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ABSTRACT 

DEVELOPING MICROBIAL BASED PROCESS TO PRODUCE HIGH VALUE 

NATURAL ANTIMICROBIAL (GLYCEOLLIN) IN SOYBEANS AND PULLULAN 

FROM SUCROSE  

ANDREA ZAVADIL 

2020 

Glyceollin is a secondary metabolite produced under stress conditions by soybean to 

act as a plant defender to pathogen attack. The antimicrobial nature of glyceollin makes it 

a promising natural alternative to antibiotics if incorporated into livestock feed. However, 

production of glyceollin is highly variable, dependent on soybean variety, and fungal 

elicitor used as inoculum. Our study compares two fungal spore elicitors, Trichoderma 

reesei and Aspergillus sojae on soybeans of diverse maturity level, and fungal 

susceptibility to determine highest glyceollin titer. Spore inoculation with T. reesei 

elicited highest glyceollin titers of 2.42±0.20 mg/g at 120 h, while A. sojae elicited 

1.45±0.49 mg/g at 96 h. Additionally, our results demonstrated decreasing trends in 

glucoside isoflavones, with increase in aglycone precursor daidzein for all soybean 

varieties. These results indicate the production of high level of glyceollin by T. reesei and 

A. sojae, which can be incorporated into livestock feed as a natural antimicrobial. 

To further enhance glyceollin production, a co-treatment of UV light and 

inoculation with A. sojae fungal spores was applied to soybeans. UV light treatment 

alone showed significantly lower total glyceollin as compared to fungal spore inoculum. 

When UV light treatment was applied for 5, 10, or 5 minutes along with A. sojae fungal 
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spores higher average glyceollin titers were apparent compared to the fungal only 

treatment. Additionally, the UV light and A. spore fungal treatment did not show a 

significant effect to total isoflavones when compared to fungal only treatment. UV light 

and fungal spore elicitor treatment showed higher glyceollin titer compared to 

conventional fungal elicitor treatment. This method has potential to be utilized at 

industrial scale to drive research into the antimicrobial and human health benefits of 

glyceollin.  

Aureobasidium pullulans is a morphologically diverse fungus with industrial 

significance including enzymes, and pullulan production. Sucrose is known to support A. 

pullulans growth and pullulan synthesis. Our goal was to determine if growth rate of A. 

pullulans can be enhanced by varying the level of initial sucrose concentration. Three 

batch mode of fermentations (0.25, 0.5, and 5 L) were conducted. The preliminary trials 

conducted using sucrose concentrations of 5, 10, 15, 20, 25, and 50 g/L did not show any 

significant difference in growth kinetics of A. pullulans for 24 h fermentation. After 24 h, 

cell counts, pH, and dry cell mass showed significant difference in growth rate of A. 

pullulans for 5 and 10 g/L compared to the 50 g/L sucrose. Scaled-up batch fermentation 

(5 L Bioflo) showed similar results, and significantly increased pullulan production at 72 

h for 50 g/L sucrose. These results indicated that initial sucrose concentration may not 

influence the growth rate in the first 24 h of incubation; however, it can significantly 

impact the cell viability and pullulan production capacity of A. pullulans during long term 

fermentation. Hence, high sucrose level could potentially increase the overall 

fermentation efficiency of A. pullulans for pullulan production. 
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CHAPTER I.  LITERATURE REVIEW 

 

1. Fungal Fermentation for Commercial Application 

Fermentation has been utilized for production of food, feed, and fuel for many 

decades. As advancements have been made in biotechnology, fungal strains have been 

significantly improved. Saccharomyces cerevisiae, a multi-purpose yeast, has been 

redefined for the ethanol industry by genetic engineering (Snoek et al. (2015). The 

filamentous fungi Aspergillus and Trichoderma have been engineered for high level of 

enzymes to produce energy and nutrient efficient food and feed products via fermentation 

of low cost-substrates (Lio & Wang, 2012; Tangnu et al., 1981). Additionally, 

development of new medicines is also possible using fungal fermentations. Lovastatin, a 

cholesterol lowering compound is reported to be produced by the Monascus sp. at high 

concentration on red mold rice during solid-state fermentation (Panda et al., 2010).  The 

breast cancer drug paclitaxel can be produced at cheaper price than synthetic process by 

using filamentous fungi Aspergillus fumigates during submerged and solid-state 

fermentation (El‐Sayed, Ahmed, & Al‐Hagar, 2020). These are just some examples of 

fungal processes that have led to the development of commercial products.  

1.1. Commonly Used Fungal Strains 

Fungi are commonly used to drive fermentation in both the food and fuel 

industries. Many types of fungi are used for the production of industrial products (Table 

1.1), and some of the most common include yeasts such as the species of Saccharomyces, 

Candida, Pichia, as well as filamentous fungi such as species of Aspergillus, Penicillium, 

Rhizopus, Fusarium, Trichoderma, and Mucor (J. P. Tamang et al., 2016).  
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Table 1.1: Fungal genera commonly used for fermentation in the food and fuel industry 
(Azhar et al., 2017; Bokulich & Bamforth, 2013; Copetti, 2019; Hymery et al., 2014; 
Karimi & Zamani, 2013; Nout & Aidoo, 2010; J. P. Tamang et al., 2016; Tangnu et al., 
1981). 

Fungal Genera Industries Products  

Saccharomyces  Food, Fuel Bread, Cereal Products, Wheat Flours, Vinegar, 
Alcoholic beverages, Invertase enzymes, 
Ethanol 
 

Candida Food  Citric Acid, Riboflavin, Alcoholic Beverages, 
Vinegar, Cocoa 
 

Aspergillus Food, Fuel Citric acid, Gluconic acid, Amylases enzymes, 
Protease enzymes, Pectinase enzymes, Lactase 
enzymes, Alcoholic Beverages, Soy sauce, 
Cheese 
 

Penicillium Food Citric Acid, Flavoring agents, Cheese, Alcoholic 
Beverages 
 

Rhizopus Food  Tempe, Amylolytic starters, Tofu 
 

Pichia Fuel Ethanol, Alcoholic Beverages, Cocoa 
 

Fusarium Food Alcoholic Beverages, Amylolytic starters 
 

Mucor Food, Fuel Tempe, Fermented rice, Cheese, Amylolytic 
starters, Tofu, Alcoholic beverages, Ethanol 
 

Trichoderma Fuel Produces lignocellulosic enzymes such as 
cellulase, hemicellulose, xylanases, and "-
glucosidases 

 

1.2. Fermented Products 

The list of fermented products commonly produced by fungi is shown in Table 

1.1. Ethanol is produced through fungal fermentation of sugar by Saccharomyces, Pichia, 

and Mucor (Azhar et al., 2017; Karimi & Zamani, 2013). Alcoholic beverages are 

produced through a similar process with malting and distillation/ or non-distillation 
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process. Examples include wine, beer, sake, raksi, bantu beer, produced by 

Saccharomyces, Aspergillus, and Candia (J. P. Tamang et al., 2016). Bokulich and 

Bamforth (2013) have described that while Saccharomyces is used primarily in 

fermentation, Canidia, Aspergillus, Fusarium, and Aureobasidium can be used in the 

malting process (Table 1.1) (Bokulich & Bamforth, 2013). Additionally, there are many 

food products produced by fermentation. Dairy products such as cheese and yogurt rely 

on microbial fermentation (Hymery et al., 2014). Throughout Asia, filamentous fungi 

such as Rhizopus, Aspergillus, and Mucor are used to ferment foods such as tofu, tempeh, 

soy sauce, sake, certain meats, and amylolytic starters (Nout & Aidoo, 2010).  

1.3. Types of Fungal Fermentation 

There are two types of fungal fermentation used in industry, solid-state and 

submerged state. Depending on the feedstock and product, both can have their advantages 

or disadvantages. Solid-state fermentation is advantageous because the same substrate 

can be utilized for a longer time, and cost is lower because water and additional nutrients 

do not need to be added. (Pandey, 2003; Subramaniyam & Vimala, 2012). Submerged 

fermentation occurs over a shorter period of time and water is added. However, by-

products can often be secreted into the water, so collection of desired products is often 

easier (Subramaniyam & Vimala, 2012).  

1.3.1. Solid State Fermentation 

Solid-state fermentation (SSF) is the use of fungal enzymes on a solid feedstock, 

in a system almost entirely devoid of free water. Filamentous fungi are especially useful 

for solid state fermentation because they are able to grow out and into a solid mass of 

feedstock (Pandey, 2003). SSF of Aspergillus and Trichoderma on soybean fiber and 
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dried distillers grains with solubles (DDGS) resulted in enhanced enzyme production by 

the two organisms, and lower fiber and increased protein of the two products (Lio & 

Wang, 2012). Filamentous fungi can also produce enzymes from  SSF of food and 

agriculture waste products such as corn cobs, compost, wheat straw, wheat bran, potato 

and banana peels, and rice hulls (Bansal et al., 2012; Silva et al., 2002).  

1.3.2. Submerged Fermentation 

Submerged fermentation occurs when nutrient source/feedstock is added to a 

large amount of water. Bacteria generally require the water environment of submerged 

fermentation, but yeast and fungi can be used as well (Subramaniyam & Vimala, 2012). 

Submerged fermentation was first heavily utilized in the production of penicillin 

(Deindoerfer & Gaden Jr, 1955). Fermentation of ethanol and alcohol products using 

yeast is a common form of submerged fermentation (Azhar et al., 2017; Bokulich & 

Bamforth, 2013). Production of lignocellulosic enzymes such as cellulases or xylanases is 

accomplished through submerged fungal fermentation (B. Mishra & Lata, 2007). 

Metabolites that are useful for medicinal purposes can also be produced from submerged 

fungal fermentation, such as benzoic acid, salicylic acid, nicotinic acid, and uridine 

(Papaspyridi et al., 2011).  

1.4. Advantages and Disadvantages of Fungal Fermentation 

Fungal cultures have a great ability to grow on a variety of feedstocks and 

agricultural wastes (El‐Sayed, Ahmed, & Al‐Hagar, 2020; Thirumavalavan et al., 2008). 

Aspergillus oryzae spore formation on substrates such as soybean hull agar, wheat bran 

agar, and rapeseed meal agar was higher compared to synthetic media such as potato 

dextrose agar (Abdul Manan & Webb, 2018). A great advantage of fungal species is the 
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production of valuable products from feedstocks, foods, and agricultural wastes. Direct 

conversion is possible due to enzymes produced naturally by many fungal species 

(Mondala, 2015). These enzymes allow conversion of cellulose/hemicellulose into 

glucose, lipids into fatty acids, lignin’s into phenolic compounds, and proteins into amino 

acids.  

One of the disadvantages of fungal fermentation is the diverse colony morphology 

of fungal cultures. For example, some fungal species such as A. niger form small tightly 

packed pellets (El-Enshasy et al., 1999). These pellets are difficult to inoculate at flask 

level, and their size is highly dependent on media concentration (Junker et al., 2004).  

Another disadvantage is the viscous nature of fungal fermentation over time. Filamentous 

fungi cause a phenomenon known as shear thinning over time. This means that as shear 

stress and shear rate increase, the material is initially difficult to mix, but then much 

easier, impacting the ability of the final product to flow. As fungal fermentation is scaled-

up factors such as pH, temperature, dissolved oxygen transfer, agitation, and carbon 

dioxide can all impact the viscosity of the product (Pollard et al., 2002). 

1.5. Challenges Associated with Scale-Up 

Solid state fermentation is more difficult to scale-up as compared to submerged. 

Large scale bioreactors used for submerged fermentation are not feasible for SSF. With a 

large amount of solid feedstock and little water, it is difficult to control temperature and 

pH of the reaction. Temperature is especially important, because solid-state fermentation 

results in a great amount of heat that is often not equally distributed (Pandey, 2003; 

Robinson & Nigam, 2003). Several bioreactors such as the packed bed, drum, or tray 

have been designed for this fermentation. Tray bioreactors can control temperature and 
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aeration; however, they take up space and make it impossible to mix the product. Drum 

bioreactors allow mixing, aeration, and more uniform fungal distribution over the 

production; but results in a large amount of heat produced. Packed bed reactors allow for 

better control of heat, as well as aeration (Robinson & Nigam, 2003).  

Controlling fungal morphology is one challenge with submerged fermentation. 

For example, fungal pellets are sensitive to increased shear forces. These fungal pellets 

can increase or decrease in size if impeller type is changed with scale-up (Junker et al., 

2004). If larger mycelial growth is not controlled, product formation may be less efficient 

compared to smaller pellet size (Talabardon & Yang, 2005). Mass transfer is also more 

difficult in scale-up fungal submerged fermentation. As a fungal species forms mycelial 

networks, the broth becomes more viscous, and as a result it is difficult to distribute 

oxygen to cells. An example of this problem occurred when Aspergillus flavus was used 

to produce the laccase enzyme on agro-industrial starch wastes. Above a concentration of 

1% starch, Aspergillus growth caused such high viscosity that the enzyme production 

dropped dramatically. The loss of product formation was attributed to low oxygen 

availability to the cell (Ghosh & Ghosh, 2017). Careful consideration of medium 

parameters, aeration, and impeller design are required to combat these challenges.  

1.6. Potential Future Applications 

Fungal fermentation to produce new pharmaceutical drugs is a rapidly increasing area 

of research. The production of paclitaxel; a chemo-therapy drug, and digoxin; a heart 

regulation drug, are produced as the result of solid-state and submerged fermentation 

respectively. Fungal fermentation is very advantageous for both of these drugs, as it 

produces higher yield at cheaper cost (El‐Sayed, Ahmed, & Abdelhakim, 2020; El‐Sayed, 
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Ahmed, & Al‐Hagar, 2020). Other health promoting products, such as the phytochemical 

metabolites, are produced through fungal fermentation. Phytochemicals such as 

terpenoids or resveratrol are linked to anti-inflammatory and neurological health benefits, 

and are found in fermented rice and wine respectively. (Ramírez-Garza et al., 2018; 

Tetali, 2019). As consumer demand is increasing for plant-based phytochemicals, fungal 

fermentation will be vital. Another growing aspect of fungal fermentation is the use of 

agricultural wastes as feedstock (B. Mishra & Lata, 2007; Sharma et al., 2013). 

Traditional fungal strains such as Trichoderma, Aspergillus, or Aureobasidium have 

shown great success for utilization of wastes (Bansal et al., 2012; El-Enshasy et al., 1999; 

Thirumavalavan et al., 2008). The utilization of agricultural wastes is beneficial to the 

environment, decreases food waste as the result of food processing, and increases the 

value of traditional crops (Sadh et al., 2018). These are just several examples of recent 

advances in fungal fermentation that will continue to be the potential for future 

innovation. 

2. 2.  Fungal Fermentation to Produce Industrially Advantageous By-Products 

Fungal fermentation can be used to produce food, feed, and energy (Table 1.1).  

In recent times, significant progress has been made in utilizing fungal fermentation to 

produce value-added products and co-products at commercial scale. 

Corn based ethanol industry uses corn starch to produce ethanol as an alternative 

to fuel, while simultaneously produces the low value co-product known as distiller dried 

grains with solubles (DDGS). DDGS is high protein and high fiber substrate with 

balanced amino acid profile hence it has been used as a feed supplement to cattle, swine 

and poultry producers. The fermentation process responsible for DDGS production is 
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driven by the yeast Saccharomyces cerevisiae. Genetic engineering has allowed 

production of hybrid yeast strains that tolerate much larger ranges of pH and higher 

ethanol concentration (Snoek et al., 2015). Additionally, Aspergillus and Trichoderma 

have been used to enhance the DDGS nutritional composition through solid-state 

fermentation (Lio & Wang, 2012).  

Other examples of industrially advantageous by-products include food and feed 

with enhanced nutritional value due to fungal enzymes. For example, in the animal feed 

industry fiber can be degraded by naturally expressed fungal enzymes, to produce a feed 

that is more digestible and provides higher energy for the animal (E. Kim et al., 2010). 

Also, fungi can be used to increase the protein content of feed. For humans, enzymes can 

enhance the nutritional value of food products. Examples include pigments such as "-

caretene, as well as health promoting compounds such as phenols (Ghorai et al., 2009). 

Throughout this review phytoalexins; a large group of health promoting phenolic 

secondary metabolites, as well as isoflavones including glyceollin; a specific branch of 

secondary metabolites, will be discussed. 

Many fungal strains can produce value-added products such as citric acid or 

pullulan as a byproduct of the fermentation using various substrates (Table 1). The 

fermentation of sugars such as glucose and sucrose by Aspergillus sp. result in the 

production of citric acid as co-product. Other food industries buy citric acid and use it in 

food to control pH and help add flavor (Copetti, 2019). Pullulan is a by-product of sugar 

fermentation by Aureobasidium pullulans that is used in several industries and will be 

talked about extensively later in this literature review.  
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2.1. Phytoalexins 

Phytoalexins are a group of small molecular compounds, produced by plants 

under biological, chemical, and physical stress conditions that act to defend the plant. (P. 

Jeandet, 2018). One-way phytoalexins can inhibit pathogens is by slowing growth, such 

as by inhibiting germ tubes. Dismantling the cell membrane is another tactic to starve the 

cells, resulting in a loss of crucial metabolites and electrolytes. Disruption of the cell 

membrane in some cases has been linked to increased apoptosis of fungal cells. 

Additionally, phytoalexins also have an adverse effect on bacterial cells, by decreasing 

cell viability (Philippe Jeandet et al., 2014).  

Plant families Brassicaceae, Fabaceae, Solanaceae, Poaceae, and Vitaceae 

produce different phytoalexins depending on the species (Table 1.2). Examples listed 

include most commonly studied phytoalexins, as the Brassicaceae family alone produces 

over 40 different types (Ahuja et al., 2012). The phytoalexins listed are broken down into 

three different categories based on structure and pathway used for synthesis. Phenolic 

phytoalexins are built from phenolics, and include coumarins, flavonoids, isoflavones, 

and quinones (Ribera & Zuñiga, 2012). Terpenoid phytoalexins are derived from 

precursors such as isopentenyl diphosphate and dimethylallyl diphosphate. They are 

known as di-, tri-, or tetra-terpenoids based off number of carbons (Tetali, 2019). Finally, 

nitrogen and sulfur containing phytoalexins have a carbon ring structure containing one 

of these molecules (Ribera & Zuñiga, 2012). Phenolic phytoalexins are synthesized 

through the phenylpropanoid-polymalonic acid pathway, terpenoids from the 
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methylerythritol phosphate pathway, and nitrogen and sulfur containing from the indole 

pathway (Philippe Jeandet et al., 2014).  

Phytoalexins are of great interest not only for their antifungal properties, but also 

for their positive impact to human health. They have been found to have antioxidant 

properties, as well as an anticancer impact with antiproliferative and chemo preventative 

effects (P. Jeandet, 2018). Terpenoids such as zeaxanthin (Table 1.2) act an antioxidant, a 

source of Vitamin A and E, and are linked to cardiovascular health. Additionally, 

terpenoids act to signal transcription factors related to anti-inflammatory activity, which 

has been studied in relation to diseases such as diabetes and Alzheimer’s. (Tetali, 2019). 

The phenolic resveratrol (Table 1.2) found in red wine is another example. It has been 

found to slow the effects of neurological disease such as Alzheimer’s, reduce metabolism 

for overweight subjects, and lower heart rate in subjects with obesity related 

cardiovascular disease (Ramírez-Garza et al., 2018).  
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Table 0.2: List of most common phytoalexins produced by plant families (Ahuja et al., 
2012; Philippe Jeandet et al., 2013; Ribera & Zuñiga, 2012). 

Plant Families Plants Phytoalexins Type of 
Phytoalexin 

Brassicaceae Mustard, 
Canola 
 

Camalexin Nitrogen and 
Sulfur containing  

Fabaceae  Alfalfa  Medicarpin, Vesitol, 
Vestitone  

Phenolic 

Chickpea Maackiain, Medicarpin Phenolic 
Lupin Wighteone Phenolic 
Pea Pisatin Phenolic 
Peanut Resveratrol, Arachadin Phenolic 
Soybean 
 

Glyceollin, Coumestrol Phenolic 

Malvaceae Cotton 
 

Gossypol Terpenoid 

Poaceae Maize Kauralesin, Zealexin Terpenoid 
Oat Avenanthramides  
Rice Momilactone, Sakuranetin Terpenoid, 

Phenolic 
Sorghum 
 

Luteolinidin, Apigenindin Phenolic 

Solanaceae  Pepper Capsidiol Terpenoid 
Tobacco Capsidiol, Scopoletin Terpenoid, 

Phenolic 
Potato Rishtin, Lubimin 

 
Terpenoid 

Vitaceae Grape  Resveratrol Phenolic 

 

2.2. Isoflavones 

Isoflavones are a type of phytoalexin from the subclass known as flavonoids. 

Flavonoids are a phenolic compound with a phytochemical role, and are linked often with 

food color, taste, and nutrition. They also been found to play a positive role in both 

human and animal health (Karak, 2019).  Flavonoids are classified into two groups, 

flavonoids and isoflavonoids, with either a 2, phenylchroman or 3, phenylchroman 

skeleton respectively (Dixon & Pasinetti, 2010). The isoflavone group comes from 

Table 1.2: List of most common phytoalexins produced by plant families (Ahuja et al., 
2012; Philippe Jeandet et al., 2013; Ribera & Zuñiga, 2012). 
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isoflavonoid branch of flavonoids. There are 18 different isoflavones, which are also 

broken down into two groups: the aglycones and glucosides (Křížová et al., 2019). These 

groups and types of isoflavones will be discussed further below (Table 1.3). 

Just as their larger family, phytoalexins, act as plant defenders; isoflavones are 

very important to the plant because of their antimicrobial ability. Antifungal activity of 

isoflavones with a pterocarpan structure has been studied extensively. Some examples of 

pterocarpans with antifungal activity include medicarpin, glyceollin, maackiain, and 

neorautenol. Fungal species inhibited belonged to genera’s such as Fusarium, Alternaria, 

Pythium and Cladosporium (Jiménez-González et al., 2008). Phaseollin, glyceollin I, II, 

and III, and pisatin extracted from peas and beans also had moderate antibacterial activity 

against some members of the Pseudomonas and  Xanthomonas species (Wyman & Van 

Etten, 1978). Even bacterial biofilms have been reported to have been inhibited by certain 

isoflavones. Total isoflavones at concentration of 10 #g/mL and 100 #g/mL have been 

found to have activity against bacterial species such as Listeria monocytogenes and E. 

coli (Dhayakaran et al., 2015).  

2.2.1. Plant Isoflavone Sources 

Isoflavones are produced by different types of oilseeds and cereal legumes such as 

soybeans, kidney beans, mung bean sprouts, navy beans, Japanese arrowroot, sorghum, 

alfalfa, chickpea, split peas, and sweet peppers (Gao et al., 2015; Zaheer & Akhtar, 

2017). Clovers produce isoflavones such as biochanin A and formononetin (Křížová et 

al., 2019). As members of the legume family, chickpeas and split peas produce 

pterocarpan phytoalexins from isoflavone precursors. Alfalfa and lupine have genes 

associated with flavonoid biosynthesis that are turned on in response to fungal stress 
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(Ahuja et al., 2012).  However, it is soybeans, as discussed below, which produce 

isoflavones at highest levels (Křížová et al., 2019).  

2.2.1.1. Soybeans 

Soybeans are an oilseed crop produced around the world. Primary soybean 

producing countries include the United States, Brazil, and Argentina, while countries like 

China and India are considered major soybean consumers. Humans consume large 

amounts of soybeans for their health promoting nutritional benefits such as: high protein 

with balanced amino acid profile, edible oils, and bioactive compounds such as 

isoflavones. Animals benefit from high protein, desirable amino acids, and bioactive 

compounds (Dei, 2011)  

Examples of soybean products used for animal feed include full-fat soybeans, 

soybean meal, soybean protein concentrate, and soybean oil. However, before soybeans 

can be used as an animal food product, they must be processed to decrease the amounts 

of anti-nutritive factors (ANFs) present. ANFs have been found to have a negative effect 

on nutrition and overall animal performance from feed. Examples include protease 

inhibitors, trypsin inhibitors, lectins, and saponins. Processes that are found to be 

effective in reducing the level of ANFs in animal feed include fermentation, heat 

treatment, flaking, extrusion, and enzyme hydrolyzation (Dei, 2011). Pigs are the primary 

consumer of defatted soybean products, because of the high protein and high energy 

component in soybean meal, (Dei, 2011).   

Examples of soy-based products used for human consumption include tofu, 

soymilk, soy protein, soy flour, and soybean oil. Fermented products such as tempeh, 

natto, miso, soy cheese, yogurts, and soy sauce (G. Rizzo & L. Baroni, 2018; Zaheer & 
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Akhtar, 2017). In Asian countries such as China, Japan, and Korea soy food composition 

is at 23.5-135.4 mg, 50.7-102.1mg, and 21.07 mg per day (G. Rizzo & L. Baroni, 2018). 

A growing number of people also favor soy as a vegetarian/vegan option, because high 

protein can act as a replacement for the meat portion of their diet. Examples include soy 

burger, soy hot dog, meatless bacon, and meatless sausage, as well as cheeses (G. Rizzo 

& L. Baroni, 2018; Zaheer & Akhtar, 2017). Additionally, the germinated soybean is a 

potential alternative for the food industry because it has more nutritional factors such as 

methionine, as well as increased protein digestibility. Germinated seeds also have lower 

amounts of ANFs such as lectins, and proteolytic inhibitors, as well as hydrolyzed 

oligosaccharides (Koo et al., 2015; Paucar-Menacho et al., 2010). 

 

2.2.1.1.1. Composition 

The soybean composition on dry basis is about 40% protein, 20% oil, 35% 

carbohydrate, and 5% ash (Dixit et al., 2011). Most of the protein and oil of the soybean 

is located in the cotyledon, with the least amount found in the hulls. The hypocotyl 

portion of the soybean has high protein, but lower oil composition. It is important to note 

that proximate composition of soybeans tends to vary. Conditions that impact include the 

geographic location where the soybeans are grown, genetic factors, and if certain 

environmental stressors such as heat and drought are increased during growing season 

(K. Liu, 1997)  

Soybeans belong to the family Leguminosae, so they share a similar nutrient 

composition to plants such as peas, peanuts, and other types of edible beans. For human 

consumption soybeans provide a high protein source. In terms of protein, soybeans can 
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provide 38% of energy, with 14.3 g protein in a single ½ cup serving of cooked beans 

(Messina, 1999).  Oil is the second major component of soybeans. They have the highest 

oil composition of any legume besides peanuts (K. Liu, 1997). Linoleic acid and a-

linoleic acid makes up 55% of soybean oil, important in the human diet as an essential 

fatty acid with heart health benefits. Oleic acid makes up 24% and palmitic oil 11% of 

soybean oils (G. Rizzo & L. Baroni, 2018). Other oil components include phytosterols 

(300-400 mg/100 g) and phospholipids (1-3% of soybean oil) (Dixit et al., 2011). High 

oil and fatty acid do impact human nutritional benefits compared to other legumes, 

soybeans do have a higher fatty acid content from linolenic acid (7.7% energy) and lower 

dietary fiber impact (0.9 g) in a ½ cup serving size (Messina, 1999). As for minerals, 

soybeans provide a high iron and calcium composition. Another unique aspect of 

soybeans compared to legumes is its high isoflavone content, at 1-3 mg isoflavones/g 

protein (Messina, 1999). Lastly, soybeans also are composed of bioactive compounds 

such as saponins (0.17-6.16% mean composition), phytic acid (1.0-2.2% mean 

composition), and lignans (0.02% mean composition). Saponins have been found to 

positively impact cholesterol. Phytic acid has a negative impact on uptake of minerals but 

has been found to have positive impact on antioxidant activity. Lignans may provide 

antiestrogenic activity, but currently there is not enough research to prove this effect (G. 

Rizzo & L. Baroni, 2018)  

For animal consumption soybeans provide benefits such as high protein and 

amino acid digestibility. Most animals consume defatted soybean meal, which means that 

the oil is removed from the product. Soybean meal is a high energy product, between 

17.22-17.41 MJ/kg. Crude protein in soybean meal is between 43.9-48.8% composition. 
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Amino acids in soybean meal include lysine, methionine, cystine, threonine, tryptophan, 

arginine, isoleucine, leucine, valine, histidine, and phenylalanine. However, methionine is 

one limited essential amino acid in soybean meal. In poultry the digestibility of these 

amino acids is between 82.1-91.6% (Dei, 2011). In swine, amino acid digestibility is at a 

similar level, between 88.5-95.4%. Other components of soybean meal include neutral 

detergent fiber (NDF), acid detergent fiber (ADF), phytate, phosphorous, calcium, starch, 

and carbohydrates (Dei, 2011; Oliveira & Stein, 2016). Additionally, the same process 

that removes oil also greatly reduces the level of ANFs, so they have almost no presence 

in the product. For example, the ANF trypsin inhibitor is present at 45-50 mg/g in whole 

soybeans, and only 1-8 mg/g in soybean meal (Dei, 2011).  

2.2.1.1.2. Cultivars 

 

There are many cultivars of soybeans in the world. Characteristics that set apart 

these cultivars include color, such as pod color (tan, brown, or black), seed coat color 

(yellow, green, brown, black, or mottled) , hypocotyl color (green or purple), hilum color 

(black, imperfect black, brown, buff, or clear) or plant flower color (white or purple) 

(Owen, 1928).  Another differentiating characteristic of soybeans includes determinate or 

indeterminate plant type. Determinate plants stop producing nodes on the stem when 

flowering starts. Indeterminate plants produce nodes for much longer, until the plant 

begins its pod filling. Generally, determinate plants are grown in maturity ranges V-X 

while indeterminate plants are grown from 000-IV (Purcell et al., 2014).  
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2.2.1.1.3. Conventional vs. Genetically Modified 

Producers have the option of buying seeds that are genetically modified with 

desirous traits for plant health, or buying seeds that were produced conventionally, 

without any gene modifications. Balisterio et. al, (2013) completed a study on the 

differences between conventional and organically grown beans relating to isoflavone 

levels, protein levels, and trypsin inhibitory activity. Conventionally grown soybeans had 

more than double isoflavone (160.7-193.1 mg/100 g) compared to the organically grown 

soybeans (58.1-76.6 mg/100 g) (Balisteiro et al., 2013). However, when comparing 

isoflavone levels across 6 conventional and 6 genetically modified soybean varieties no 

statistical difference between total isoflavones (Costa et al., 2015). Another study by 

McCann et al., (2005) found a similar result comparing glyphosate-tolerant and 

conventional beans across multiple growing seasons. Glyphosate-tolerant soybeans were 

found to have statistically similar ranges of daidzein, glycitein, and genistein compared to 

conventional varieties (McCann et al., 2005). 

2.2.1.1.4. Maturity Groups 

Soybeans can be grown in different areas around the world, in Asia, Africa, South 

America, and North America. But photoperiod, or amount of light they receive, and the 

temperature during sprouting and pod filling can impact the overall yield (Langewisch et 

al., 2017). In the mid 1900’s the USDA classified seeds as early, medium, or late 

maturity. Later maturity groups are planted in southern regions of the US, while early 

maturity lines are planted in the north. This was an important distinction, because later 

maturity lines do not have enough time to flower and will be killed by an early frost when 

planted in northern states, while early maturing lines planted in the south will flower too 
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early and have decreased growth (Langewisch et al., 2017).  In 1973 a more detailed 

system was released, where the country was divided into maturity groups based on both 

latitude and photoperiod (X. Q. Liu et al., 2017).  

The current system in the United States divides the soybean producing states into 

6-7 different maturity groups, from 00-VI (Figure 1.1). The lowest maturity groups (0-

III) are planted in the northern US, and the highest maturity groups (IV-VI) in the 

southern US (Mourtzinis & Conley, 2017). Throughout the world, there are 13 defined 

maturity groups. Canada has even earlier maturity groups of 000-0. South America has 

later maturing lines depending on climate. Brazil has a range from V-VIII, while 

Argentina has both a cooler climate in more temperature regions to the east and a hotter - 

tropical climate in elevated regions near the coast, with a range from II-VIII. China has a 

larger maturity range than the United States, from 000-IX, with 000 planted in the north 

and IX in southern more tropical regions. Even Japan also has a range of maturities from 

0-III (X. Q. Liu et al., 2017).   

 

Figure 1.1: Soybean maturity levels in the United States (Mourtzinis & Conley, 
2017). 
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Genetically soybean cultivars are grouped based off the dominant loci associated 

with maturity. There are nine loci associated with maturity, E1-E9. The dominant form of 

each allele E1, E2, E3, E4, E5, E7, and E8 result in late flowering, while the dominant 

form of E6 and E9 is associated with early flowering. North American lines have a higher 

number of e1-as E2, E3 loci. Relative maturity groups have difference loci associated. 

For example: 0, has a high percentage of e1-n e2, e3-tr,  I-II e1-as e2 E3, II-III e1-as e2 

E3, III-IV e1-as E2 E3, IV-V e1-as E2 E3, and V-IX E1 E2 E3 which is more closely 

related to China, Japan, Asia (Langewisch et al., 2017). 

2.2.1.1.5. Germination 

Germination occurs when the embryonic axis first begins to develop as the seed 

absorbs water. The radical, or the root, is the first to emerge into the soil, followed by the 

hypocotyl, and then the cotyledon, and finally the unifoliate leaves (Figure 1.2). The root 

emerges within the 48 h of the seed being placed in the soil or other nutrient habitat. The 

hypocotyl contains the seed, and it pushes up in order to allow the cotyledon to emerge. 

The cotyledon is the first leaf of the plant, and this emerges next for the plant to begin 

photosynthesis. The unifoliate leaves are much larger and grow above the cotyledon 

(Naeve, 2018; Purcell et al., 2014). 

Numerous studies that use germinated soybean seedlings have been conducted, 

and as a result there is a large amount of information on the desired temperature and light 

conditions for optimum sprouting, as well as protein or secondary metabolite production. 

Germination temperature has been found to impact the total length of both the hypocotyl 

and cotyledon of the soybean sprout (Koo et al., 2015). A 5 degree germination 
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temperature increase (20 °C to 25 ℃) resulted in hypocotyl length doubling over the 

same time period (Koo et al., 2015). Cotyledon length was found to be greater at 25oC at 

72 h compared to 30oC at the same time mark (Koo et al., 2015; Paucar-Menacho et al., 

2010).  

 

Figure 1.2: Germination process of soybean seed (Naeve, 2018). 

 

2.2.2. Different Groups of Isoflavones 

Based on structure, isoflavones are separated into: a) aglycones, and b) glucosides 

(Table 1.3). Aglycones include daidzein, genistein, and glycitein. Glucosides include 

daidzin, genistin, and glycitin, as well as acetyl glucosides and malonyl glucosides 

(Křížová et al., 2019; Zubik & Meydani, 2003).  

The major structural difference between aglycones and glucosides is the addition 

of a sugar molecule and ester group to glucosides (Křížová et al., 2019). Glucosides are 

present as the inactive form bound to sugar in almost all soybeans. Aglycones are present 

mostly in fermented soybean products where the sugar is utilized and removed from the 
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structure. This is why aglycone isoflavones are found in products such as tempeh, miso, 

natto, and soy fermented milk (Larkin et al., 2008; G. Rizzo & L. Baroni, 2018; Zaheer & 

Akhtar, 2017). When it comes to the human nutrient benefits of isoflavones, the 

aglycones are of greater importance because they are more easily absorbed by the small 

intestine, while glucosides are more likely to interact with microflora (Larkin et al., 

2008).  

Table 1.3: Isoflavones belonging to the major groups aglycons and glucosides (Izumi et 
al., 2000; Křížová et al., 2019). 

 

2.2.3. Isoflavone Production Signaling 

Isoflavones production can be induced by outside stress to the soybean plant. The 

phenylpropanoid pathway is responsible for their synthesis, and is known to be triggered 

by fungal or bacterial, UV light, organic acid, or metal ion stress (K. Farrell et al., 2017). 

The plant recognizes the stress by compounds known as elicitors. Elicitors can by many 

parts of the stressor and are oligosaccharide, peptide, or lipid in origin. Examples of 

elicitors from fungus include chitin, "-glucan, glycoproteins, ergosterols. "-glucan in 
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particular is known to cause soybeans to produce iosoflavonoids. Elicitors are recognized 

by cell receptors anchored in the plasma membrane (A. K. Mishra et al., 2012). While not 

all specific receptors are not known, one example for the recognition of "-glucan is by 

the GE-binding protein (GEBP) that is found in soybean root cells. Antibody inactivation 

of  GEBP shows phytoalexin accumulation cut by 50%, which suggested this receptor 

was likely responsible for recognition of the "-glucan elicitor (Umemoto et al., 1997).  

Once receptors on the cell surface recognize elicitors, there are several reactions 

that can occur to signal transcription of isoflavone genes. Reactions that have been linked 

to secondary metabolite production include mitogen-associated protein (MAP) kinase 

signaling, GTP binding proteins, calcium (Ca2+) signaling, activation of reactive oxygen 

species (ROS), salicylic acid signaling, and jasmonic acid signaling. MAP signaling 

occurs as a result of phosphorylation of mitogen activated proteins, which in turn sends a 

signal across the nucleus. GTP binding proteins are important because they cause a 

number of signaling cascades that amplify the response. Calcium signaling is similar to 

MAP kinase signaling, as calcium dependent protein kinases are activated by Ca2+ 

binding, which in turn causes a signal across the nucleus that activates transcription 

factors (A. K. Mishra et al., 2012). Transcription factors in turn help to turn on genes 

related to the phenylpropanoid pathway. The ROS species signaling has been directly 

linked to glyceollin production, a product of the phenylpropanoid pathway. ROS creates 

an oxidative burst from the O2 molecule which triggers events that also lead to pathway 

activation (Kalli et al., 2020). Finally, salicylic acid and jasmonic acid build up at the site 

of pathogen attack and cause the downstream events that signal plant defense is needed 

(A. K. Mishra et al., 2012).  
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2.2.3.1. Phenylpropanoid Pathway 

The pathway responsible for isoflavone production is the phenylpropanoid 

pathway (Figure 1.3). This pathway produces both isoflavonoids and flavonoids (Vadivel 

et al., 2019). Additionally, this pathway would also be responsible for the production of 

phenolic phytoalexins that are outlined in Table 1.1. First the amino acid phenylalanine is 

converted to cinnamic acid by the PAL enzyme. Cinnamic acid is converted to p-

coumaric acid by a hydrolysis reaction. A CoA ligase transforms p-coumaric acid into p-

coumaroyl-CoA. Depending on the enzyme p-coumaroyl-CoA will result in flavonoid or 

isoflavonoid biosynthesis (Figure 1.3) (Vadivel et al., 2019). 

A branch results in isoflavonoid or flavonoid production at the step where p-

coumaroyl is synthesized. Chalcone synthase catalyzes the production of naringenin 

chalcone, which is the precursor of flavanols. Just like isoflavonoids these compounds 

undergo reduction, hydrolysis, and isomerization to produce flavonoids such as 

kaempferol and quercetin (Falcone Ferreyra et al., 2012).  

For isoflavonoid production, the same chalcone synthase enzyme is used to 

catalyze the reaction of p-coumaroyl to isoliquiritigenin chalcone (Vadivel et al., 2019). 

However, there is also a chalcone reductase enzyme only found in legumes (X. Wang, 

2011). An isomerase is responsible for production of liquiritigenin (Vadivel et al., 2019). 

From here an isoflavone synthase (IFS) enzyme is responsible for catalyzing the reaction 

that results in the isoflavone structure. Then a dehydrogenase (2HID) catalyzes the 

reaction that results in the aglycones: daidzein, genistein, and glycitein. A 

glycotransferase (UGT) transfers the sugar molecule onto daidzein, genistein, and 

glycitein to form the respective glycosides daidzin, genistin, and glycitin. Methylation 
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addition showed no pullulan production at any of the timepoints tested (Table 5.4). In the 

first 8 h for sucrose concentrations at 10 and 50 g/L there were some negative values 

measured in triplicate from the two Bioflos. We believe this may have occurred because 

of the acetone degrading the cellulose filter paper that was used to separate pullulan. 

There was no difference between the four sucrose concentrations at 0, 8, or 12 h. At 72 h, 

50 g/L sucrose concentration produced significantly higher pullulan than the lower 

sucrose concentrations. There was no difference between the 0, 5, and 10 g/L pullulan 

production at this timepoint (Table 5.4). The correlation between increasing sucrose 

concentration and increasing pullulan at 72 h was very strong (r = 0.98). The correlation 

between % BRIX and pullulan at 72 h was also high r = 0.98. The larger colony 

morphology at 8 and 12 h did not produce more pullulan than the yeast cells at 72 h. 

Instead, pullulan seems to increase as length of sucrose fermentation increase. Future 

trials with more frequent sampling of pullulan across 72 h timepoints will be needed to 

confirm this trend.  
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Table 5.3.4: Pullulan production (mg/mL) from Bioflo trials at sampling points 0, 8, 12, 
and 72 h.  
 

Sucrose  
(g/L) 

Sample Time  
(hr) 

Pullulan Production 
(mg/mL) 

0 0 nd 
8 nd 
12 nd 
72 nd 

5 0 0.010±0.005a 
8 0.007±0.000a 
12 0.032±0.005a 
72 0.060±0.008b 

10 0 0.178±0.182a 
8 0.150±0.288a 
12 0.263±0.008a 
72 0.766±0.156b 

50 0 0.182±0.133a  
8 0.090±0.002a  
12 0.264±0.160a  
72 3.653±0.440a 

Means within each column followed by different superscript are significantly different 
at p < 0.05 (n = 3) at each time point. 

Nd: not determined 

 

5.4. DISCUSSION  

5.2.2 Preliminary Experimental Trials Using 250 mL Flasks 

 Preliminary experimental trials gave insight into the change from lag to 

exponential growth within the first 24 h (Figure 5.1). The data appears to show the 

greatest doubling time occurs between 8-12 h. This timeframe is also where changes from 

yeast-like to blastospore to swollen cell and chlamydospore to mycelium morphology 

occur for all sucrose concentrations except the control. Many small buds began to appear 

on yeast cells, blastospores, and mycelium. Larger cell morphology with budding cells 

Table 5.4: Pullulan production (mg/mL) from Bioflo trials at sampling points 0, 8, 
12, and 72 h.  
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likely contributed to increase in live cell counts and dry cell mass within in this 8-12 h 

timeframe. Several studies have found the order of morphology appearance to be swollen 

cells, followed by blastospores and chlamydospores (H. Guterman & Y. Shabtai, 1996; 

B. X. Li et al., 2009; Pechak & Crang, 1977). Timepoint for morphology change depends 

on batch or continuous culture. For example, Pechak & Crang (1997) found that 

blastospores appear within the first 8 h of malt fermentation, which is similar to our 

study. However, in fed-batch fermentations, blastospores and chlamydospores do not 

form until the 24 h, or even as late as 50-70 h (H. Guterman & Y. Shabtai, 1996; B. X. Li 

et al., 2009) 

Out of all sucrose concentrations, only the control did not have any change in 

morphology. These results seem to suggest that high vs low sucrose concentration does 

not affect ability to change the colony morphology type in the first 24 h. These results 

agree with numerous studies that have researched morphology of A. pullulans using 

0.25%, 3%, or 5% of carbon source were used in media (Campbell et al., 2004; H. 

Guterman & Y. Shabtai, 1996; L. Simon et al., 1993).  

One factor that may be playing the role instead is nitrogen availability. For 

example, introduction of yeast extract to sugar medium has been found to result in 

increased swollen cell appearance (Ramos & Acha, 1975). Simone et al (1993) found a 

double nitrogen source vs single resulted in hyphal production, and Bermejo and 

Dominguez (1981) found that chlamydospores more readily formed when ammonium 

sulfate was introduced (Bermejo et al., 1981; L. Simon et al., 1993). However, not all 

studies agree. Nitrogen exhaustion led to colony morphology change from blastospores to 

swollen cells and chlamydospores (Andrews et al., 1994). lt is possible that nitrogen 
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availability in the first 8-12 h drives colony morphology change, and after it is utilized 

yeast like morphology is apparent at 24 h. More work would need to be done to 

determine if nitrogen availability correlates to changes in morphology at specific 

timepoints 

Another factor that is likely being impacted by colony morphology is change in 

pH. Initial pH was between 6.4-6.7 for all tested concentrations, including the control 

(Fig. 5.1d). Greatest decrease in pH occurred for all sucrose concentrations between the 

8-12 h timepoint. This timepoint as discussed, was also when swollen cells, blastospores, 

chlamydospores, and smaller hyphal structures became apparent. At 8 h when swollen 

cells and blastospores appeared in all sucrose concentrations beside the control, pH 

values ranged from 5.6-6.0, while the control had pH 6.3. When chlamydospores and 

larger hyphal networks appeared at 12 h, pH ranged from 4.9-5.3, with the control at pH 

6.7 (Fig. 1d). This result is similar to findings by Li et al (2009), where a pH of 6.0 

showed predominately yeast like cells, while swollen cells began to predominate at pH 

4.5 (B. X. Li et al., 2009). Li et al also found swollen budding cells at predominately at 

pH 2.1, and chlamydospores at pH of 3.1. These results slightly differ from ours, as both 

swollen budding cells and chlamydospores were very apparent at 12 h, when pH range 

was only 4.9-5.3 (B. X. Li et al., 2009). Additionally, acidified media (pH 2.5-3.5) was 

enough to cause change in morphology without carbon and nitrogen limitation (Andrews 

et al., 1994). It is possible that the substantial pH change from 8-12 h, contributed to 

morphology change at this timepoint.  

Increase in cell growth and doubling time is also known to impact pH. A pH 

range of 4-5 was found to produce greatest doubling time for A. pullulans using 
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agricultural wastes (Thirumavalavan et al., 2008), and a pH of 5 the best for both 

doubling time and biomass growth rate (K. C. Cheng et al., 2011). These findings support 

our observations that greatest doubling time in live cell counts occurred at 8-12 h, when 

pH entered the 4.9-5.3 range (Figure 5.1a). This could be why the control pH never drops 

below 6, with lower numbers of live cells produced. However, low pH and live cell 

counts, or doubling time do not correlate perfectly in our findings. For example, at 24 h, 

the 15 g/L sucrose concentration has the highest number of live cells, but remains at pH 

5.2, while the 50 g/L sucrose is at 4.7.  

Hemocytometer counts, optical density, and dry cell mass were monitored for the 

first 24 h to determine if high or low sucrose concentration influenced growth kinetics. 

There was not a statistical difference between live cell counts of any sucrose 

concentration besides the control (Figure 5.1a). Even though there was difference in 

number of dead cells between concentrations, in the 24 h timeframe it did not seem to 

directly relate to substantial decrease in live cells for lower sucrose concentrations. 

Additionally, at 24 h only the 5 g/L sucrose concentration differed from all other sucrose 

concentrations tested. Dry cell mass did show differences at 12 h, but not 24 h between 

any besides control (Table 5.1). This could suggest that within the first 24 h, high sucrose 

concentration has little effect on bolstering growth. Some researchers have suggested that 

excess sucrose concentration may have an inhibitory effect on A. pullulans growth. When 

comparing sucrose concentrations of 4, 5, 6, 8, and 10% sucrose, a sucrose concentration 

of over 5% resulted in decreased specific growth rate over 3 days (Shin et al., 1987). 

While our sucrose concentrations are all lower than 5%, it is possible that when studied in 

a shorter time frame, such as the first 24 h, a higher sucrose concentration of 50 g/L may 



131 

have this effect. As a result, even though there is more carbon source, it does not 

necessarily result in higher cell counts, optical density, and DCM in this time frame.  

When % BRIX sugars are considered, it is apparent that a small % BRIX sugar is 

utilized within the first 24 h and is relatively similar (0.5-1.1% BRIX) amount for all 

concentrations as mentioned previously (Table 5.1). A study by Bermejo et al (1981) 

finds similar results when studying glucose utilized by A. pullulans. That study found that 

only media with 1% glucose was utilized completely within the first three days, while 

media with 2, 3, and 5% were not. Instead within the first three days, the media with the 

2-5% glucose resulted in production of polymer glucan (Bermejo et al., 1981). Our 

results show at 24 h there is a larger amount of % BRIX sugar remaining for higher 

sucrose concentration. However, the lower sucrose concentrations at 5 and 10 g/L are not 

entirely utilized either. A 72-h study of these two lowest sugar concentrations were 

therefore conducted to determine at which timepoint low sucrose concentration becomes 

determinantal to cell growth.  

5.2.3 Batch Trials using 500 mL Flasks 

  For the first 24 hour, results for optical density, pH, live, dead, and budding cell 

counts were similar to preliminary trials (Table 5.1 and Table 5.2). The only difference 

shown includes a slightly lower dry cell mass for batch trials at 24 h, and a lower overall 

% BRIX concentration 10 g/L in batch trials. The % BRIX sugars could impact dry cell 

mass, if residual sugars are not all separated out by centrifugation. This could potentially 

result in higher dry cell mass. The colony morphology of batch trials followed the same 

trend as preliminary trials for all four sucrose concentrations in the first 24 h.   
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 After 24 h colony morphology remained in yeast like form. Yeast-like 

morphology predominates in other studies where continuous culture was maintained 

without fed nutrient additions for long periods of time (Catley, 1980; Reeslev et al., 

1993). Morphology may be impacting why live cell counts do not have as great of 

doubling time after 12 h. There is no change to larger morphology with budding cells 

after 24 h, only yeast like cells with one budding cell. As a result, counts do increase after 

24 h, just not as quickly as in the first 8-12 h.  

After 28 h, cell counts, optical density, dry cell mass, and a pH over 7 indicate 5 

g/L sucrose is not increasing overall growth rate. Cell growth does not slow so 

dramatically after the first 24 h at 10 g/L sucrose. Live cell counts initial decrease while 

dead cells increase. However, between 36-48 h, steep increase in live cells, matching 

decreases in dead cells, and a fluctuating pH below 6 occur. A similar occurrence in 

another study was termed a second wave exponential phase. At a glucose concentration 

of 3%, two peaks in dry cell mass were apparent, which was hypothesized to be due to 

larger cell mass (Bermejo et al., 1981). However, our results show only yeast like cells at 

this timepoint. Instead, we believe our results are more like Saccharomyces cerevisiae 

alkali/acidic growth described by Palkova et al (2002). S. cerevisiae yeast like cells had 

slower growth in alkali periods which allowed for increased growth and acidic conditions 

in an oscillation like occurrence (Palkova, 2002). Our results show a similar growth trend 

until after 48 h, when pH is consistently rising above 6 (Figure 5.2c). 

 In the 50 g/L sucrose concentration growth increases as pH remains between 3-4 

up to 72 h. As discussed above optimum A. pullulans growth on carbon substrates occurs 

at a pH range of 4-5 (K. C. Cheng et al., 2011; Thirumavalavan et al., 2008). No 
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fluctuation occurs as live cell counts, dry cell mass, and optical density increases at 50 

g/L sucrose. Instead, data indicates growth increases steadily, with only a slight decrease 

between 60 and 72 h. When 3-5% sucrose is used in other studies, growth can be 

supported for as many as 3-5 days (Seo et al., 2014; Shin et al., 1987; L. Simon et al., 

1993; Thomas P West & Reed-Hamer, 1991)). A longer study would be needed to 

determine if A. pullulans were entering stationary phase in 50 g/L sucrose by 72 h.    

5.2.4 Bioflo Trials at 3 L Working Volume 

 Trends in terms of significance for increasing or decreasing cell counts, optical 

density, pH, and % BRIX were similar between batch and Bioflo trials. However, 

numbers of live and dead cells and optical density were lower overall compared to batch 

trials. This observation is similar to increased remaining % BRIX sugar at 72 h for 10 and 

50 g/L sucrose. Aeration at 0.5 vvm and mechanical stirring inside the vessel were added 

factors in Bioflo trials. Aeration rates of 0.5-3.0 vvm have been studied in relation to A. 

pullulans growth rate (K.-C. Cheng et al., 2011a; Göksungur et al., 2005). However, the 

addition of aeration did not affect colony morphology changes in our study. Colony 

morphology change in 8-12 h was consistent, and yeast cells predominated from 24-72 h 

just as with preliminary and batch trials. Mechanical stirring inside the Bioflo at 150 

RPM also did not seem to impact size or ability to form blastospores, chlamydospores, 

and longer hyphae with septae. Agitation rates in literature in similar sized tanks used for 

A. pullulans range from 200-1000 RPM. Both lower agitation of 200 RPM (K.-C. Cheng 

et al., 2011a) and higher agitation rates of 600-800 RPM (Gniewosz et al., 2013) have 

been found to result in highest biomass. It is possible that lower agitation rate with the 

higher working volume resulted in lower cell counts we observed.  
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 Decreased numbers of live and dead cells may have impacted pH in Bioflo trials. 

The overall trend in pH increase for 0, 5, and 10 g/L sucrose concentrations and decrease 

for 50 g/L is similar from 24-72 h. However, at 10 g/L sucrose final pH is 6.1, compared 

to 7.95 in batch flask trials. Lower pH could potentially be the result of lower numbers of 

dead cells counts at 72 h (a quarter of the number compared to batch trials) (Table 5.1 

and Table 5.2). Studies with Saccharomyces cerevisiae have shown yeast cells release 

ammonia under stressful environmental conditions. Ammonia release can act as a signal 

to nearby cells during nutrient depletion (Palkova, 2002; Váchová & Palková, 2005). If 

many cells are releasing ammonia under nutrient depletion, this could account for the 

higher pH in batch trials compared to Bioflo trials. Additionally, higher amounts of % 

BRIX sugars remained at 72 h for the 10 g/L sucrose concentration. It is possible that 

cells at this stage had not reached the same level of nutrient starvation as compared to 

those in batch trials. 

 Many studies have been reported focusing on whether morphology is linked to 

pullulan production. Yeast-like (Catley, 1980; Dominguez et al., 1978),  young 

blastospores and yeast-like cells (Catley, 1980; H Guterman & Y Shabtai, 1996), swollen 

cells (B.-x. Li et al., 2009; L Simon et al., 1993), and chlamydospores (Campbell et al., 

2004), have been found to result in optimal pullulan production. All of four of these 

morphology types were apparent between 8-12 h of Bioflo fermentation, excluding the 

control. Results clearly indicated that there was no difference in pullulan production 

between 5, 10, and 50 g/L sucrose in the first 12 h. Additionally, pullulan increased after 

12 h, even though yeast cells were the only morphology type present in cell culture. By 
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72 h, the initial sucrose concentration is shown to affect the level of pullulan production 

significantly.  

Final crude pullulan concentration at 50 g/L (Table 5.4) was comparable to other 

studies using the same sucrose concentration at slight higher agitation rates and later 

timepoints: 8 g/L crude pullulan at 5 days at 200 RPM (Thomas P West & Reed-Hamer, 

1991), between 5-10 g/L pullulan at 4 days at 200 RPM (Gniewosz et al., 2013), and 14 

g/L at 3 days at 200 RPM (Göksungur et al., 2005). Our agitation rate was relatively low 

at 150 RPM. However, in several studies, as agitation rate is increased from 400-800 

RPM, pullulan production increases (15-26 g/L) (Gibson & Coughlin, 2002; Gniewosz et 

al., 2013; J.-H. Lee et al., 2001). Lower sucrose concentrations at 5 and 10 g/L produced 

very little pullulan (Table 5.4). Most studies find that higher sucrose concentrations (50-

140 g/L) (Hong Jiang et al., 2018; Seo et al., 2014; Sheng et al., 2016), as well as high 

sugar waste materials (Lazaridou et al., 2002; Sharma et al., 2013; Thirumavalavan et al., 

2008) resulted in increased pullulan production levels above 30 g/L.  

5.3 CONCLUSION  

The results showed that initial sucrose concentrations had no influence on the ability 

of A. pullulans to change colony morphology. Irrespective of the sucrose concentration 

and size of fermentation, colony change from yeast-like to blastospores, swollen cells, 

chlamydospores, and hyphal structures was found to be occurred between 8-12 h of 

incubation. Change in morphology brought a marked decrease in pH of the media, with 

the largest decrease in pH between at this timepoint. Results of live cell count suggested 

that initial sucrose concentration may not have significant influence on the growth rate 
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during first 24 h. However, sucrose concentration seems to have significant effect on 

growth rate during longer incubation time. For example, between 28 to 48 h of 

incubation, 5 and 10 g/L sucrose resulted in decreased growth, increased pH, and 

utilization of BRIX sugars, while 50 g/L sucrose continued to decrease pH suggesting 

continued growth beyond 72 h is possible. Scale up to Bioflo showed similar trends in 

growth, but slightly lower cell counts and % BRIX sugar utilization. Results also 

indicated that the high level of initial sucrose concentration would lead to the production 

of high amount of pullulan. Longer growth trials show the importance of a higher sucrose 

concentration, which resulted in increasing pullulan production and sustained growth up 

to 72 h.  
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6. CHAPTER VI. SUMMARY AND CONCLUSIONS 

 

Glyceollin enriched soybean (GES) and pullulan are two products produced as the 

result of fungal fermentation. GES enhances the value of soybeans, as both an 

antimicrobial and health promoting metabolite (H. J. Kim, H.-J. Suh, C. H. Lee, et al., 

2010; Pham et al., 2019). Biopolymer formation of pullulan by Aureobasidium pullulans 

enhances the value of low-cost sugar substrates, such as soybean processing waste water 

(Al Loman & Ju, 2016), as the polymer is used as a film, bioplastic, and micelle 

(Leathers, 2003; Rishi et al., 2020; Singh et al., 2019). The main challenge associated 

with glyceollin production is low glyceollin titers, as well as high variation in titer 

depending on soybean variety or fungal strain (I. S. Park et al., 2017). The challenge 

associated with pullulan production from substrates such as wastewater is adequate 

sucrose environment for polymer formation (K. C. Cheng et al., 2011).  

In order to examine relationship of soybean variety to glyceollin production, 

varieties were acquired with broad maturity level. Two fungal spore inoculums 

(Aspergillus sojae and Trichoderma reesei) were also compared.  Soybean variety was 

found to have a significant impact to glyceollin titer at each timepoint from 24 h to 120 h 

for both fungal inoculums. At 96 h, total glyceollin increased with increasing maturity of 

genetically modified beans for both A. sojae and T. reesei. The highest yielding soybean 

variety for both fungal inoculums, AG69X6, also has highest maturity. Lower maturity 

conventional variety C226N show significantly lower glyceollin for T. reesei and A. 

sojae. C108N was the only soybean variety to have high glyceollin titer for A. sojae, but 
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significantly lower for T. reesei. This variety also had significantly higher total daidzein 

and genistein production, as compared to all other varieties inoculated with T. reesei.  

Use of A. sojae fungal mycelium in GYE did not result in glyceollin production, so 

spore inoculum was chosen to compare the two fungal strains. Previous results from our 

research team show T. reesei to result in highest titers from mycelial inoculum (Wootton, 

2019). Surprisingly however, our results show T. reesei spore inoculum resulted in 

significantly higher total glyceollin at 96 h compared to mycelial inoculum. This may 

have resulted from the 7-day incubation used for both fungal inoculums, as compared to 

48 h incubation used in previous study. Both fungal spore inoculum resulted in 

significantly higher total glyceollin after 24 h incubation compared to the control, except 

for one outlier soybean variety and fungal inoculum. Comparison of the two fungal spore 

inoculum shows T. reesei results in higher average total glyceollin as compared to A. 

sojae for all varieties except C108N. T. reesei especially showed significance at the 120 h 

incubation. Highest glyceollin titer occurred with variety AG69X6, and was 2.416±0.198 

for T. reesei at 120 h and 1.452±0.494 for A. sojae at 96 h. To our knowledge, this is the 

first study comparing the two fungal strains directly, and the first to show the advantage 

of T. reesei.  

Isoflavone analysis shows a similar decrease in glucoside isoflavones (daidzin and 

genistin), and a slight increase in aglycone isoflavones (daidzein and genistein) from 0 to 

96 h for both fungal inoculums for all varieties, but only with a few varieties for the 

control. This trend was apparent for all soybean varieties for both fungal inoculums, 

except with the outlier C108N inoculated with T. reesei, where a substantial increase in 

daidzein and genistein and very low glyceollin titer at 96 h was observed. While similar 
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isoflavone trends were apparent with each variety, they only correlated moderately with 

total glyceollin production. 

Soybeans susceptible to fungal disease were inoculated with A. sojae to further 

examine the effect of soybean variety on glyceollin titer. Compared to highest yielding 

maturity variety AG69X6, none of the susceptible soybean varieties resulted in 

significantly higher total glyceollin at 96 or 120 h. Susceptible soybeans showed much 

lower levels of total isoflavones, daidzin, and genistin; however, these varieties still 

showed similar trend with decreasing levels of glucosides and increasing levels of 

aglycones.  

To further enhance glyceollin titer, a co-treatment of fungal inoculum and UV light 

was examined on highest glyceollin yielding soybean variety AG69X6 using. A trial 

comparing A. sojae stock inoculum to 1:2 diluted A. sojae inoculum shows no significant 

difference between the two at 96 or 120 h for total glyceollin. As a result, we concluded 

that all UV light trials were comparable, even though each A. sojae inoculum had slight 

variation in fungal spore counts from hemocytometer and SFU/mL. 

Co-treatment of fungal inoculum and UV light was examined on both dehulled and 

hulled beans. De-hulled beans showed significantly higher total glyceollin for the co-

treatment as compared to hulled beans. Exposure times of 15, 10, and 5 minutes were 

also examined on dehulled beans for the UV light only treatment, A. sojae fungal spore 

inoculum treatment, and UV light and A. sojae spore treatments. The exposure time did 

not have a significant effect to total glyceollin; however, the co-treatment did show 

highest average total glyceollin at 15-minute UV exposure time.  
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Control, UV light only, A. sojae fungal inoculum only, and UV light + A. sojae 

spore elicitor treatments were compared. At each UV light exposure time, the co-

treatment resulted in highest glyceollin titers, followed by the fungal only treatment. UV 

light and control treatments were statistically similar. The co-treatment resulted in 

significantly higher total glyceollin at 10 minutes exposure time but was similar to the 

fungal only treatment at 15- and 5-minute UV exposure time at p<0.05. The success of 

the UV light and A. sojae elicitor treatment is promising to promote higher glyceollin 

titers and should be further researched to reduce variation in results. Additionally, 

dehulled soybeans and 15-minute UV light exposure time should be used for the co-

treatment parameters.  

Isoflavone analysis of the UV light and A. sojae inoculum co-treatment study 

shows that dehulled and hulled soybeans have different levels of aglycone isoflavones, 

daidzein and genistein. The hulled beans show a larger increase in both daidzein and 

genistein from 0 to 96 h, with very low total glyceollin for control, UV light only, fungal 

inoculum only, and UV + A. sojae spore treatment. This is similar to results for soybean 

variety C108N inoculated with T. reesei spores, where increase in daidzein and genistein 

were very higher, but glyceollin titer very low. Dehulled soybeans show decreased levels 

of glucosides daidzin and genistin from 0 to 96 h for all four elicitor treatments, with 

lowest levels shown at 96 h for the A. sojae fungal inoculum and UV light and A. sojae 

inoculum co-treatment. This result is similar to our study with soybean varieties of 

varying maturity. Unexpectedly, both daidzein and genistein decrease over 96 h for each 

of the four elicitor treatments. This was contrary to increase in daidzein for AG69X6 
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shown in our previous study with soybean of varying maturity level. While this result 

was unexpected, it did not seem to impact total glyceollin production.  

Aureobasidium pullulans fermentation in low sucrose concentration medium (0, 

5, 10, 15, 20, 25, and 50 g/L) show no significant difference in hemocytometer live cell 

counts over the first 24 h. This led us to the conclusion that it is possible for low sucrose 

concentrations (5 and 10 g/L) to support growth compared to 50 g/L for short 

fermentation time. To test the ability of A. pullulans to survive on low sucrose medium 

for long periods of time, a 72 h trial was carried out at larger flask size with sample 

points every 4 h during the day. Results suggest that 5 g/L can be utilized for 28 h, and 10 

g/L for 48 h before dead cell counts and pH rise to unsuitable levels. 50 g/L sucrose 

allowed for live cell count increase to 72 h, at a stable pH level of 3-4.  

Throughout the preliminary and batch trials, change in colony morphology was 

observed during hemocytometer counts during the first 12 h of fermentation. Yeast cell 

type was observed at 4 h, with larger swollen cells with buds and blastospheres appearing 

at 8 h. Chlamydospores, or cells with long germination tubes, were visible at 8 and 12 h, 

and even mycelial networks apparent at 12. These results align with the highly diverse 

morphological nature of A. pullulans (Dominguez et al., 1978).  

Trials in 5 L Bioflo were carried out in order to monitor pullulan production at 

low sucrose concentration (5 and 10 g/L) compared to 50 g/L. Results in growth kinetics 

were similar to batch and preliminary trials, with slightly lower over cell counts. We 

hypothesize that mixing conditions within the bioreactor may have been the cause. 

Pullulan production was shown to be significantly similar between the 5, 10, and 50 g/L 
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at 8 and 12 h. At 72 h, the 50 g/L had a significantly higher pullulan concentration. These 

results suggest that low sucrose concentration can support growth in the first 24 h, even 

up to 48 h at low 10 g/L sucrose. However, when pullulan production is desired, sucrose 

concentration of at least 50 g/L is necessary for extended fermentation time.  

Future work for glyceollin elicitation should include co-treatment with UV light 

and fungal inoculum. While there was no significant difference between 5, 10, and 15 

minute times – a potential long period of exposure up to 1 h could be tested. Scale up of 

the co-treatment should also be studied. The UV light exposure of 15 minutes with A. 

sojae fungal spore inoculum is recommended, with titers averaging over 3 mg/g. Scale up 

parameters could include fungal inoculation methods, mass soybean dehulling methods, 

large scale incubation, and keeping soybeans contaminant free during incubation process. 

Large scale production of glyceollin enriched soybeans (GES) would be beneficial for 

future research. GES can be utilized as an antimicrobial feed product, or a potential 

therapeutic agent for humans. Production of high level of GES will drive this research in 

the future. Testing antimicrobial efficiency of the GES could also be done using test 

microbes. Additionally, testing for antinutritional factors such as trypsin inhibitors would 

be useful, to determine if GES had lower concentration after fungal inoculation.  

Future work for production of pullulan should include determination of growth 

kinetics on soybean wastewater stream. A. pullulans has normal growth kinetics for the 

first 24 h with very low sucrose concentrations (5 g/L). For pullulan production, 50 g/L 

was suitable after fermentation for 72 h. The use of soybean wastewater should be 

studied at 5 L Bioflo level to best determine pullulan production. If this agricultural waste 

source can be utilized by A. pullulans, it would be a low-cost substrate for pullulan 
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production. Production of pullulan will be important into the future, as it becomes an 

alternative to plastics, films, and coatings that are currently produced from nonrenewable 

resources.  
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