado-Elorduy A, Theurer CB, Huber JT, Alio A, Lozano O, Sadik M, Cuneo P, De Young 
HD, Simas IJ, Santos JEP, Nussio L, Nussio C, Webb KE, Tagari H. 2002. Splanchnic and 
Mammary Nitrogen Metabolism by Dairy Cows Fed Dry-Rolled or Steam-Flaked Sorghum 
Grain. Journal of Dairy Science 85:148-159 
Duodu KG, Nunes A, Delgadillo I, Parker ML, Mills ENC, Belton PS, Taylor JRN. 2002. Effect 
of Grain Structure and Cooking on Sorghum and Maize in vitro Protein Digestibility. Journal of 
Cereal Science 35:161–174 
Duodu KG, Tang H, Grant A, Wellner N, Belton PS, Taylor JRN. 2001. FTIR and solid state 
13C NMR spectroscopy of proteins of wet cooked and popped sorghum and maize. Journal of 
Cereal Science 33:261-269 
Duodu KG, Taylor JRN, Belton PS, Hamaker BR. 2003. Factors affecting sorghum protein 
digestibility. Journal of Cereal Science 38:117-131 
Durand A, Chereau A. 1988. A New Pilot Reactor for Solid-State Fermentation: Application to 
the Protein Enrichment of Sugar Beet Pulp. Biotechnology and Bioengineering 31(5):476-486 
Dyartanti ER, Margono, Pranolo SH, Setiani B, Nurhayati A. 2015. Bioethanol from sorghum 
grain (Sorghum bicolor) with SSF reaction using biocatalyst co-immobilization method of 
glucoamylase and yeast. Energy Procedia 68:132-137 
Eksteen JM, van Rensburg P, Cordero Otero RR, Pretorius IS. 2003. Starch Fermentation by 
Recombinant Saccharomyces cerevisiae Strains Expressing the β-Amylase and Glucoamylase 



62  

Genes From Lipomyces kononenkoae and Saccharomycopsis fibuligera. Biotechnology and 
Bioengineering 84(6):639-646 
Elyas SAH, El Tinay AH, Yousif NE, Elsheikh EAE. 2002. Effect of natural fermentation on 
nutritive value and in vitro protein digestibility of pearl millet. Food Chemistry 78:75-79 
Feng J, Liu X, Xu ZR, Lu YP, Liu YY. 2007. The effect of Aspergillus oryzae fermented 
soybean meal on growth performance, digestibility of dietary components and activities of 
intestinal enzymes in weaned piglets. Animal Feed Science and Technology 134(3):295-303 
Ferreira IMPLVO, Pinho O, Vieira E, Tavarela JG. 2010. Brewer’s Saccharomyces yeast 
biomass: characteristics and potential applications. Trends in Food Science & Technology 21:77-
84 
Fields ML, Tantratian S, Baldwin RE. 1991. Production of Bacterial and Yeast Biomass in 
Ground Corn Cob and Ground Corn Stalk Media. Journal of Food Protection 54(2): 117-120 
Food and Agriculture Organization of the United Nations Statistics Division [online] 2015. 
Rome, Italy: © FAO 2015 [Cited 24 June 2015]. Available from faostat3.fao.org/home/E 
Gélinas P, Barrette J. 2007. Protein enrichment of potato processing waste through yeast 
fermentation. Bioresource Technology 98:1138-1143 
Gibson RS, Perlas L, Hotz C. 2006. Improving the bioavailability of nutrients in plant foods at 
the household level. Proceedings of the Nutrition Society 65:160-168 
Harms RH, Raskopf BD, Hochreich HJ, Kidd IH, Douglas CR. 1958. Milo as a feed ingredient 
for broilers. Poultry Science 37:359-363 
Hassan IAG, El Tinay AH. 1995. Effect of fermentation on tannin content and in-vitro protein 
and starch digestibilities of two sorghum cultivars. Food Chemistry 53:149-151 
Hofvendahl K, Hahn-Hägerdal B. 2000. Factors affecting the fermentative lactic acid production 
from renewable resources. Enzyme and Microbial Technology 26(2-4):87-107 
Hong K, Tanner RD, Malaney GW, Danzo BJ. 1989. Protein entrainment during baker's yeast 
fermentation on a semi-solid substrate in an air-fluidized bed fermentor. Bioprocess Engineering 
4(5):209-215 
Horn CH, du Preez JC, Kilian SG. 1992. Fermentation of Grain Sorghum Starch by Co-
cultivation of Schwanniomyces occidentalis and Saccharomyces cerevisiae. Bioresource 
Technology 42:27-31 
Horn CH, du Preez JC, Kilian SG. 1992. Protein enrichment of grain sorghum by submerged 
culture of the amylolytic yeasts Schwanniomyces occidentalis and Lipomyces kononenkoae. 
World Journal of Microbiology and Biotechnology 8(4):416-422 
Horn CH, du Preez JC, Lategan PM. 1988. Protein enrichment of banana plant wastes by yeast 
cultivation. Biological Wastes 24(2):127-136 
Hsu HW, Vavak DL, Satterlee LD, Miller GA. 1977. A multienzyme technique for estimation 
protein digestibility. Journal of Food Science 42(5):1269-1273 



63  

Johnston J, Coon CN. 1979. The Use of Varying Levels of Pepsin for Pepsin Digestion Studies 
with Animal Proteins. Poultry Science 58(5): 1271-1273 
Juan M, Chou C. 2010. Enhancement of antioxidant activity, total phenolic and flavonoid 
content of black soy beans by solid state fermentation with Bacillus subtilis BCRC14715. Food 
Microbiology 27:586-591 
Kazanas N, Fields ML. 1981. Nutritional Improvement of Sorghum by Fermentation. Journal of 
Food Science 45(3):819-821 
Kiers JL, Van laeken AEA, Rombouts FM, Nout MJR. 2000. In vitro digestibility of Bacillus 
fermented soya bean. International Journal of Food Microbiology 60:163-169 
Khetarpaul N, Chauhan BM. 1990. Fermentation of pearl millet flour with yeasts and 
lactobacilli: in vitro digestibility and utilisation of fermented flour for weaning mixtures. Plant 
Foods for Human Nutrition 40(3):167-173 
Kumar AA, Reddy BVS, Sharma HC, Hash CT, Rao PS, Ramaiah B, Reddy PS. 2011. Recent 
Advances in Sorghum Genetic Enhancement Research at ICRISAT. American Journal of Plant 
Sciences 2:589-600 
Lemmel SA, Heimsch RC, Edwards LL. 1979. Optimizing the Continuous Production of 
Candida utilis and Saccharomycopsis fibuliger on Potato Processing Wastewater. Applied and 
Environmental Microbiology 37(2):227-232 
Lim C, Li E, Klesius PH. 2011. Distillers dried grains with solubles as an alternative protein 
source in diets of tilapia. Reviews in Aquaculture 3:172-178 
Lizardo R, Peiniau J, Aumaitre A. 1995. Effect of sorghum on performance, digestibility of 
dietary components and activities of pancreatic and intestinal enzymes in the weaned piglet. 
Animal Feed Science and Technology 56(1-2):67-82 
Makras L, Triantafyllou V, Fayol-Messaoudi D, Adriany T, Zoumpopoulou G, Tsakalidou E, 
Servin A, De Vuyst L. 2006. Kinetic analysis of the antibacterial activity of probiotic lactobacilli 
towards Salmonella enterica serovar Typhimurium reveals a role for lactic acid and other 
inhibitory compounds. Research in Microbiology 157(3):241-247 
Mamma D, Koullas D, Fountoukidis G, Kekos D, Macris BJ, Koukios E. 1996. Bioethanol from 
sweet sorghum: Simultaneous saccharification and fermentation of carbohydrates by a mixed 
microbial culture. Process Biochemistry 31(4):377-381 
Maylin A, Cervantes A, Beames R. 1984. Evaluation with rats of yeast (Candida utilis) and 
garbage swill protein. Canadian Journal of Animal Science 64:743-748 
de Meo B, Freeman G, Marconi O, Booer C, Perretti G, Fantozzi P. 2011. Behaviour of Malted 
Cereals and Pseudo-Cereals for Gluten-Free Beer Production. Journal of the Institute of Brewing 
117(4):541-546 
Mortimer RK. 2000. Evolution and Variation of the Yeast (Saccharomyces) Genome. Genome 
Research 10:403-409 



64  

Nakamura LK. 1981. Lactobacillus amylovorus, a New Starch-Hydrolyzing Species from Cattle 
Waste-Corn Fermentations. International Journal of Systematic Bacteriology 31(1):56-63 
Nancib N, Nancib A, Boudjelal A, Benslimane C, Blanchard F, Boudrant J. 2001. The effect of 
supplementation by different nitrogen sources on the production of lactic acid from date juice 
by Lactobacillus casei subsp. rhamnosus. Bioresource Technology 78(2):149–153 
Narendranath NV, Hynes SH, Thomas KC, Ingledew WM. 1997. Effects of Lactobacilli on 
Yeast-Catalyzed Ethanol Fermentations. Applied and Environmental Microbiology 63(11):4158-
4163 
Nasseri AT, Rasoul-Amini S, Morowvat MH, Ghasemi Y. 2011. Single Cell Protein: Production 
and Process. Am. J. Food Technol. 6(2):103-116 
Neysens P, Messens W, De Vuyst L. 2003. Effect of sodium chloride on growth and bacteriocin 
production by Lactobacillus amylovorus DCE 471. International Journal of Food Microbiology 
88:29-39 
Novak J, Basarova G, Teixeira JA, Vicente AA. 2007. Monitoring of Brewing Yeast Propagation 
Under Aerobic and Anaerobic Conditions Employing Flow Cytometry. Journal of the Institute of 
Brewing 113(3):249-255 
Oboh G. 2006. Nutrient enrichment of cassava peels using a mixed culture of Saccharomyces 
cerevisae and Lactobacillus spp solid media fermentation techniques. Electronic Journal of 
Biotechnology 9(1):46-49 
Ogden K, Tubb RS. 1984. A strain of Saccharomyces cerevisiae which grows efficiently on 
starch. Enzyme and Microbial Technology 7:220-224 
Osman MA. 2004. Changes in sorghum enzyme inhibitors, phytic acid, tannins and in vitro 
protein digestibility occurring during Khamir (local bread) fermentation. Food Chemistry 
88:129-134 
Øverland M, Krogdahl Å, Shurson G, Skrede A, Denstadli V. 2013. Evaluation of distiller's 
dried grains with solubles (DDGS) and high protein distiller's dried grains (HPDDG) in diets for 
rainbow trout (Oncorhynchus mykiss). Aquaculture 416–417:201-208 
Pineli LLO, Zandonadi RP, Botelho RBA, de Oliveira VR, Figueiredo LFA. 2015. The use of 
sorghum to produce gluten-free breads: A systematic review. Journal of Advanced Nutrition and 
Human Metabolism 2: e944. doi: 10.14800/janhm.944 
Postma E, Verduyn C, Scheffers WA, van Dijken JP. 1989. Enzymic Analysis of the Crabtree 
Effect in Glucose-Limited Chemostat Cultures of Saccharomyces cerevisiae. Applied and 
Environmental Microbiology 55(2):468-477 
du Preez JC, de Jong F, Botes PJ, Lategan PM. 1985. Fermentation Alcohol from Grain Sorghum 
Starch. Biomass 8(2):101-117 
Price ML, Butler LG, Rogler JC, Featherston WR. 1979. Overcoming the Nutritionally Harmful 
Effects of Tannin in Sorghum Grain by Treatment with Inexpensive Chemicals. J. Agric. Food 
Chem. 27(2):441-445 



65  

Rajagopal R, Massé DI, Singh G. 2013. A critical review on inhibition of anaerobic digestion 
process by excess ammonia. Bioresource Technology 143:632-641 
Ramachandran N, Pretorius IS, Otero RRC. 2005. Amylolytic enzymes from the yeast 
Lipomyces kononenkoae. Biologia, Bratislava 60(16):103-110Rosma A, Cheong MW. 2007. 
Effects of nitrogen supplementation on yeast (Candida utilis) biomass production by using 
pineapple (Ananas comosus) waste extracted medium. Malaysian Journal of Microbiology 
3(1):19-26 
Ross RP, Morgan S, Hill C. 2002. Preservation and fermentation: past, present and future. 
International Journal of Food Microbiology 79:3-16 
Schittenhelm S, Schroetter S. 2014. Comparison of Drought Tolerance of Maize, Sweet Sorghum 
and Sorghum-Sudangrass Hybrids. Journal of Agronomy and Crop Science 200:46-53 
Selle PH, Cadogan DJ, Li X, Bryden WL. 2010. Implications of sorghum in broiler chicken 
nutrition. Animal Feed Science and Technology 156:57-74 
Shigechi H, Fujita Y, Koh J, Ueda M, Fukuda H, Kondo A. 2004. Energy-saving direct ethanol 
production from low-temperature-cooked corn starch using a cell-surface engineered yeast strain 
co-displaying glucoamylase and α-amylase. Biochemical Engineering Journal 18(2):149-153 
Sotak-Peper KM, Goodband RD, Tokach, MD, Dritz SS, DeRouchey JM, Nelssen JL. 2015. The 
effects of corn- or sorghum- based diets with or without sorghum dried distillers grains with 
solubles on lactating-sow and litter performance. The Professional Animal Scientist 31:185-190 
Spencer-Martins I, van Uden N. 1979. Extracellular amylolytic system of the yeast Lipomyces 
kononenkoae. European journal of applied microbiology and biotechnology 6(3):241-250 
Sreeramulu G, Srinivasa DS, Nand K, Joseph R. 1996. Lactobacillus amylovorus as a phytase 
producer in submerged culture. Letters in Applied Microbiology 23:385-388 
Strohm JA, Dale RF. 1961. Dissolved Oxygen Measurement in Yeast Propagation. Industrial and 
Engineering Chemistry 53(9):760-764 
Taillandier P, Portugal FR, Fuster A, Strehaiano P. 2007. Effect of ammonium concentration on 
alcoholic fermentation kinetics by wine yeasts for high sugar content. Food Microbiology 
24(1):95-100 
Taylor J, Taylor JRN. 2002. Alleviation of the adverse effect of cooking on sorghum protein 
digestibility through fermentation in traditional African porridges. International Journal of Food 
Science & Technology 37(2):129-137 
Tesfaw A, Assefa F. 2014. Co-culture: A great promising method in single-cell protein 
production. Biotechnology and Molecular Biology Reviews 9(2):12-20 
Tontisirin K, editor. 2003. Food energy – methods of analysis and conversion factors. Report of 
a technical workshop; 2002 December 3–6; Rome, Italy: Food and Agriculture Organization of 
the United Nations Statistics Division 2003.  



66  

Türk M, Carlsson N-G, Sandberg A-S. 1996. Reduction in the Levels of Phytate During 
Wholemeal Bread Making; Effect of Yeast and Wheat Phytases. Journal of Cereal Science 
23:257-264 
Virupaksha TK, Sastry LVS. 1968. Studies on the Protein Content and Amino Acid Composition 
of Some Varieties of Grain Sorghum. J Agr Food Chem 64(2): 199-203 
Wang P, Wan X, Zhang Y, Jiang M. 2011. Production of γ-linolenic acid using a novel 
heterologous expression system in the oleaginous yeast Lipomyces kononenkoae. Biotechnology 
Letters 33:1993-1998 
Wang JP, Kim JD, Kim JE, Kim IH. 2013. Amino acid digestibility of single cell protein from 
Corynebacterium ammoniagenes in growing pigs. Animal Feed Science and Technology 180(1-
4):111-114 
Weaver CA, Hamaker BR, Axtell JD. 1998. Discovery of Grain Sorghum Germ Plasm with High 
Uncooked and Cooked in Vitro Protein Digestibilities. Cereal Chemistry 75(5):665-670 
Winkler B, Tosi H, Webster AJF, Resende FD, Oliveira AAMA, Villela LCV. 2011. Dried yeast 
(Saccharomyces cerevisae) as a protein source for horses. Livestock Science 137:168-177 
Wong JH, Lau T, Cai N, Singh J, Pedersen JF, Vensel WH, Hurkman WJ, Wilson JD, Lemaux 
PG, Buchanan BB. 2009. Digestibility of protein and starch from sorghum (Sorghum bicolor) is 
linked to biochemical and structural features of grain endosperm. Journal of Cereal Science 
49:73-82 
Wood KM, Salim H, McEwen PL, Mandell IB, Miller SP, Swanson KC. 2011. The effect of 
corn or sorghum dried distillers grains plus solubles on growth performance and carcass 
characteristics of cross-bred beef steers. Animal Feed Science and Technology 165:23-30 
Wu X, Zhao R, Bean SR, Seib PA, McLaren JS, Madl RL, Tuinstra M, Lenz MC, Wang D. 
2007. Factors Impacting Ethanol Production from Grain Sorghum in the Dry-Grind Process. 
Cereal Chemistry 84(2):130-136 
Yang P, Tian Y, Wang Q, Cong W. 2015. Effect of different types of calcium carbonate on the 
lactic acid fermentation performance of Lactobacillus lactis. Biochemical Engineering Journal 
98:38-46 
Yang, S. 1988. Protein enrichment of sweet potato residue with amylolytic yeasts by solid-state 
fermentation. Biotechnology and Bioengineering 32(7):886-890 
Zelle RM, de Hulster E, van Winden WA, de Waard P, Dijkema C, Winkler AA, Geertman J-
MA, van Dijken JP, Pronk JT, van Maris AJA. 2008. Malic Acid Production by Saccharomyces 
cerevisiae: Engineering of Pyruvate Carboxylation, Oxaloacetate Reduction, and Malate Export. 
Applied and Environmental Microbiology 74(9): 2766–2777  
Zhao YL, Dolat A, Steinberger Y, Wanga X, Osman A, Xie GH. 2009. Biomass yield and 
changes in chemical composition of sweet sorghum cultivars grown for biofuel. Field Crops 
Research 111:55-64 
  



67  

APPENDIX 1: OTHER EFFECTS OF FERMENTATION 
 
While the main objectives of this study were to determine the effects of five test factors 

on three responses (crude protein, percent digestibility, and phytate content) there were other 
interesting observations on the effects of the treatments. Qualitative effects of fermentation 
observed are discussed below. Although thermal treatment and lactic co-culture did not have an 
effect on protein enrichment or phytate content, they did have an obvious effect on organoleptic 
qualities of the fermented grain. Sterilization and lactic fermentation reduced incidence of 
spoilage and other signs of contamination. These effects were not in the scope of the main 
experiment, but would be worthwhile considerations for any future work. 
Effect of thermal processing 
 The parameters chosen for the thermal process were meant to capture the extremes of 
potential thermal processes. The standard sterilization method is a relatively harsh process, 
which subjects the substrate to very high temperatures and pressures in a moist environment. 
These are the conditions documented to have negative effects of sorghum digestibility (Duodu et. 
al., 2003). The sterilization was compared to a pasteurization conducted at a relatively low 
temperature, to determine whether reducing the thermal processing temperature had an effect, 
particularly on digestibility of the sorghum protein.  
 A notable difference was seen between thermal processes in pepsin digestibility, but 
more testing would be needed to confirm its significance. Type of thermal process did not appear 
to make a difference in phytate content. The thermal process did have qualitative effects on the 
fermentation. As pasteurized samples are not sterile, evidence of activity by other organisms was 
observed in most of these, particularly in samples without the lactic co-culture. Gray, red, purple, 
and yellow discoloration was often observed, occasionally slime formation was seen as well. 
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Pasteurized samples also tended to develop rotten or rancid odors; these were less prevalent in 
sterilized samples. Signs of spoilage did occur in some sterilized substrates, most likely as a 
result of contamination during sampling or pH adjustment, but there were far fewer instances of 
discoloration or off odors in the sterilized substrate bottles. Organoleptic qualities do become 
important in food and feed applications, this would be another factor that would need to be 
considered in choosing an appropriate thermal process. The milder process, which preserves 
digestibility, could be used with other antimicrobial treatments to maintain quality.  
Lipomyces kononenkoae fermentation 

L. kononenkoae has been used in fermentation studies for nutrient enrichment. As the 
genus name suggests, the organism generates fatty acids as a fermentation product. It also 
metabolizes carbohydrates into carbon dioxide, and produces amylases to consume starch, which 
makes it a candidate for protein enrichment of starchy substrates. This organism has appeared in 
a few such studies, but seems to be primarily used for the extracellular amylase it produces rather 
than as the primary fermentation organism; it occasionally appears as a co-culture organism 
(Horn et. al., 1992).  In the work described here, the exponential phase of growth occurred 
between 8 and 12 hours at 25°C, and a 9-hour incubation was used to prepare the inoculum for 
the experiments. Cell counts fell after 15 hours, and the viability of the cells was severely 
diminished by 18 hours. However, in literature, incubations for L. kononenkoae cultures ranged 
between 20 and 24 hours (Horn et. al., 1992; Wang et. al., 2011). Even if the cells did begin to 
die off, the amylolytic enzymes they produced would remain functional in the broth media such 
that a second organism would have access to sugars freed by the activity of those enzymes. In the 
work described here, L. kononenkoae is used for fermentation directly. Compared to 
unfermented grain, slight protein enrichment did occur, but the amylolytic yeast was not 



69  

 Figure 12: Percent protein in L. kononenkoae-fermented samples at 48 hours of incubation. 
N- Nitrogen supplement; P- Pasteurized; S- Sterilized; E- Enzyme; C- Co-culture 
 
effective at concentrating the protein in sorghum grain compared to the baker’s yeast with 
enzyme addition. When only L. kononenkoae samples are considered, the samples follow a 
similar pattern to the baker’s yeast samples, with enzyme treatment and nitrogen addition having 
an influence on percent protein. 

One possible reason this yeast did not perform as well as expected is that it is difficult to 
cultivate; it has a narrow temperature range for optimum growth, and will reach the stationary 
phase rapidly with low cell counts at temperatures above 29°C. Growth of the organism is also 
inhibited by crowded conditions. Cells collected from a continuous lawn on an agar plate will 
have an extended lag phase and slow growth, it may take up to 20 hours before any turbidity is 
observed in the growth medium. The cells are very small, and relatively high counts do not yield 
much cellular mass compared to other yeast species. Attempting to increase the counts by 
increasing the inoculum may result in inhibited growth, or no observable growth in the media. 

Fermentation temperature may have also had an effect on the performance of L. 
kononenkoae in this case. The temperature in this experiment was fixed at 35°C and not 
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considered a factor in the experimental design. It was determined that incubation temperature 
had little effect on the performance of the baker’s yeast in preliminary studies, an observation 
also seen in other fermentations using S. cerevisiae for protein enrichment (Araújo et al, 2005). 
The temperature selected for the study was between the optimum growth temperature for the 
yeasts and that of the lactic co-culture organism; the optimum temperatures for the enzymes to 
function was also considered, but such temperatures (40°C to 60°C depending on type and 
source of the amylase) would be too high for the organisms to survive. A specific study of the 
effect of temperature on L. kononenkoae may have been helpful in determining what temperature 
to use for this experiment, but it did appear that L. kononenkoae would grow at 37°C during the 
preliminary screening for amylolytic yeasts. It also appeared to grow at 35°C during the 
propagation experiment to determine the incubation time. 
Effect of co-culture organism 
 Presence of L. amylovorous appeared to have no significant effects on the investigated 
results. There were not significant differences in protein content or phytate concentration 
between samples with the co-culture and samples without it, and its presence in the fermentation 
samples did not have an obvious effect on digestibility.  

Though the amylolytic lactic co-culture did not improve the final protein content, other 
benefits were observed. The yeast appeared to tolerate the presence of L. amylovorous well 
enough that there was no decrease in protein in co-culture treated samples compared to samples 
without the co-culture. The presence of the co-culture effectively reduced contamination by other 
organisms, either present in the pasteurized substrate or introduced into the sterilized substrate by 
sampling or pH adjustment. Samples without the co-culture were more likely to exhibit poor 
organoleptic qualities such as foul odors, off colors, slime formation, and other evidence of 
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spoilage. By contrast, the samples with L. amylovorous added generally had no offensive odors 
and could even be described as pleasant. Though mold can grow at the reduced pH induced by 
lactic fermentation, samples with the L. amylovorous co-culture did not have as many instances 
of observable mold contamination as samples only inoculated with yeast. 
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APPENDIX 2: PHYTATE RESULT TABLE 
 
Table 10: Phytates in control and select test samples. N- Nitrogen supplement; P- 
Pasteurized; S- Sterilized; E- Enzyme treatment; C- Co-culture.  
Treatment  mg/g Phytate mg Phytate / mg Protein 
Raw Control  17.31 CDE 0.192 AB 
Bakers yeast NPEC 26.20 A 0.091 EF 
 NPE 28.35 A 0.106 DEF 
 NSEC 16.54 C 0.068 F 
 NSE 24.32 AB 0.080 F 
L. kononenkoae NPEC 14.85 E 0.133 CDE 
 NPE 13.58 E 0.123 DE 
 NSEC 14.47 DE 0.129 CDE 
 NSE 15.49 DE 0.142 CD 
Thermally Processed Controls P 0 17.64 CDE 0.197 AB 
 S 0 15.51 DE 0.173 BC 
 P 48 19.44 CD 0.207 AB 
 S 48 20.31 BC 0.224 A 

 
  



73  

APPENDIX 3: PROTEIN AND FAT ANALYSIS FROM TYSON FOOD SAFETY AND 
RESEARCH LABORATORY 
 
Table 11: Protein by combustion (AOAC 992.15; 990.03) and fat by Rapid Soxhlet 
petroleum ether extraction (AOAC 2003.05; AOAC 991.36). B- Baker’s Yeast, L- L. 
kononenkoae, N- nitrogen, P- pasteurized, S- sterilized, E- enzyme, C- co-culture 
Sample Treatments % Protein % Fat 
Raw Control None 7.54 2.26 
1 B, N, P, E, C 26.50 5.34 
2 B, N, P, E 28.44 5.94 
5 B, N, S, E, C 25.85 4.92 
6 B, N, S, E 29.07 6.26 
21 L, N, S, E, C 10.29 1.20 
22 L, N, S, E, 9.91 1.78 
33 initial P 7.51 1.19 
34 initial S 7.93 1.53 
33 48 hours P 8.16 2.09 
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