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ABSTRACT
α-Glycerylphosphorylcholine (α-GPC) is a cognitive enhancer that accumulates in
fermentation media prepared from Canadian wheat cultivars during yeast fermentation. The
present study utilized four different Canadian wheat cultivars AC Andrew, AAC Brandon,
Transcend and CDC Utmost to produce α-GPC from fermentation. Fermentation by Saccaromyces
cerivaceae was conducted at a temperature of 37 °C for seven days (168 h) with samples collected
every 24 h. Samples were analyzed using proton nuclear magnetic resonance (1H-NMR) with
water suppression to quantify ethanol, acetic acid, lactic acid, succinic acid, glycerol, phenethyl
alcohol, betaine, and α-GPC. During fermentation of whole wheat, α-GPC accumulated in
fermentation media prepared from the four cultivars AC Andrew, AAC Brandon, Transcend and
CDC Utmost, but when the medium was pre-treated with the enzyme phospholipase A1, α-GPC
increased 26%, 23%, 8% and 37%, respectively. Maximum accumulation of 2.18 g/L of α-GPC
and 90.1 g/L of ethanol were observed while other useful coproducts also accumulated. Practical
applications of the results of this study involve producing α-GPC and ethanol from yeast
fermentation of Canadian Wheat Cultivars with simultaneous production of other useful
metabolites. Selection of wheat cultivars that accumulate optimum amounts of metabolites could
increase revenues for the ethanol industry and contribute to sustainable wheat economics.
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1.0 INTRODUCTION
Wheat is, perhaps, the most extensively adapted crop, being produced in over 100 countries
throughout the world, and is Canada’s largest crop by both acreage and mass with the majority of
its production in the Western Canadian prairie provinces (McCallum & DePauw, 2008). Wheat
has contributed to western Canadian economic development, with its production and sales
contributing about 11 billion dollars to the economy each year (NRC, 2017). In order to ensure
both sustainability and profitability of wheat production, there is a need for technology that adds
value and supports the total value of this crop (Cereals Canada, 2017).
Ethanol production by wheat fermentation serves both as an alternative market for wheat,
and a process that contributes positively to wheat production economics and utilization. The
Canadian ethanol industry produces about 1790 million litres of ethanol annually (Danielson,
2017), and most ethanol produced in western Canada is obtained from wheat (Li et al., 2012).
Several co-products accumulate during the manufacture of ethanol including thin stillage (TS),
distiller’s dried grains with solubles (DDGS), and wet distiller’s grains (Ratanapariyanuch, Shim,
Wiens, & Reaney, 2018). Increased revenue is obtained from the sale and utilization of these
coproducts (Ganesan, Rosentrater, & Muthukumarappan, 2006; Kim et al., 2007).
After fermentation, ethanol is recovered and whole stillage, a primary by-product that
contains fibre, oil, protein, yeast and unfermented grain, remains (Kim et al., 2007). Whole stillage
is centrifuged or screened and separated into a thin liquid stream with suspended particles (TS)
and wet distillers’ grains. A portion of the TS is often recycled or backset to start a new
fermentation, while wet distillers’ grain and TS are typically dried to make distiller’s dried grain
and distiller’s solubles, respectively; these are then sold as animal feed (Ganesan et al., 2006).
Moreover, DDGS and wet distiller’s grains have higher protein content than grains prior to
fermentation, and animals fed these nutrients show an increased average daily gain when compared
with animals fed control diets (Lim & Yildirim-Aksoy, 2008).
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The liquid portion of TS contains additional compounds such as glycerol, betaine, succinic
acid and α-glycerylphosphorylcholine (α-GPC, Ratanapariyanuch, Shim, Emami, & Reaney,
2016). The volume of TS is much greater than the volume of ethanol produced; hence, its
utilization is crucial as it could result in additional revenue and reduce waste and environmental
impact (Krzywonos, Cibis, Miśkiewicz, & Ryznar-Luty, 2009). Additionally, all of the
aforementioned compounds are marketable As examples, glycerol is used extensively in cosmetic,
food, tobacco, pharmaceutical and the pulp and paper industry (Wang, Zhuge, Fang, & Prior, 2001)
while succinic acid is a precursor of many essential chemicals in the pharmaceutical industry and
can be used in the production of several biodegradable polymers (Song & Lee, 2006).
Of specific interest to this thesis is the TS component α-GPC as it is a compound that has
value as a nutraceutical that can improve neuron function (Perri et al., 1991). When consumed in
diets, it acts as a precursor of acetylcholine and membrane phospholipids. Studies suggest that oral
ingestion of α-GPC improves the neuron membrane functionality (Perri et al., 1991). The positive
effects of α-GPC ingestion on psychiatric and neurological conditions are due to its ability to
replace lower concentrations of acetylcholine such as those encountered in Alzheimer’s disease,
bipolar affective disorder, and schizophrenia (Grimm et al., 2011). In healthy individuals
consumption of α-GPC mitigates memory deficit induced by scopolamine (Perri et al., 1991).
Patients consuming α-GPC exhibited superior cognitive performance in psychometric tests when
compared to cytosine diphosphocholine, a drug used in the treatment of cognitive defects (Perri et
al., 1991).
α-GPC rarely occurs in nature, but Ratanapariyanuch et al. (2011) discovered that wheat TS
remaining after fermentation and ethanol production was an excellent source of α-GPC. Currently,
α-GPC

is

produced

by enzymatic,

chemical

and

energy-intensive

processes from

phosphatidylcholine present in soy lecithin (Zhang, Liu, & Wang, 2012).

1.1 Hypothesis
α-GPC present in TS may be product of wheat phosphatidylcholine catabolism by yeast
phospholipase. The total concentration of α-GPC from TS may be increased by treatment
conditions and preparation of media from select wheat cultivars.
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1.2 Objectives
The research objectives involve identifying the metabolic source of α-GPC present in the coproduct TS remaining after wheat fermentation.
To determine the source of α-GPC in grain TS

I.

a. Determine if the wheat cultivars contribute uniquely to total α-GPC accumulation in
fermentation broth during distillation.
b. Determine if wheat bran or endosperm are the source of α-GPC that accumulates during
fermentation.
Optimization of α-GPC production from ethanol fermentation

II.

a. Determine if the addition of phospholipase A1 can increase the production of α-GPC
in fermentation broth.
b.

Determine if α-GPC is a product of wheat lecithin catabolism.
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2.0 LITERATURE REVIEW
2.1 Wheat and Its Constituents
Six hundred million tonnes of wheat are harvested annually, it is a common crop in many
countries, and is being used for food, feed, and fuel (Shewry, 2009). A large portion of wheat
grown worldwide is hexaploid bread wheat, while tetraploid durum wheat is grown to a lesser
extent (Shewry, 2009). Utility, adaptability and high yield have contributed to the global success
of wheat cultivation. Whole wheat grain has a starch content of 60–70%, and protein content of
about 8–15% (Shewry, 2009). Wheat is made up of three separable fractions, germ (2–3%), bran
(13–17%), and endosperm (80–85%) as shown in Figure 2.1 (Šramková, Gregová, & Šturdík,
2009). The endosperm supplies much of the nutrient required by the embryonic plant during seed
germination and early development (Tho & Osborne, 1919). It is mostly filled with starch to
provide energy for germination and has the highest starch content of the major seed structures
(Stevenson, Phillips, O’sullivan, & Walton, 2012).
The bran layer covers the entire seed and serves as a barrier to the environment. The
multilayered bran includes the testa, pericarp, hyaline, and aleurone layers (Stevenson et al., 2012).
The aleurone layer, the innermost layer of wheat bran (Chalamacharla, Harsha, Sheik, &
Viswanatha, 2018), contains proteins, vitamins, lipids, phytochemicals, and some starch (Xiong et
al., 2013). The aleurone layer constitutes about 50% of wheat bran; therefore, the majority of bran
layer nutrients are in the aleurone (Antoine et al., 2003). Ontogenically, the aleurone layer is part
of the endosperm as it is a tissue in the outermost seed layer; however, during conventional milling,
it is removed together with the bran (Antoine et al., 2003).
The germ is located at one end of the kernel, but it is small and can be physically
differentiated from other kernel parts through its yellow colouring (Tho & Osborne, 1919). The
germ has a high percentage of soluble carbohydrates consisting mainly of sucrose with little starch
(Stevenson et al., 2012).
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Figure 2.1 Structural composition of the whole wheat grain (Adapted with permission from Saulnier,
Sado, Branlard, Charmet, & Guillon, 2007)

2.2 Fractionation and Wheat Milling
Milling involves size recuction of whole wheat kernel followed by the separation of bran
from the germ. The latter is produced by sieving which produces an off-white refined flour that is
mainly endosperm tissue; this is lower in certain nutrients than whole grain (Chalamacharla et al.,
2018). As sieving enables separation of germ and bran from flour, the bran fraction contains many
phytonutrients, but the refined flour is comparatively lower in nutrients (Graham, Hollis, Migaud,
& Browne, 2009). Several factors influence milling efficiency and shelf-life of milled grain
products. Wheat bran is usually recovered after milling because of its nutrient composition, which
includes, phytochemicals, micronutrients, vitamins, minerals, and phosphorus (Barron, Surget, &
Rouau, 2007; Graham et al., 2009). These nutrients are beneficial as components in animal and
human nutrition. There are several reports of health benefits achieved through the consumption of
whole grain and wheat bran components (Brouns, Hemery, Price, & Mateo Anson, 2012;
Stevenson et al., 2012).
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2.3 Possible α-GPC Precursors from Wheat
It is possible that wheat phospholipids are the source of α-GPC that accumulates in
fermentation media. The total phospholipid component of wheat is distributed across the various
layers; lipids form about 1–2 % of the endosperm, 8–15% of the germ, and about 6% of the bran
(Colborne & Laidman, 1975); however, the phospholipid is only a small portion of the total lipid
content. Phospholipids are essential nutrients for animals, and the nature of their head groups
influences their physiological roles. Typically, phospholipids are amphiphilic; they are comprised
of fatty acid and phosphorus moieties attached by ester bonds to a glycerol backbone,
glycerophospholipids, or sphingosine, sphingophospholipids (Küllenberg, Taylor, Schneider, &
Massing, 2012). Phospholipid possesses both hydrophilic and lipophilic properties (Küllenberg et
al., 2012).
Glycerophospholipids have fatty acids esterified to a glycerol backbone attached to a
phosphate group and a hydrophilic residue. Choline-containing phospholipids constitute the
majority of wheat phospholipids; the terms lecithin is often used interchangeably with
phosphatidylcholine due to the dominance of the latter in lecithin (Küllenberg et al., 2012).

2.3.1 Lecithin
Lecithin is a phospholipid complex that includes phosphatidylcholine, phosphatidic acid,
phosphatidylethanolamine, phosphatidylinositol, and sphingolipids. Lecithin is typically
contaminated with glycolipids, triglycerides, and free fatty acids (John, Park, Lee, Suh, & Kim,
2015). Phosphatidylcholine is usually recovered as an extract of lecithin (Teberikler, Koseoglu, &
Akgerman, 2001), and free choline arises when the choline-phosphate bond in lecithin is cleaved
(Kates, 1955). Phosphate groups in phospholipids are typically negatively charged, and, as a result,
the molecule exhibits polar characteristics. As these groups are bound covalently to a diglyceride
the entire molecule is amphiphilic (polar and non-polar). This combination of properties imbues
amphiphilic properties and allows this molecule to participate in the formation of membranes.

2.3.2 Betaine and Choline
Betaine or trimethylglycine is one of the numerous nutrients found in grain. Feasibly, betaine
could be reduced to choline and incorporated into α-GPC. It functions as a methyl donor and an
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osmolyte (Likes et al., 2007). Betaine accumulates in plants as a response to abiotic stress including
in wheat, barley, and rye. There is no comparable accumulation in rice, millet and sorghum (Likes
et al., 2007).
Choline is a possible α-GPC precursor with a similar chemical structure to betaine. A portion
of dietary choline is oxidized irreversibly to betaine (Patterson et al., 2008). Choline is also
metabolic precursor of phosphatidylcholine and acetylcholine (Figure 1; Aboagye & Bhujwalla,
1999; Likes et al., 2007). Such metabolic pathways determine the cholinergic function of
compounds (Amenta, Parnetti, Gallai, & Wallin, 2001).
Wheat is a known dietary source of both betaine and choline; after milling wheat bran
fractions contain the majority of these constituents with insignificant amounts remaining in refined
white flour (Graham et al., 2009). Wheat bran has a greater betaine content than germ, while germ
has double the choline content of bran (Likes et al., 2007). Overall the betaine content of wheat is
higher than its choline content (Likes et al., 2007).
Corn, rice and oat have significantly lower betaine content than wheat. Wheat is an important
dietary source for betaine as well other sources including spinach, shellfish, and beet. These other
foods are typically consumed in smaller quantities than wheat (Likes et al., 2007). Of all wheat
choline precursors, free choline is more abundant than other choline derivatives; such as α-GPC,
phosphatidylcholine, phosphorylcholine and sphingomyelin. Betaine and choline content vary
with wheat cultivar. There are challenges to measuring total choline content as it occurs as a moiety
in many molecules (Graham et al., 2009).

2.4 Canadian Wheat Market Classes
2.4.1 Canadian Western Red Spring (CWRS) Wheat
The largest class of wheat grown in western Canada is CWRS with about 15 million metric
tonnes being harvested anually (Dexter et al., 2006). CWRS cultivars are associated with high
protein content, resistance to pre-harvest sprouting, and good milling performance (Dexter et al.,
2006). Cultivars of CWRS usually achieve a guaranteed protein content, ranging from 13.5%–
13.6% (Dexter et al., 2006) in Table 2.1. The CWRS cultivar AAC Brandon achieves a six percent
increase in yield, has half a day earlier maturity, and similar lodging and disease resistance when
compared to the check cultivar AC Carberry (SaskSeed Guide, 2017). CDC Utmost (CWRS) is a
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typical spring wheat cultivar, with mid-season maturity and erect growth habit (CFIA, 2018). It
has been described as one of the highest yielding CWRS varieties that possesses wheat midge
tolerance as an additional advantage (SaskSeed Guide, 2017).

2.4.2 Canada Prairie Spring Red (CPSR) Wheat
The CPSR wheat category was introduced in 1985 as a substitute for hard red spring wheat
with lower protein content as it was developed for markets that required good milling and baking
qualities without the need for high protein (Dexter et al., 2006). Annual CPSR production is about
1.5 million metric tonnes (Dexter et al., 2006). CPSR grain is relatively less expensive than CWRS,
but this price difference is offset by its higher yield potential; it has a 2% lower protein content
than CWRS cultivars (Dexter et al., 2006). CPSR cultivars are preferred for ethanol production
and used domestically in the Canadian feed industry because of its lower price (Dexter et al., 2006).
CPSR has higher starch content when compared to CWRS (Ahuja, Jaiswal, Hucl, & Chibbar,
2014). Hence this makes it advantageous to use this grain for ethanol production by fermentation.

2.4.3 Canadian Western Soft White Spring (CWSWS) Wheat
CWSWS wheat generally has a lower protein composition and a higher starch content; it has
been cultivated under irrigation to minimize its protein content (Dexter et al., 2006). Its production
is relatively low, less than ten thousand metric tonnes with none available for export, as compared
to other market classes (Dexter et al., 2006). The cultivar AC Andrew is a high yielding CWSWS
wheat that it is commonly used for ethanol production due to its high starch content (Saunders,
2010). It has excellent lodging resistance; about 129% of Carberry, and an intermediate resistance
to fusarium head blight (SaskSeed Guide, 2017).

2.4.4 Canadian Western Amber Durum (CWAD) Wheat
CWAD is the second largest class of western Canadian wheat cultivars, and its annual
production is about 5 million metric tonnes (Dexter et al., 2006). Durum wheat (Triticum durum)
is grown predominantly in Canada and North Dakota (USA), it is regarded as the highest quality
for the manufacture of pasta products (Onyeneho & Hettiarachchy, 1992). Durum wheat is
relatively adapted to dry soil conditions, and this results in the formation of hard kernels with
higher protein content (McCallum & DePauw, 2008). Transcend is a CWAD cultivar that is well
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adapted to production on the Canadian prairies (Singh et al., 2012). It has increased grain yield,
higher protein concentration, about 14.6%, and low grain cadmium concentration than the test
cultivar, AC Strongfield (Singh et al., 2012). It has a relatively strong straw, improved Fusarium
head blight resistance, and slightly more days to maturity than AC Strongfield (Singh et al., 2012).

Table 2.1 Characteristics of wheat from western Canadian market classes
Wheat Market Class

Grain Texture

Protein Content

CWRS

Hard

13.5%

CPSR

Medium hard

12.3%

CWSWS

Soft

9.9%

CWAD

Very Hard

14.4%

Canadian Grain Commission, 2017

2.5 Grain Fermentation
Fermentation is a biochemical process that utilizes microorganisms under anaerobic
conditions to convert carbohydrate to alcohol. Yeast is generally used for industrial fermentation;
however, yeast is not capable of lysing starch. Therefore, starch must be converted to fermentable
sugars prior to fermentation. Wheat is a very viable option for biofuel because its high starch
content is readily converted to sugar (Shewry, 2009). In western Canada wheat is the primary raw
material used for fuel alcohol production (Wang, Thomas, Ingledew, Sosulski, & Sosulski, 1997).
The starting material is either milled via wet milling or dry milling to increase surface area
and facilitate enzyme access to tissues. Wet milling is used for corn while dry milling can be used
for all other grain types. Typical dry milling require less capital equipment than wet milling
processes (Ramírez, Johnston, McAloon, & Singh, 2009). After milling, amylases are added to the
already gelatinized starch to convert it to glucose; a readily accessible carbohydrate that yeast
convert to ethanol. Ethanol is the primary product obtained from alcoholic fermentation, with
approximately 16.5–17 % (w/v) of fermentable sugar being consumed to obtain 10% (v/v) ethanol
(Cheynier, Schneider, Salmon, & Fulcrand, 2010).
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2.5.1 Gelatinization
Starch granules are tightly packed crystal structures that are inaccessible to enzymes and
resist the action of degradative enzymes. The structure of starch can be hydrated with heat and
moisture in a process called gelatinization. This step is required before liquefaction in
fermentation. Gelatinization is the physical reorganization and hydration of granular starch into
disorganized polymers that can be easily broken down by an α-amylase enzyme (Saunders, 2010).
Gelatinization of wheat starch usually commences at about 60 ºC, has a peak temperature of 64
ºC, and a final temperature of 68 ºC (Gupta, Bawa, & Semwal, 2009). Gelatinization temperature
varies among starch types, and it is determined, in part, by the ratio of amylose to amylopectin, as
low gelatinization temperature is associated with high amylose ratio (Saunders, 2010). In the
process of fermentation, energy conservation is essential. Hence starch with lower gelatinization
temperatures is usually favoured.

2.5.2 Liquefaction and Saccharification in Ethanol Production from Starch
The combination of liquefaction and saccharification processes convert starch into simple
sugars, mainly glucose that can be utilized by yeast in ethanol production. Starch is a major wheat
component, and its conversion into fermentable sugars is a prerequisite to ethanol production. This
process can be achieved by a combination of α-amylase and glucoamylase to ensure near complete
conversion of gelatinized starch to glucose; xylanases may be added after liquefaction to reduce
viscosity. This study measures ethanol accumulation throughout fermentation and investigates
possible by-product utilization. The planned utilization of α-GPC is as a nutraceutical and even
pharmaceutical; hence, there needs to utilize enzymes from a Generally Recognized as Safe
(GRAS) source.

2.5.2.1 α-Amylase
α-Amylase (EC 3.2.1.1) is a group of endo-hydrolase that catalyzes a reaction by cleaving
internal α-1,4-O-glycosidic linkages in starch to generate lower molecular weight hydrolysis
products such as glucose, maltotriose, dextrin, and maltose (Mobini-Dehkordi & Javan, 2012).
This enzyme is crucial for initiating starch hydrolysis (de Souza & e Magalhães, 2010). α-Amylase
is not capable of breaking down α-1,6 linkage and terminal glucose residues; hence, the end
products obtained contains both α-1,4 and α-1,6 linkages (Whitcomb & Lowe, 2007).
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2.5.2.2 Glucoamylase
Glucoamylase (EC 3.2.1.3) is used to release glucose that is not available after α-amylase
hydrolysis. It cleaves α-1,6-glycosidic bonds and remaining α-1,4-glycosidic linkages at nonreducing ends of amylose and amylopectin, yielding glucose (Sundarram, Pandurangappa, &
Murthy, 2014). It is quite distinct from the other types of amylases as it is highly effective in acidic
conditions, its optimum temperature is about 37 ºC.

2.5.3 Industrial Yeast
Yeast are naturally occurring unicellular fungi, there are numerous yeast species, but only a
few have been used in ethanol fermentation. Members of these species are facultative anaerobes
and can express pathways that support growth in aerobic and anaerobic metabolism;
Saccharomyces cerevisiae is the yeast most commonly utilized for commercial ethanol production
(Curry, 2009). Proteins, glycoproteins, polysaccharides, polyphosphates, nucleic acids, and lipids
are classes of macromolecules found in S. cerevisiae (Salvatore & Marinno, 2012).
Phosphatidylcholine is a major lipid constituent in S. cerevisiae, and it represents about 50% of its
total lipid composition (de Kroon, 2007).
Yeast optimum fermentation temperature is 37 ºC, therefore, fermentation media containing
simple sugars released by enzyme hydrolysis should be cooled to 37 ºC. Yeast fermentation
converts glucose molecules to ethanol and carbon dioxide by yeast activity. Yeast used in
commercial ethanol production are selected based on their ability to increase ethanol yield, their
tolerance of ethanol, and the tolerance of low pH (Mohd Azhar et al., 2017). S. cerevisiae KL
strains, for example, were reported to produce a high level of ethanol during fermentation, and can
efficiently convert both glucose and galactose to ethanol (Jang, Lim, & Kim, 2014; Mohd Azhar
et al., 2017), and as a result, this strain will be used. Up to 15% ethanol could be produced through
this fermentation with the simultaneous release of carbon dioxide, which would reduce pH during
and after fermentation

2.5.3.1 Yeast Phospholipase
Phospholipases are enzymes that catalyze the breakdown of phospholipids. Phospholipases
A1, A2 and B can specifically hydrolyze acyl ester bonds of glycerophospholipids. Phospholipid
hydrolysis by these enzymes hydrolysis frees fatty acid molecules and other phospholipids
components like choline (Fido et al., 1995).
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In yeasts cell metabolism the pathway for phosphatidylcholine is tightly controlled preferably
where excess phosphatidylcholine is degraded to α-GPC. This pathway is increased in the presence
of choline or at high temperatures (Merkel, Oskolkova, Raab, El-Toukhy, & Paltauf, 2005). The
degradation shows that there is a correlation between phospholipid synthesis and degradation
pathways (Merkel et al., 2005). A few types phospholipase have been characterized in yeast;
phospholipase D in S. cerevisiae has been associated with sporulation activity, while
phospholipase C has been linked to halo tolerance (Merkel et al., 2005). Phospholipase B in yeasts
have been associated with several functions as they can act as a form of digestive enzyme by
hydrolysing phospholipids to fatty acids and glycerides, but they have not been associated with
cell growth (Merkel et al., 2005).
When choline is introduced to the culture medium of S. cerevisiae, phospholipase B can
deacylation phosphatidylcholine to α-GPC (Dowd, Bier, & Patton-Vogt, 2001). The genome of S.
cerevisiae used for industrial ethanol production encodes phospholipase B genes (Dowd et al.,
2001).

2.5.4 Supplementary Fermentation Nutrient
The absence of nitrogen in fermentation is a frequent cause of a stuck fermentation, and this
can be avoided by the addition of supplementary nitrogen sources (Kemsawasd, Viana, Ardö, &
Arneborg, 2015). In previous years, supplementary nitrogen sources were in the form of
ammonium salts, but recently that has been changed to using amino acids (Kemsawasd et al.,
2015). In industrial ethanol plants, supplementary nitrogen is added in the form of urea; it increases
the number of amino acids available to the yeast cells (Broach, 2012).

2.6 Ethanol Production from Fermentation
Ethanol is produced by yeast (S. cerevisiae) fermentation through a pathway described in
Figure 2.2, and this is a metabolic process that utilizes sugar-containing plant extracts to produce
a wide range of products such as; wine, beer, and purified ethanol. Corn, sugarcane, wheat and
biomass feedstocks are used for biofuel production (Dexter et al., 2006). Grain is preferred because
of its high carbohydrate content (Dexter et al., 2006); although, their availability for ethanol
production is relative to geographical location and economics.
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Currently, about 50 million tonnes of grain are produced, and exports are about 24 million
tonnes (Canadian Greenfuel, 2017). Using grain for fuel ethanol fermentation is less viable in parts
of the world that lack adequate supplies of food and feed grain to feed their populations. In these
places other sources of carbohydrate have been investigated as feedstocks for domestic ethanol
production. Cellulosic biomass from forest residues, for example, is being considered as feedstock
for ethanol production (Kang, Appels, Tan, & Dewil, 2014). In North America, the bulk of ethanol
production is from corn, barley, and wheat (Gibreel et al., 2009).
Ethanol use ranges from biofuel, a solvent for various industrial applications, beverage
ingredient, disinfectant, cleanser, and pharmaceuticals product. Its specific use is dependent on the
grade of ethanol. Maximizing profit from this process necessitates the effective utilization of byproducts.

Figure 2.2 Pathway for ethanol production from Saccharomyces cerevisiae utilizing glucose as a
substrate (Adapted with permission from Henningsen et al., 2015). ACS, acetyl-CoA synthetase;
ADA, acetaldehyde dehydrogenase (acetylating); ADH, alcohol dehydrogenase; ALDH, nonacetylating acetaldehyde dehydrogenase; GPD, glycerol-3-phosphate dehydrogenase; G6PDH,
glucose-6-phosphatedehydrogenase; DHAP, dihydroxyacetone phosphate; G3P, glycerol-3phosphate; GAP, glyceraldehyde 3-phosphate
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2.6.1 Fermentation Co-Products
Ethanol production generates by-products such as thin stillage (TS) and wet grains. These
products can be fed directly to animals. For example, TS can be supplied to cattle as a source of
water (Mustafa, McKinnon, & Christensen, 2000). To preserve these wet feed products, they are
further processed by drying to distillers’ solubles (DS) and distillers’ dried grains with solubles
(DDGS) (Ratanapariyanuch, Shim, Wiens, & Reaney, 2018). TS is a liquid by-product from grain
ethanol production that contains glycerol which cannot be further fermented by industrial yeast
strains of S. cerevisiae. When TS is dried, the resulting syrup is called DS. Through yeast-based
fermentation about two-thirds of each tonne of grain is converted to ethanol and carbon dioxide,
while the remaining co-product is a slurry that can be dried to a protein-enriched concentrate
(Ratanapariyanuch, Shim, Emami, & Reaney, 2016). DDGS is used as livestock feed
(Ratanapariyanuch, Shim, Wiens, & Reaney, 2018).
The protein content of these products determines their value, which is reflected in its price.
A significant increase was observed in the average daily gain of animals fed with the DDG in
comparison to controls (Mustafa et al., 2000). The use of DDG and DDGS is not restricted to
ruminant animals, as studies have shown positive effects in poultry, swine and aquatic animals
(Choi, Rahman, & Lee, 2014). The positive impact of such feeds can be improved when limiting
amino acids are added (Lim & Yildirim-Aksoy, 2008); TS has a positive correlation with the
increase in weight and improvement of animal wellbeing.
TS is produced simultaneously with ethanol, and if it were not utilized, it could become a
source of pollution which would be quite challenging to treat because of its low pH and high
organic content (Hsieh et al., 2005). Therefore, recovery of this valuable resource reduces pollution
from distillers and maintains the economic viability of ethanol production (Sanchez-Gonzalez,
Cameleyre, Molina-Jouve, Goma, & Alfenore, 2009). TS contains a mixture of particles, some
original material from the grain that is mostly unchanged during fermentation, unfermented grain,
components added to the medium to promote fermentation as well as the remains of fermentation
organisms such as cell material and products of cellular metabolism (Prevost et al., 2011).
Fermentation practices can be similar irrespective of the starting material utilized, TS is a
creamy liquid that contains several organic solutes; there are usually differences in composition
based on carbohydrate sources. In addition to differences in the type of grain used in producing
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ethanol grain quality can also affect stillage composition (Ratanapariyanuch, Shim, Wiens, &
Reaney, 2018).

2.6.1.1 Determination of Fermentation Products with Nuclear Magnetic Resonance
Nuclear magnetic resonance (NMR) can be used for the study of most compounds that
contain atoms with spin, primarily protons, carbon and phosphorous. NMR utilizes the magnetic
spin properties of atomic nuclei and can characterize molecular, structural and chemical properties
of compounds. NMR chemical shift and pattern of resonances provides substantial information
regarding structures. NMR spectroscopy can provide useful biochemical information, but there is
a need for solvent suppression for samples that contain a large amount of water (Ratanapariyanuch
et al., 2011).
For this research, the focus will be the identification of α-GPC from wheat fermentation;
hence, 1H-NMR with water suppression will be used. TS samples analyzed with HPLC did not
show α-GPC, but NMR enabled the direct observation of this compound (Ratanapariyanuch et al.,
2011). Conversely, other stillage components such as lactic and acetic acid were quantified with
both 1H-NMR and HLPC.

2.7 Fermentation Kinetics
Fermentation is a complicated process that involves several unit operations and the action of
biological organisms. Fermentation progress and efficiency are usually affected by factors such as
microbiological parameters (inoculum size and vigour), temperature, nutrients, and oxygen (Bely,
Sablayrolles, & Barre, 1990). The rate of alcohol production by yeast is affected primarily by the
rate of sugar intake, and glucose is utilized more rapidly than fructose in the course of fermentation
(Wang, Xu, Hu, & Zhao, 2004). Modelling in fermentation is useful as it helps to predict, control
and understand normal fermentation, deviations in fermentation progress, and product formation
(Wang et al., 2004). Several mathematical models were developed for predicting and analyzing
fermentation progress, but model parameters should also be designed to reflect meaningful aspects
of fermentation progress. Meaningful models are available that reflect the non-linear progress of
fermentation (Wang et al., 2004).
There are several classes of fermentation kinetic models, and they can be divided into growth
models, substrate models, and a product models (Wang et al., 2004).
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2.7.1 Growth Model
Predictive growth models have been used extensively to predict fermentation progress, and
they are often used in the description of yeast substrate transformation or product formation.

2.7.1.1 Monod Growth Model
The Monod model, often described as the most unstructured model, is widely used and is
useful for describing fermentation where growth is substrate limited (Farah, Jameel, Kamarudin,
& Mel, 2011). Fermentation mass balance, substrate utilization and product formation can all be
described by this model (Farah, Jameel, Kamarudin, & Mel, 2011), showed as following equation:
Equation 2. 1 Monod growth model

𝑆
𝑈 − 𝑈𝐾𝑚𝑎𝑥
𝑠 +𝑆
Where, U is the specific growth rate (h-1), S is substrate concentration (g/L), Ks is Monod
constant and Umax is defined as the growth rate (Farah, Jameel, Kamarudin, & Mel, 2011).

2.7.1.2 Modified Monod Growth Model
The Monod model has been modified extensively to suit different applications, in equation
2.2 the effect of initial substrate concentration on product formation is considered (Farah, Jameel,
Kamarudin, & Mel, 2011) . In the original model, the effect substrate utilization on product
formation is considered without taking into account initial substrate concentration (Farah, Jameel,
Kamarudin, & Mel, 2011) . The modified growth model can also correlate growth data from
different situations, but unfortunately, this model cannot account for the lag phase which is very
important in biological organisms and fermentation (Fredrickson, 2000).
Equation 2. 2 Modified Monod Growth Model

𝑈−

𝑈𝑚𝑎𝑥𝑆
𝐾𝑠𝑆0 +𝑆

Where, U is the specific growth rate (h-1), S is substrate concentration (g/L), Ks𝑆0 is Monod
constant and Umax is defined as the growth rate.

2.7.1.3 Gompertz Model
Gompertz growth curve accommodate a lag phase, followed by an exponential phase and
finally a decreasing growth rate to zero where the cells are dead or quiescent as shown in Figure
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2.3 (Zwietering et al., 1991). Gompertz model was first applied in 1825 when Gompertz used it to
describe the relationship between increasing death rate and age (Tjørve & Tjørve, 2017).

Figure 2.3 Shape and characteristics of the Gompertz model showing the maximum growth and the
point of inflection (Adapted with permission from Tjørve & Tjørve, 2017).
This model has been widely used in many aspects of biology to describe growth. The three
parameters can be modified by re-parameterization to suit different applications (Tjørve & Tjørve,
2017). Equation 2.3 is one of the re-parameterizations of the Gompertz model, and it is more
commonly used than other versions.
Equation 2. 3 Re-parameterizations of the Gompertz Model

𝑊(𝑡) = 𝐴𝑒𝑥𝑝(− exp(−𝑘(𝑡 − 𝑇)))
Where, W(t) is an expected value as a function of time, t is time, A represents the upper
asymptote, k is a growth-rate coefficient, and T represents time at inflection. The T parameter
usually shifts the growth rate without changing the curve’s shape, while the A and k parameters
are shape parameters (Tjørve & Tjørve, 2017).
The Zwietering modification is generally referred to as “modified Gompertz,” shown in
equation 2.4 and it is typically used to model the growth of biological organisms in the food
industry (Tjørve & Tjørve, 2017).
Equation 2. 4 Modified Gompertz model
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𝑒𝑥𝑝.𝐾

𝑊(𝑡) = 𝐴𝑒𝑥𝑝(− exp (

𝐴

(𝑇𝐿𝑎𝑔 − 𝑡) + 1))

Where, K is the absolute growth rate at time (t), TLag, termed the “lag time”, which is
interpreted as the time required for a population to adapt to a new environment. A is maximum
productivity. This modification implies that the A (upper asymptote) does not affect measured
parameters (Tjørve & Tjørve, 2017). Accumulation of fermentation products by S. cerevisiae
cultures was successfully described using the modified Gompertz with a very high correlation
0.996 (Olaoye & Kolawole, 2013). This model has been modified by equation 2.5 to fit
fermentation data as variables of the original equation cannot be used to explain fermentation.
Equation 2. 5 Modified Gompertz model for Fermentation
𝑔
𝑅𝑚𝑎𝑥𝑒 ∗ 𝑒𝑥𝑝(1)
(𝐿𝑒 − 𝑡) + 1]
𝐹𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 ( ) = 𝐴𝑚𝑎𝑥𝑒 ∗ 𝑒𝑥𝑝{− exp [
𝐿
𝐴𝑚𝑎𝑥𝑒
Where, Amaxe is the potential maximum ethanol accumulation (g/L), Rmaxe is the maximum
ethanol productivity rate or productivity (g/L/h), and L𝑒 is lag phase or the time to exponential
ethanol accumulation (h).

2.8 Compounds Recovered from Fermentation
There are several commercially useful compounds, including succinic acid, lactic acid,
glycerol, betaine, acetic acid, and α-glycerylphosphorylcholine (GPC) that may be recovered from
ethanol production (Ratanapariyanuch et al., 2011). These compounds might not be readily
available in nature, or energy-intensive chemical processes might currently produce them;
therefore, if these chemical intermediates can be readily obtained the value of ethanol production
could increase.

2.8.1 Acetic Acid
Acetic acid is a colourless liquid organic compound, and it is an essential industrial
compound used for production of cellulose acetate, synthetic fibres, and fabrics. It is a component
in most household cleaning agents, and it is the main component in vinegar (Manning & Hutten,
1990)Studies have suggested that accumulation of acetic acid over time reduces fermentation by
acidification of the cytoplasm and modifying specific glycolysis enzymes (Saunders, 2010).
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2.8.2 Lactic Acid
Industrially, the accumulation of lactic acid is monitored, as its production is between 0.2–
0.8% (w/v) during fermentation with S. cerevisiae; as yeast generates small quantities of lactic
acid from metabolism (Wang et al., 2007). Lactate accumulation via metabolism is usually limited,
but when there is contamination by Lactobacilli, lactic acid accumulation can increase to
concentrations that inhibit ethanol production as these bacteria convert glucose to lactic acid (Bai,
Anderson, & Moo-Young, 2008)

2.8.3 Succinic Acid
Succinic acid is a commodity chemical intermediate which is generally derived through
fermentation of agricultural products (Zeikus, Jain, & Elankovan, 1999). It is used in production
of detergents, foaming agents, ion chelator in electroplating, flavouring agents, and acidulants
(Zeikus et al., 1999). It is also a precursor of many essential chemicals in the pharmaceutical
industry, and in the production of several biodegradable polymers (Song & Lee, 2006). Succinic
acid is a metabolite that is found in plants, microorganisms and animals; many microbes which do
not utilize oxygen produce succinate as a primary outcome of energy metabolism (Zeikus et al.,
1999). The price of succinic acid is about 7.50 dollars per kg (Giuliano, Cerulli, Poletto, Raiconi,
& Barletta, 2016), but this price varies and it is determined by product purity (Zeikus et al., 1999).

2.8.4 Glycerol
Glycerol (1,2,3-propanetriol) is an industrial chemical with many applications; it can be used
in the manufacture of various chemicals, polymers, and fuels (Pagliaro, Ciriminna, Kimura, Rossi,
& Della Pina, 2007). It can also be used as an antifreeze agent, monomers for textiles, detergents,
and a monomer for textiles(Pagliaro et al., 2007). Heating fats in the presence of ash is an
antiquated process for glycerol production (Pagliaro et al., 2007), but there are alternative means
of its production from by-products of biodiesel manufacture or in fermentation. Glycerol is a major
by-product from Saccharomyces fermentation and it accumulates in stillage during fermentation
at 1% (w/v) (Wang et al., 2007). Glycerol accumulates as a response to osmosis stress during yeast
fermentation, helps to maintain redox balance and its accumulation may result in reduced ethanol
yield (Saunders, 2010).
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2.8.5 Betaine
Betaine, a methyl derivative of the amino acid glycine, is a component of many foods. It has
numerous physiological functions in plants including protecting cells against osmotic inactivation
(Likes et al., 2007). As an osmolyte in plants, it protects cells and enzymes from abiotic stress, and
as a methyl donor, it participates in the methionine cycle in human liver and kidney (Craig, 2004).
Betaine can also be used as a dietary supplement in animal feed, and it has been added to farmed
fish as an osmolyte to prevent stress from changing salinity (Craig, 2004).
Betaine concentrations of about 1.03 g/L in TS, and betaine can be obtained from TS obtained
from wheat fermentation; this compound was only detected by NMR and not HPLC
(Ratanapariyanuch et al., 2011).

2.8.6 α-GPC
α-GPC, a dietary source of choline, comprised of a single molecule that includes choline,
glycerol, and phosphate moieties linked through ester bonds; it can be considered to be a derivative
of phosphatidylcholine that lacks acyl groups. As it is a precursor for the neurotransmitter
acetylcholine, α-GPC serves as a cognitive enhancer for treatment of Alzheimer’s disease and a
range of other conditions where nerves have been damaged (Amenta, Parnetti, Gallai, & Wallin,
2001; Bang, Kim, & Kim, 2016). α-GPC can be used as a supplement for improving brain function,
enhancing memory, creativity, and motivation in healthy individuals (Zhang, Wang, & Liu, 2012).
It possesses several benefits for all age categories, and it is capable of transferring choline to the
brain from the blood (Zhang, Wang, et al., 2012).
It was observed that α-GPC facilitates the release of human growth hormone, supports the
reconstruction of nerve, and cell membrane components (Amenta, Parnetti, Gallai, & Wallin,
2001). Clinical trials did not validate that utilization of choline and lecithin are useful in
Alzheimer’s disease management, but administering of α-GPC resulted in a significant slowing in
deterioration of a patient’s condition (Amenta, Parnetti, Gallai, & Wallin, 2001).

2.8.6.1 Production of α-GPC
α-GPC occurs naturally in the body, but it is not readily found in its free form in nature;
although, it can be prepared chemically by hydrolysis of phosphatidylcholine or dehydration in a
reaction between phosphocholine donors and glycerol derivatives (Bang, Kim, & Kim, 2016).
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When a compound is to be administered as a drug, there are many factors to be considered
with safety being the most important. Chemical reactions, chemical alcoholysis, solvent extraction,
and enzymatic synthesis involved in the production of α-GPC have challenges that include toxicity
of catalysts and substrates (Bang et al., 2016, Zhang et al.,2012)
Enzymatic reactions can produce α-GPC, and this route of synthesis is generally preferable
as it does not use chemical reagents. Enzymatic processes generally progress under milder
conditions, and usually, phosphatidylcholine is hydrolyzed with phospholipase A1 alone to
produce α-GPC (Bang, Kim, & Kim, 2016), although, sn-1,3 specific lipase and phospholipase A2
can also be used in the hydrolysis to produce α-GPC (Zhang, Wang, et al., 2012).

2.8.6.2 Enzyme Phospholipase A1
Phospholipase A1 (EC 3.1.1.32) enzyme is, in part, responsible for phospholipid breakdown,
it hydrolyzes the ester bonds, and it produces 2-acyl-lysophospholipids and fatty acids. (Aoki,
Inoue, Makide, Saiki, & Arai, 2007). Extracellular phospholipase A1 molecules belong to the
pancreatic lipase gene family, and similar enzymes are conserved in a range of organisms from
insects to mammals, and they are characterized based on their function (Aoki et al., 2007).
Phospholipase A1 hydrolyzes L-phosphatidylcholine but not D-phosphatidylcholine and
triacylglycerol; this attribute distinguishes phospholipase A1 from other lipases (Aoki et al., 2007;
Scandella & Kornberg, 1971). This enzyme has been reportedly used in the synthesis of α-GPC
from food grade soy lecithin (Zhang, Wang, et al., 2012). This enzyme is readily accessible, has a
low cost, and it is has a very high catalytic efficiency (Zhang, Wang, et al., 2012). It is a part of a
subgroup of phospholipase isoenzymes with L-acyl hydrolytic activity.

2.8.6.2.1 Precursor Phosphatidylcholine
Phosphatidylcholine is an essential lipid in eukaryotic cells, and its degradation involves the
hydrolytic cleavage of two fatty acids to produce α-GPC (Wang, Killian, & Chapman, 1981). αGPC has been formed by the degradation of lecithin; this also serves as an immediate precursor
for its formation (Wang et al., 1981). Choline kinase has been described as a regulatory enzyme in
the synthesis of phosphatidylcholine, and the gene for choline kinase synthesis has been extracted
from S. cerevisiae (Kent, 1990).
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The pathway for conversion and production of α-GPC is usually preceded by
phosphatidylcholine, and enzymatic synthesis of α-GPC is characterized by hydrolysis of
phosphatidylcholine (Zhang, Wang, et al., 2012)
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3.0 PROTON NMR ANALYSIS OF WHEAT MASH DURING
SACCHAROMYCES CEREVISIAE FERMENTATION
Nuclear magnetic resonance (NMR) can be used for identification of compounds that have
atoms with nuclear spin. It utilizes the magnetic properties of atomic nuclei and can determine
both the physical and chemical properties of molecules. Magnetic resonance spectra can be used
to identify various types of compounds if they contain a nucleus with spin; the chemical shift and
pattern of peaks in NMR spectra provides substantial information regarding analytes. NMR
spectroscopy can provide useful information regarding biochemical processes. The products of
ethanol fermentation are mostly water, and the proton resonance of water is so strong with respect
to other resonances in the spectrum that there is a need to suppress this signal so that other signals
can be appropriately analyzed (Ratanapariyanuch et al., 2011).

3.1 NMR Methodology
NMR spectra were recorded at 600 MHz with water suppression to quantify ethanol, α-GPC,
lactic acid, acetic acid, succinic acid, betaine, glycerol, and phenethyl alcohol (PEA) during
fermentation. Water resonance present in the spectra was suppressed using Double Pulse Field
Gradient Spin Echo (DPFGSE) excitation as shown in (Figure 3.1) and analysis as provided by the
Bruker XWIN-NMR software (Bruker, Mississauga, ON, Canada). Samples were collected every
24 h for seven days of fermentation, and before analysis, samples were centrifuged (Beckman
Coulter Canada Inc, Mississauga, ON, Canada) at 10,000 rpm for 10 min. Supernatant was filtered
with a 0.45 um PTFE filters (Pall Corp, Ann Arbor, MI), and 0.5 mL was measured into a clean
NMR tube. Deuterium oxide (50 µL of D2O, 99.8%) was mixed with each sample to provide a
locking signal, 40 µL of pyrazine (C4H4N2) was added as an internal standard and 500 µL of
filtered sample was pipetted into each NMR tube. 1H-NMR spectra were averaged from sixteen
pulses, and quantitation was achieved by comparing the area of pyrazine to each of the peaks of
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of interest. Data are expressed with units of g/L.

Figure 3.1 Bruker NMR 600 MHz used in the quantification of fermentation products

3.1.1 Identification of Compounds by 1H-NMR Resonances
The following compounds were detected during fermentation; ethanol, α-GPC, lactic acid,
acetic acid, succinic acid, betaine, glycerol, and PEA, and their respective positions on the spetrum
has been shown in Table 3.1. The ethanol resonance observed in the 1H-NMR spectra was at 1.07
ppm and this was based on the -CH3 proton. α-GPC was observed at 3.05 ppm based on the
resonance of the N-CH3 protons, betaine was observed at 3.08, and this was also contributed by NCH3 proton resonance. Lactic acid and acetic acid methyl proton resonances occurred at 1.25 and
1.95 ppm, respectively and they were both identified with the -CH3 protons. Succinic acid -CH2
protons were observed at 2.5 ppm, glycerol was quantified by CH2O proton resonances at 3.45
ppm, and PEA was identified at 7.2 ppm with the resonances of aromatic protons (Figure 3.2).
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α-GPC

Betaine

α-GPC
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Acetic acid

Lactic acid
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Ethanol

Glycerol
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Phenethyl alcohol

Succinic acid

Phenethyl alcohol

Figure 3.2 Chemical structure of compounds identified from fermentation

6
6

25

Table 3.1 1H-NMR spectra on compounds identified during fermentation
Compounds

Peak positions (ppm)

Ethanol (-CH3)

1.07 triplet

α-GPC N(CH3)3

3.05 singlet

Lactic acid (-CH3)

1.25 doublet

Acetic acid (-CH3)

1.95 singlet

Succinic acid (-CH2)

2.5 singlet

Betaine N(CH3)3

3.08 singlet

Glycerol (CH2)
PEA(-C6H5)

3.45 doublet
7.2 multiplet

Pyrazine (Internal Standard)

8.5 singlet

3.2 Thin Stillage (TS) Spectra
The experiment was designed to quantify α-GPC accumulation during grain fermentation. As
a preliminary step, TS samples were obtained from North West Terminal Ltd. (Unity, SK) an
industrial ethanol plant. Figure 3.3 shows a typical spectrum obtained from TS; this verifies the
presence of α-GPC during fermentation.

α-GPC

α-GPC

Figure 3.3 NMR spectrum from industrial TS showing the α-GPC-N(CH3)3 resonance
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3.3 Wheat Grain Spectra
Wheat phospholipids were extracted using the Folch method described below (Eggers &
Schwudke, 2016). Wheat flour (100 g) was mixed in 1.9 L of chloroform: methanol (2∶1, v:v)
mixture. This sample was then homogenized, and 380 mL of water (0.2) was added to the mixture
to induce phase separation. The lower phase, which is rich in lipids, was then collected for analysis
by 1H-NMR (Figure 3.3). This method is used to extract 90 % of the phospholipid present in a
biological matrix (Eggers & Schwudke, 2016). Sample spectra (Figure 3.4) were used to determine
the wheat grain phospholipid concentration. Betaine was found in the wheat grain sample which
agrees with literature that suggests that betaine is present in whole wheat (Likes et al., 2007).

Betaine
Ethanol extraction on wheat grain

Methanol extraction on wheat grain
70%

Industrial thin stillage

α-GPC

Figure 3.4 NMR spectrum of wheat grain and thin stillage showing N(CH3)3 proton resonance
region. Blue broken line represents the betaine peaks while red broken line represents α-GPC peaks
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Wheat is a known source of betaine and choline, and the bran fraction contains the majority
with insignificant amounts remaining in refined white flour (Graham et al., 2009). Wheat bran has
a greater betaine content than its germ, while germ has double the choline content of bran (Likes
et al., 2007).

3.4 NMR Analysis of Mash during Liquefaction
After the wheat grain was sampled to determine the grain α-GPC content, spectra were
compared to those from an industrial thin stillage (TS) samples (Figure 3.4). The fermentation
method was designed to mimic industrial practices; therefore, enzyme samples were obtained from
a commercial ethanol facility (North West Terminal Ltd., Unity, SK). After determining the
presence of α-GPC in industrial TS samples, the next experiment was to replicate the same
fermentation in the laboratory in a 1 L scale (Figure 3.5).

Transcend

AAC Brandon

AC Andrew

CDC Utmost

Figure 3.5 Laboratory scale (l L) fermentation obtained when utilizing Canadian wheat cultivars
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Spectra were collected to determine the progress of liquefaction when gelatinized wheat
starch was subjected to α-amylase for 60 min with samples taken at 20, 40, and 60 min (Figure
3.6). There was no evidence of α-GPC accumulation or release during liquifaction.

20 min α-amylase treatment

40 min α-amylase treatment

60 min α-amylase treatment

Figure 3.6 Proton NMR spectra of gelatinized wheat starch treated with α-amylase to observe the
liquefaction
Spectra were also recorded after liquefaction and after 15- and 30-min xylanase activity
(Figure 3.7). There was no evidence of α-GPC in the medium these spectra.

15 min xylanase treatment
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30 min xylanase treatment

Figure 3.7 Proton NMR spectra of fermentation media during xylanase treatment
At this time after liquefaction (Figures 3.6 and 3.7) no ethanol had accumulated, and α-GPC
peaks were not evident as shown in Figure 3.7. It is possible that α-GPC proton resonances were
masked by those of sugars. Some α-GPC accumulation or release might occur at this time, but this
cannot be measured as the peaks were below the detection limit.
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Where
1=ethanol,
ethanol,
2= acid,
lactic
acid,acid,
3= 4=acetic
acid,
succinic
acid, 7=glycerol
5= α-GPC,
6=internal
betaine,
Where 1=
2= lactic
3= acetic
succinic
acid, 4=
5= α-GPC,
6= betaine,
and 8=
standard pyrazine. (see table 3.1)

7=glycerol and 8= internal standard pyrazine (see Table 3.1).
Spectra obtained after 24 hours fermentation include α-GPC peaks (Fig 3.8). This validates
previous studies of industrial thin stillage where α-GPC was first identified. Laboratory scale

30

fermentation can be used to show the presence of α-GPC and possibly study changes in the
concentration of this molecule.

Spectra obtained after 24 h fermentation include α-GPC peaks (Figure 3.8). This validates
previous studies of industrial TS where α-GPC was first identified. Laboratory scale fermentation
can be used to show the presence of α-GPC and possibly study changes in the concentration of this
molecule.
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4.0 PRODUCTION OF ⍺-GLYCERYLPHOSPHORYLCHOLINE AND
OTHER COMPOUNDS FROM WHEAT FERMENTATION
4.1 Abstract
Liquified mash of milled grains from the Canadian wheat cultivar, AC Andrew, was
fermented to determine if α-glycerylphosphorylcholine (α-GPC) accumulated and if accumulation
was dependant on fermentation related factors. Fermentation was conducted at a temperature of
37°C for seven days (168 h) with samples collected every 24 h. Samples were analyzed using a
proton nuclear magnetic resonance (1H-NMR) water suppression pulse sequence to allow the
quantitation of ethanol, acetic acid, lactic acid, succinic acid, glycerol, PEA, betaine, and α-GPC.
A Gompertz model was used to interpret fermentation kinetics for each analyte, and during
fermentation ethanol accumulated to a concentration of 72.1 g/L while of α-GPC accumulated to
1.68 g/L over 72 h. There were significant and positive correlations between the accumulation of
α-GPC, ethanol, lactic acid and glycerol and acetic acid production. Furthermore, there were no
significant negative correlation between the productions of these compounds, so all the compounds
accumulated during fermentation were produced simultaneously with no observed decrease in any
compound measured. This indicates that α-GPC can be successfully produced industrially without
a negative impact on ethanol or other useful compounds.
Abbreviations: α-GPC, glycerylphosphorylcholine; WWF, whole wheat fermentation; ELF,
endosperm

layer

fermentation;

PLF,

phospholipase

A1

fermentation;

PCF,

L-α

phosphatidylcholine fermentation

4.2 Introduction
Wheat (Triticum aestivum L.) is Canada’s most cultivated crop with an average production
of 30 million tonnes per year (Cereals Canada, 2017). Wheat production and sales contribute
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approximately 11 billion dollars annually to Canada’s economy (NRC, 2017). Canada is one of
the world’s top five wheat-exporting nations, and the largest producer of high-protein milling
wheat (Cereals Canada, 2017).
The prairie provinces grow the majority of Canadian wheat, with relatively smaller quantities
grown in eastern Canada and British Columbia (McCallum & DePauw, 2008). In order to ensure
sustainability and profitability from wheat production, there is a need for technology that adds
value and supports growth of the industry (Cereals Canada, 2017). Use of wheat for ethanol
production favours sustainable economic development because it ensures that all grades of wheat
are utilized. Ethanol production from cereal grain has proliferated and has had a positive
environmental impact through the production of renewable fuel and reduction of greenhouse gas
emissions (NRC, 2016).
⍺-Glycerylphosphorylcholine (⍺-GPC) is a molecule that is contains glycerol, choline, and
phosphate moieties linked by ester bonds. It is potentially one of the more valuable compounds
that can be recovered from wheat fermentation. This compound is of interest for its application in
medicine as a precursor to acetylcholine (Amenta, Parnetti, Gallai, & Wallin, 2001). It is possible
to treat psychiatric and neurological conditions that are associated with lower concentration of
acetylcholine including Alzheimer’s disease, bipolar affective disorder, and schizophrenia through
the consumption of ⍺-GPC (Grimm et al., 2011).
The number of people who have Alzheimer’s disease in North America is predicted to
increase from the current 46.8 million to 131.5 million people by 2050. The value and demand for
⍺-GPC could increase correspondingly (AC Immune, 2015). Also, ⍺-GPC is a biosynthetic
precursor of the neurotransmitter acetylcholine and membrane phospholipids (Zhang, Wang, et al.,
2012). Dietary ⍺-GPC can improve cognitive abilities, whereas other cholinergic precursors such
as lecithin and choline did not show such positive effects (Parnetti, Amenta, & Gallai, 2001). It
can also be used as a cosmetic ingredient for moisturizers, nutritive creams, elasticizers, and
emollients. This beneficial compound rarely occurs naturally; hence, there is value in developing
alternative and sustainable means for its synthesis.
The objective of this study was two-fold; first to determine how much α-GPC can accumulate
during fermentation and secondly to determine if the quantity of α-GPC that accumulates in stillage
can be increased by altering fermentation conditions.
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4.3 Materials and Methods
4.3.1 Experimental Conditions
4.3.1.1 Whole Wheat Fermentation (WWF)
Fermentation for this treatment was conducted using media prepared from whole wheat grain.
The grain was milled with Glen Mill type (C/11/1) dry grind disc mill. This procedure was
designed to determine the quantity of α-GPC that accumulated during fermentation in AC Andrew
based media.

4.3.1.2 Endosperm Layer Fermentation (ELF)
The grain (AC Andrew) used for fermentation for this study was milled with a modified
Quadrumat Senior mill (C.W. Brabender Instruments, South Hackensack, NJ, USA). In the mill
two sieves on the Break side: #35 (500 microns) and 100 (150 microns), and on the Reduction
side: #80 screen (180 microns) were used to recover flour. This process involves separation of
bran from germ of the whole wheat kernel. Milling is then followed by sieving which converts
flour to an off-white product free of bran and germ. This process was selected to determine effects
the bran layer might have as a source of α-GPC.

4.3.1.3 Phospholipase A1 Fermentation (PLF)
Phospholipase A1 has been used in the hydrolysis of soy phosphatidylcholine and lecithin to
release α-GPC (Bang, Kim, & Kim, 2016; Chu, 1948). To determine if treatment of mash with
Phospholipase A1 affected α-GPC accumulation this enzyme was used to pre-treat wheat mash.
Experimental conditions were similar to the control using whole wheat grain for fermentation,
however after liquefaction, 2000 µL of phospholipase A1 (EC 3.1.1.32) enzyme purchased from
Sigma-Aldrich (Oakville, ON, Canada), was added. The enzyme was allowed to act at 30 ºC for 4
h before simultaneous saccharification and fermentation was initiated. This experiment will
determine the effect phospholipase A1 on α-GPC accumulation.

4.3.1.4 Phosphatidylcholine Fermentation (PCF)
It was considered that yeast endogenous enzyme (phospholipase B) might convert lecithin
added prior to fermentation to α-GPC. Therefore, additional α-GPC precursor compound L-αphosphatidylcholine from Sigma-Aldrich (Oakville, ON, Canada) was added to whole wheat
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mash. An increase in α-GPC concentration accumulation after fermentation might indicate
conversion of the substrate by wheat enzymes.

4.3.2 Experimental Design
A completely randomized experimental design was selected with four replicated fermentation
treatments. Sufficient mash was prepared from the wheat cultivar AC Andrew for four treatments.
The first treatment involved fermenting the whole grain flour (whole wheat fermentation; WWF)
with the bran layer present. The second treatment separated the bran layer prior to fermentation
with only the endosperm layer (endosperm layer fermentation; ELF) used as a fermentation
substrate. The third treatment included whole wheat as in the first treatment, but the enzyme
phospholipase A1 was added as described above (phospholipase fermentation; PLF). The fourth
treatment involved fermentation of the whole wheat grain with the addition of a precursor
compound; L-α-phosphatidylcholine (phosphatidylcholine fermentation; PCF). Fermentation was
conducted to mimic the industrial standard fermentation, and to determine the quantity of α-GPC
accumulated/released over time. ELF treatment was to determine if the bran layer contributed
significantly to α-GPC accumulation, while the PLF and PCF were fermented to determine the
effects of enzyme and precursor compound on α-GPC accumulation or release. The accumulation
of compounds was measured over periods of 0, 24, 48, 72, 96, 120 and 168 h.

4.3.3 Fermentation
Milled whole wheat samples (360 g) were mixed with 1000 mL (36%, w/v) of boiled distilled
water. This mixture was heated and then allowed to gelatinize for 5–10 min at 70 ºC. The
gelatinized starch was autoclaved at 130 ºC for 15 min to sterilize the starch and avoid
contamination. The gelatinized starch temperature was allowed to decrease to 80 ºC, which is the
optimal temperature for ⍺-amylase activity when ⍺-amylase 2000 µL was added, and
saccharification proceeded for 60 min at 80 ºC. After 60 min, samples were cooled to 55 ºC in a
water bath. Xylanase (1000 µL) was added, the temperature maintained at 55 ºC for 30 min. After
30 min, the samples were cooled further to 37 ºC in a water bath. This process was repeated, and
samples were taken at 30 and 60 min to determine that enough time had been allowed for enzyme
reactions. This process was followed by simultaneous saccharification and fermentation.
Glucoamylase (1000 µL) was added simultaneously with yeast (5 g), urea (500 mg) and antibiotics
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(50 mg). Fermented samples were collected with a pipette at 0, 24, 48, 72, 96, 120, 144, and 168
h after inoculation.

4.3.4 Chemical Analysis
Proton resonances from organic compounds in stillage were measured during fermentation
by 1H-NMR with a water suppression pulse sequence. The compounds α-GPC, ethanol, lactic acid,
acetic acid, succinic acid, betaine, glycerol, and phenethyl alcohol (PEA) were measured
quantitatively by resonance signals at 3.05, 1.07, 1.25, 1.95, 2.5, 3.09, 3.45, 7.2 ppm, respectively.
The strong water resonance present in the spectra was suppressed using Double Pulse Field
Gradient Spin Echo (DPFGSE) as provided by the Bruker XWIN-NMR software (Bruker,
Mississauga, ON, Canada). Samples were collected every 24 h for seven days of incubation, and
before analysis samples were centrifuged (Beckman Coulter Canada Inc, Mississauga, ON,
Canada) at 10,000 rpm for 10 min, and supernatant samples were filtered with 0.45 µm PTFE
filters (Pall Corp, Ann Arbor, MI). Finally, filtered samples (0.5 mL) were added to clean NMR
tubes. Deuterium oxide (50 µL, D2O, 99.8%) was mixed with each sample to provide a locking
signal, 40 µL of pyrazine (C4H4N2) was added as an internal standard, and 500 µL of filtered
samples were pipetted into each NMR tube. 1H-NMR with sixteen scans was used to record
spectra, and concentration was determined by comparison with the internal standard resonance at
8.5 ppm.

4.3.5 Kinetic Model
The Gompertz Model was used to model ethanol production in whole wheat mash (O’Neill,
Van Heeswijck, & Muhlack, 2008). α-GPC accumulation from WWF was also modelled
successfully via a growth curve that considers a diminishing value in the variable contributing to
growth over time. Fermentation took place as simultaneous saccharification and fermentation; no
additional nutrients were supplied during fermentation; hence no increase in substrate
concentration. A sigmoidal curve model describes biological growth phenomenon that explains
how a variable increase over different time intervals until it reaches saturation (Carrillo &
González, 2002). Data were fitted to the model by nonlinear least squares to the equation
representing the Gompertz model (Carrillo & González, 2002).
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Growth models generally are represented as a process monitored by dynamic characteristics
of a variable given by a continually increasing time function. The Gompertz model described in
equation 4.2 was used to describe α-GPC accumulation (Groot, Cone, Williams, Debersaques, &
Lantinga, 1996). This model has been modified to fit fermentation data as the variables of the
original equation cannot be used to describe fermentation.
Equation 4. 1 Ethanol accumulation from fermentation
𝑔

𝑅𝑚𝑎𝑥𝑒∗𝑒𝑥𝑝(1)
(𝐿𝑒 − 𝑡 ) + 1]}
𝐴𝑚𝑎𝑥𝑒

𝐸𝑡ℎ𝑎𝑛𝑜𝑙 ( ) = 𝐴𝑚𝑎𝑥𝑒 ∗ 𝑒𝑥𝑝{− exp [
𝐿

Where, Amaxe is the potential maximum ethanol accumulation (g/L), Rmaxe is the maximum
ethanol productivity rate or productivity (g/L/h), and Le is lag phase or the time to exponential
ethanol accumulation (h).
Equation 4. 2 α-GPC accumulation from fermentation

𝑔
𝑅𝑚𝑎𝑥𝑎𝑔 ∗ 𝑒𝑥𝑝(1)
(𝐿𝑎𝑔 − 𝑡 ) + 1]}
𝛼 − 𝐺𝑃𝐶 ( ) = 𝐴𝑚𝑎𝑥𝑎𝑔 ∗ 𝑒𝑥𝑝{− exp [
𝐿
𝐴𝑚𝑎𝑥𝑔
Where, Amaxag is the potential maximum α-GPC accumulation (g/L), Rmaxag is the maximum
α-GPC productivity rate or productivity (g/L/h), and Lag is lag phase or the time to exponential αGPC accumulation (h).
Equation 4. 3 Lactic acid accumulation from fermentation

𝑔
𝑅𝑚𝑎𝑥𝑙 ∗ 𝑒𝑥𝑝(1)
(𝐿𝑙 − 𝑡 ) + 1]}
𝐿𝑎𝑐𝑡𝑖𝑐 𝐴𝑐𝑖𝑑 ( ) = 𝐴𝑚𝑎𝑥𝑙 ∗ 𝑒𝑥𝑝{− exp [
𝐿
𝐴𝑚𝑎𝑥𝑙
Where, Amaxl is the potential maximum lactic acid accumulation (g/L), Rmaxl is the maximum
lactic acid productivity rate or productivity (g/L/h), and Ll is lag phase or the time to exponential
lactic acid accumulation (h).
Equation 4. 4 Acetic acid accumulation from fermentation

𝑔
𝑅𝑚𝑎𝑥𝑎 ∗ 𝑒𝑥𝑝(1)
(𝐿𝑎 − 𝑡 ) + 1]}
𝐴𝑐𝑒𝑡𝑖𝑐 𝐴𝑐𝑖𝑑 ( ) = 𝐴𝑚𝑎𝑥𝑎 ∗ 𝑒𝑥𝑝{− exp [
𝐿
𝐴𝑚𝑎𝑥𝑎
Where, Amaxa is the potential maximum acetic acid accumulation (g/L), Rmaxa is the maximum
acetic acid productivity rate or productivity (g/L/h), and La is lag phase or the time to exponential
acetic acid accumulation (h).
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Equation 4. 5 Succinic acid accumulation from fermentation

𝑔
𝑅𝑚𝑎𝑥𝑠 ∗ 𝑒𝑥𝑝(1)
(𝐿𝑠 − 𝑡 ) + 1]}
𝑆𝑢𝑐𝑐𝑖𝑛𝑖𝑐 𝐴𝑐𝑖𝑑 ( ) = 𝐴𝑚𝑎𝑥𝑠 ∗ 𝑒𝑥𝑝{− exp [
𝐿
𝐴𝑚𝑎𝑥𝑠
Where, Amaxs is the potential maximum succinic acid accumulation (g/L), Rmaxs is the
maximum succinic acid productivity rate or productivity (g/L/h), and Ls is lag phase or the time to
exponential succinic acid accumulation (h).
Equation 4. 6 Betaine accumulation from fermentation

𝑔
𝑅𝑚𝑎𝑥𝑏 ∗ 𝑒𝑥𝑝(1)
(𝐿𝑏 − 𝑡 ) + 1]}
𝐵𝑒𝑡𝑎𝑖𝑛𝑒 ( ) = 𝐴𝑚𝑎𝑥𝑏 ∗ 𝑒𝑥𝑝{− exp [
𝐿
𝐴𝑚𝑎𝑥𝑏
Where, Amaxb is the potential maximum betaine accumulation (g/L), Rmaxb is the maximum
betaine productivity rate or productivity (g/L/h), and Lb is lag phase or the time to exponential
betaine accumulation (h).
Equation 4. 7 Glycerol accumulation from fermentation

𝑔
𝑅𝑚𝑎𝑥𝑔 ∗ 𝑒𝑥𝑝(1)
(𝐿𝑔 − 𝑡 ) + 1]}
𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙 ( ) = 𝐴𝑚𝑎𝑥𝑔 ∗ 𝑒𝑥𝑝{− exp [
𝐿
𝐴𝑚𝑎𝑥𝑔
Where, Amaxg is the potential maximum glycerol accumulation (g/L), Rmaxg is the maximum
glycerol productivity rate or productivity (g/L/h), and Lg is lag phase or the time to exponential
glycerol accumulation (h).
Equation 4. 8 PEA accumulation from fermentation

𝑔
𝑅𝑚𝑎𝑥𝑝 ∗ 𝑒𝑥𝑝(1)
(𝐿𝑝 − 𝑡 ) + 1]}
𝑃𝐸𝐴 ( ) = 𝐴𝑚𝑎𝑥𝑝 ∗ 𝑒𝑥𝑝{− exp [
𝐿
𝐴𝑚𝑎𝑥𝑝
Where, Amaxp is the potential maximum PEA accumulation (g/L), Rmaxp is the maximum PEA
productivity rate or productivity (g/L/h), and LP is lag phase or the time to exponential PEA
accumulation (h).
Also, from the kinetic model, Tmax was derived for α-GPC and betaine since their respective
lag periods were not defined from the analytical instrumentation measure. Where, Tmax is time at
which the maximum compound was obtained, or time taken to reach Amax accumulation in the
fermentation broth.
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4.3.6 Statistical Analysis
Regression analyses of the Gompertz model (equations 4.1–4.8 to determine the parameters
Amax, Rmax, and L) were performed for all products accumulated from the four treatments (WWF,
ELF, PLF, and PCF) using Microsoft Excel with the Solver add-in. The root means square error
(RMS) was calculated, and this was further used to obtain the RMS of the model in comparison to
the experimental data. The Excel Solver add-in was then used to obtain the minimum RMS error
of the model by adjusting the initial values with a constraint of only obtaining positive values (≥0).
The final values of each parameter were then used to obtain a new value for the predicted model.
The parameters obtained were also analyzed using the SAS 9.4 package with a completely
randomized design (equation 4.9).
Equation 4. 9 Completely Randomized Experimental Design

𝑦 = 𝑚𝑒𝑎𝑛 + 𝑡𝑖 + 𝑒𝑖𝑗
Where, y is the dependent variable under examination, i is four treatments (1–4), ti is the fixed
effect of the treatment, and eij is the error term specific to the wheat assigned the treatment. The
experiment was conducted with four replicates, and differences between the treatments were
analyzed using the Turkey test.

4.4 Results
4.4.1 Gompertz Model Fitting to Fermentation Products
The model was used to determine the predicted values for the fermentation products, and
these values are shown in Tables 4.1 and 4.2. The model was also used to obtain values for the rate
of fermentation, the lag period and the maximum product accumulated. Experimental and
predicted values for ethanol accumulation are shown in Table 4.1. Ethanol accumulation peaks at
96 h of fermentation; although, the exponential increase in ethanol production starts as early as 24
h and from that time production declined. Similarly, the accumulation of α-GPC was fitted to the
Gompertz equation and the experimental and predicted obtained have been shown in Table 4.2.
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4.4.2 Effects of Treatment Conditions on the Amax Values of Fermentation Compounds
The maximum ethanol accumulated was 72.1 g/L in ELF (Table 4.3). There was a statistically
significant difference between the different treatment conditions (p<0.05). There was no difference
between fermentation with WWF and PLF, and they accumulated 69.6 and 66.1 g/L of ethanol,
respectively. The lowest ethanol accumulated was observed with PCF which is at 60.3 g/L (Figure
4.1A). The Amax value for the accumulation of α-GPC from the different treatments shows a
statistically significant difference as the p <0.05 (Figure 4.1B, Table 4.3). There was no statistically
significant difference between the maximum accumulation of lactic acid and succinic acid amongst
the different treatments (p>0.05). Acetic acid accumulation was statistically significant between
treatments (p<0.01), with PLF producing the highest acetic acid concentration (1.74 g/L), WWF
and ELF accumulated similar quantities while the lowest acetic acid accumulation was 0.98 g/L in
PCF (Figure 4.1C, Table 4.3). Also, the highest glycerol accumulation (Figure 4.1E) were found
with PLF treatment at 13.02 g/L.
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Table 4.1 Experimental and predicted values for ethanol accumulated from fermentation with AC Andrew
WWF (g/L)
Time
(h)
Experimental Predicted

ELF (g/L)
Experimental Predicted

PLF (g/L)
Experimental Predicted

0
0.00 ± 0.0
0.00 ± 0.0
0.00 ± 0.0
2.29 ± 0.89
0.00 ± 0.0
0.96 ± 0.74
24
62.7 ± 7.6
61.4 ± 7.2
58.4 ± 2.7
55.2 ± 3.6
55.7 ± 3.9
54.9 ± 4.2
48
65.4 ± 1.7
68.9 ± 1.6
58.0 ± 4.6
70.2 ± 2.1
58.0 ± 1.7
64.7 ± 2.9
72
70.0 ± 2.9
69.6 ± 1.9
69.6 ± 3.1
71.8± 2.0
66.6 ± 5.7
65.9 ± 3.7
96
71.6 ± 3.5
69.6 ± 1.9
74.8 ± 2.4
72.0 ± 2.0
68.4 ± 4.0
66.0 ± 3.8
120 69.5 ± 2.8
69.6 ± 1.9
77.2 ± 1.8
72.1 ± 2.0
66.7 ± 3.3
66.1 ± 3.8
144 70.5 ± 3.7
69.6 ± 1.9
73.4 ± 2.7
72.1 ± 2.0
67.7 ± 3.5
66.1 ± 3.8
168 68.6 ± 3.3
69.6 ± 1.9
74.8 ± 2.5
72.1 ± 2.0
66.7 ± 3.8
66.1 ± 3.8
Values were determined in four replicates and the values are presented as the mean ± SD (n=4).

PCF (g/L)
Experimental Predicted
0.00 ± 0.0
31.7 ± 3.0
58.9 ± 4.9
60.1 ± 1.9
59.3 ± 1.7
60.0 ± 1.8
59.1 ± 1.0
59.6 ± 1.3

0.00 ± 0.0
30.7 ± 2.5
57.3 ± 4.1
59.9 ± 1.8
60.2 ± 1.7
60.3 ± 1.6
60.3 ± 1.6
60.3 ± 1.6

Table 4.2 Experimental and predicted values for α-GPC accumulated from fermentation with AC Andrew
WWF (g/L)
Time
(h)
Experimental Predicted

ELF (g/L)
Experimental Predicted

PLF (g/L)
Experimental Predicted

0
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
24
1.09 ± 0.46
0.95 ± 0.35
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
48
1.38 ± 0.24
1.33 ± 0.15
0.00 ± 0.00
0.00 ± 0.00
0.73 ± 0.42
0.71 ± 0.41
72
1.25 ± 0.08
1.33 ± 0.15
1.03 ± 0.37
0.85 ± 0.29
1.66 ± 0.18
1.66 ± 0.14
96
1.27 ± 0.12
1.33 ± 0.15
0.86 ± 0.29
0.88 ± 0.29
1.74 ± 0.15
1.68 ± 0.15
120 1.27 ± 0.12
1.33 ± 0.15
1.35 ± 0.23
1.35 ± 0.17
1.64 ± 0.14
1.68 ± 0.15
144 1.33 ± 0.13
1.33 ± 0.15
1.30 ± 0.17
1.35 ± 0.17
1.72 ± 0.14
1.68 ± 0.15
168 1.35 ± 0.13
1.33 ± 0.15
1.24 ± 0.18
1.35 ± 0.17
1.60 ± 0.13
1.68 ± 0.15
Values were determined in four replicates and the values are presented as the mean ± SD (n=4).

41

PCF (g/L)
Experimental Predicted
0.00 ± 0.00
0.35 ± 0.35
0.98 ± 0.33
1.26 ± 0.05
1.29 ± 0.05
1.39 ± 0.05
1.39 ± 0.04
1.42 ± 0.07

0.00 ± 0.00
0.00 ± 0.00
0.91 ± 0.31
1.34 ± 0.02
1.37 ± 0.05
1.37 ± 0.05
1.37 ± 0.05
1.37 ± 0.05

Table 4.3 Parameters obtained from Gompertz model for compounds measured from fermentation
α-GPC

Lactic acid

69.6ab ±1.9

1.33b ±0.15

0.44a ±0.10 1.26ab ±0.25 0.65a ±0.10

0.60ab ±0.05 9.96b ±0.38

0.54b ±0.03

ELF

72.1a ±2.0

1.35b ±0.17

0.72a ±0.02 1.54ab ±0.08 0.49a ±0.01

0.22c ±0.03

8.27b ±0.30

0.93a ±0.03

PLF

66.1ab ±3.8

1.68a ±0.15

0.70a ±0.08 1.74a ±0.07

0.58a ±0.07

0.63a ±0.04

13.0a ±1.1

0.84a ±0.05

PCF

60.3b ±1.6

1.37b ±0.05

0.57a ±0.07 0.98b ±0.08

0.45a ±0.04

0.45b ±0.03

7.40b±0.57

0.60b ±0.02

17.6a ±4.9

0.34a ±0.08

0.07a ±0.02 0.06a ±0.03

0.25a ±0.05

0.32a ±0.02

4.39a ±0.28

0.03a ±0.01

ELF

2.93b ±0.36

0.48a ±0.15

0.08a ±0.05

0.28a ±0.11

0.25a ±0.02

0.05b ±0.02

2.33b ±0.17

0.03a ±0.00

PLF

3.69b ±0.66

0.39a ±0.06

0.06a ±0.03 0.13a ±0.06

0.20a ±0.06

0.19ab±0.07

0.78c ±0.33

0.02a ±0.00

PCF

9.1ab ±2.4

0.41a ±0.05

0.09a ±0.04 0.02a ±0.00

0.07a ±0.03

0.16b ±0.01

1.83bc ±0.33 0.01a ±0.00

WWF

4.8b ±2.0

ND

8.1a ±5.0

1.94a ±0.92

15.9a±2.7

ND

11.7a ±4.5

9.2a ±9.0

ELF

2.28b ±0.82

ND

2.22a ±0.72 2.43a ±0.36

9.7ab ±1.2

ND

1.73a ±0.04

2.08a ±0.72

PLF

3.61b ±0.62

ND

6.8a ±2.1

2.87a ±0.63

8.9ab ±1.8

ND

6.7a ±4.3

0.53a ±0.53

PCF

20.0a ±1.3

ND

13.7a±4.0

4.2a ±1.5

5.3b ±3.2

ND

24a ±11

4.6a ±1.8

Kinetic
parameters

Treatment Ethanol
condition

Amax (g/L)

WWF

Rmax (g/L/h) WWF

L (h)

Acetic acid

Succinic acid Betaine

Glycerol

PEA

Values were determined in four replicates, and the values are presented as the mean ± SD (n=4).
Values followed by different letters are significantly different (p<0.05).
Amax: Potential maximum fermentation accumulation; Rmax: maximum fermentation productivity rate or productivity; L: Lag phase; ND:
Not detected
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Figure 4.1 Maximum (A) ethanol, (B) α-GPC, (C) acetic acid, (D) betaine, and (E) glycerol
accumulated from fermentation of AC Andrew under the different treatment conditions. Values
followed by different letters are significantly different (p<0.05).
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There was no statistically significant difference between the maximum accumulation of lactic
acid and succinic acid amongst the different treatments (p>0.05). Acetic acid accumulation was
statistically significant between treatments (p<0.01), with PLF producing the highest acetic acid
concentration (1.74 g/L), WWF and ELF accumulated similar quantities while the lowest acetic
acid accumulation was 0.98 g/L in PCF (Figure 4.1C). Also, the highest glycerol accumulation
(Figure 4.1E) were found with PLF treatment at 13.0 g/L.

4.4.3 The Rate of Substrate Conversion
There were no significant differences among the rates of accumulation of α-GPC, lactic acid,
acetic acid, succinic acid, and PEA accumulation, but ethanol accumulation differed significantly
(p<0.05) in its rate (Table 4.3), the maximum rate of ethanol accumulation was observed in WWF,
at 17.6 g/L/h, the rate of accumulation in ELF and PLF did not differ significantly, while PCF
accumulated ethanol at just 9.1 g/L/h.

4.4.4 Lag Phase
The Gompertz model was used to describe fermentation and identify the time between when
the fermentation begins and when fermentation products are accumulated. Ethanol accumulation
with the different treatment conditions showed a strongly significant difference in the lag phase
(L, p<0.001). The lag phase with treatment WWF, ELF, and PLF are similar with values 4.8, 2.28,
and 3.61 h, respectively; however, the lag phase was increased significantly with the addition of
PCF to 20.0 h (Table 4.3).
There was no lag period observed from the accumulation of α-GPC from fermentation, but
at the early stages of fermentation α-GPC concentrations were below detection and the peak
position overlaps partially with glucose peaks,
Also, there was no significant difference between the lag phases in the accumulation of lactic
acid, acetic acid, glycerol, and PEA, but succinic acid accumulation did show a significant
difference in its lag phase with a p-value<0.05. WWF has a lag period of 15.9 h maximum, ELF
and PLF phases were similar at 9.7 and 8.9, respectively, and PCF with a minimum of 5.3 h.
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4.4.5 Maximum Time to Reach Maximum α-GPC and Betaine Accumulated
The accumulation of α-GPC reached a maximum at different times for the treatments, after
which, there was no further conversion of the substrate to yield additional α-GPC. There is no
statistically significant difference in the maximum α-GPC accumulation (p>0.05), but there was a
statistically significant difference in the time taken to reach its maximum accumulation (p<0.05).
WWF peaked at the shortest time of 42 h and ELF reached its maximum accumulation at 90 h.
Also, there was no significant difference between the Tmax values from PLF and PCF which were
72 and 66 h, respectively (Table 4.4).
Table 4.4 Time is taken to attain maximum accumulation of α-GPC and betaine.
Tmax (h)

α-GPC

Betaine

WWF

42b ± 6

30b ± 6

ELF

90a ± 11

96a ± 10

PLF

72ab ± 10

96a ± 10

PCF

66ab ± 11

54b ± 6

Values were determined in four replicates, and the values are presented as the mean ± SD (n=4).
Values followed by different letters are significantly different (p<0.05).
Tmax, time at which the maximum compound was obtained, or time taken to reach Amax
accumulation in the fermentation broth.

4.4.6 Correlation Coefficients of Compounds Accumulating during Fermentation
There were statistically significant and positive correlations between accumulation of ethanol
and acetic acid from fermentation (p=0.04, r=0.53). α-GPC is equally correlated with acetic acid
(p=0.01, r=0.66) and glycerol acid accumulation (p=0.01, r=0.66). Lactic acid accumulation is also
significantly correlated with acetic acid accumulation (p=0.01, r=0.60), and PEA (p=0.02, r=0.57).
Similarly, Betaine and α-GPC both correlates significantly with glycerol accumulation in
fermentation (Tables 4.5 and 4.6).
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Table 4.5 Person ranked correlation coefficients on all the compounds accumulated from
fermentation

Ethanol
α-GPC

Ethanol

α-GPC

Lactic
acid

Acetic
acid

Succinic Betaine
acid

Glycerol PEA

1.00

0.29

0.13

0.53

0.28

-0.10

0.35

0.12

0.27

0.62

0.04

0.29

0.70

0.19

0.66

1.00

0.38

0.66

-0.09

0.47

0.66

-0.01

0.15

0.01

0.75

0.07

0.01

0.97

1.00

0.60

-0.45

-0.20

0.20

0.57

0.01

0.08

0.46

0.45

0.02

1.00

-0.18

0.20

0.64

0.46

0.51

0.46

0.01

0.07

1.00

0.26

0.47

-0.16

0.32

0.07

0.54

1.00

0.66

-0.50

0.01

0.05

1.00

0.07

0.29
0.27

Lactic
acid

0.13

0.38

0.62

0.15

Acetic
acid

0.53

0.66

0.60

0.04

0.01

0.01

Succinic 0.28
acid
0.29

-0.09

-0.45

-0.18

0.75

0.08

0.51

Betaine

-0.10

0.47

-0.20

0.20

0.26

0.70

0.07

0.46

0.46

0.32

Glycerol 0.35

0.66

0.20

0.64

0.47

0.66

0.19

0.01

0.45

0.01

0.07

0.01

0.12

-0.01

0.57

0.46

-0.16

-0.50

0.07

0.66

0.97

0.02

0.07

0.54

0.05

0.79

PEA

0.79

Table 4.6 Person ranked correlation coefficients on GPC kinetic parameters

Amax

Rmax

Amax

Rmax

Tmax

1

0.55

0.32

0.03

0.23

1

0.20

0.55
0.03

Tmax

0.47

0.32

0.20

0.23

0.47

1
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1.00

Amax, the potential maximum fermentation accumulation; Rmax, the maximum fermentation
productivity rate or productivity; Tmax, time at which the maximum compound was obtained, or
time taken to reach Amax accumulation in the fermentation broth.

4.4.7 Correlation Coefficients of Kinetic Parameters for α-GPC Accumulation
There was a significant correlation between the maximum α-GPC accumulation value, Amaxg,
and the rate of accumulation, Rmaxg (p=0.03, r=0.55). When the rate of accumulation increases there
is a corresponding increase in the maximum α-GPC accumulated from fermentation. There was
no significant correlation between the time taken to reach the maximum accumulation and the
Amaxg and Rmaxg values.

4.5 Discussion
Fermentation is characterized by substrate transformation to products. There are three stages
in fermentation: 1) a lag phase before fermentation has commenced; 2) an exponential phase where
the accumulation rate increases, and; 3) a final stationary phase where the yeast can not metabolize
more substrate. The most common wheat cultivar used for fermentation is AC Andrew due to its
high starch content (Saunders, 2010). Therefore, AC Andrew was used for this fermentation study
and resulted in the highest accumulation of α-GPC (1.68 g/L).

4.5.1 Correlations of Compound Accumulation during Fermentation
The correlation coefficient shows that there was a significant positive correlation between
acetic acid accumulation and ethanol accumulation during fermentation (Table 4.5). Acetic acid
and ethanol accumulation decreased fermentation rate; acetic acid lowers the fermenter pH
(Pampulha & Loureiro-Dias, 1989). The values obtained from the fermentation study show that
ethanol accumulation increases until it reaches a constant maximum concentration (usually 72 h;
Table 4.1), and then there is no further increase in fermentation products. This stationary phase
could be the result of the reduction in the simple sugars available for conversion or decrease in
fermenter pH which in turn reduces the yeast activity. Studies have shown that there is a positive
correlation between the accumulation of acetic acid and ethanol accumulation, and both
compounds are described as toxic to yeast. Ethanol does not accumulate in yeast cells. However,
acetic acid may accumulate in fermentation and result in the death of glucose-grown yeasts cells
(Pampulha & Loureiro-Dias, 1989; Pinto, Cardoso, Lelo, & Van Uden, 1988).
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4.5.2 Compound Accumulation in Bran Layer Based Media
Wheat mashes were prepared from whole grains except for the ELF treatment factor that
utilized debraned flour for fermentation mash. Table 4.3 and Figure 4.1D show the accumulation
of betaine, and there was no significant difference between the treatment conditions except ELF
which accumulated 0.22 g/L of betaine. Wheat is a predominant source of betaine, and it has been
found predominantly in whole wheat flour not in the refined endosperm flour wheat (Likes et al.,
2007). Betaine was detected in commercial thin stillage (TS) samples (Ratanapariyanuch et al.,
2011), and these finding corresponds with this research.
Ethanol accumulation was highest when fermentation was conducted in a medium with only
the endosperm layer included (ELF; 72.1 g/L, Table 4.3). This accumulation is because the
endosperm layer is starch-rich flour that lacks the bran layer from the whole grain. Bran constitutes
14–19% of the whole grain and is comprised of mostly arabinoxylans, cellulose, protein, and lignin
(Palmarola-Adrados, Chotěborská, Galbe, & Zacchi, 2005). The enzymes used for preparing the
medium for fermentation are not able to hydrolyze the cellulose and hemicellulose fractions of the
bran layer into simple sugars (Palmarola-Adrados et al., 2005). Ethanol accumulation with the
other treatments utilized the whole wheat; hence the significant difference in its maximum ethanol
concentration.

4.5.3 α-GPC Production Efficiency
α-GPC accumulation correlated positively and significantly with acetic acid and glycerol
accumulation. Acetic acid accumulation is toxic to yeast cell cultures and reduces fermentation
rates (Pampulha & Loureiro-Dias, 1989). The peak of acetic acid accumulation corresponds to the
peak of α-GPC accumulation. PLF accumulated 1.68 g/L of α-GPC and 1.74 g/L of acetic acid
while WWF accumulated 1.33 g/L of α-GPC and 1.26 g/L of acetic acid (Table 4.3).
Phospholipase A1 treatment accumulated the most α-GPC from the fermentation broth, but
there is no significant statistically difference between the quantities of α-GPC accumulated by the
other different treatment conditions WWF, ELF and PLF. It was hypothesised that the yeast might
convert phosphatidylcholine into additional α-GPC, but the addition of the precursor compound
did not increase its production.
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Glycerol is a significant component of α-GPC, in addition to choline and phosphate. Glycerol
is accumulated naturally as a by-product of yeast in ethanol fermentation. In yeast fermentation,
glycerol is accumulated by the redox-neutral process or fermentation when pH is above 7 (Wang
et al., 2001). A multistep organic synthesis starting with the phosphorylation of solketal can afford
α-GPC (Baer et al., 1948). PLF accumulated the highest glycerol concentration (13.0 g/L) and the
highest accumulation of α-GPC (1.68 g/L; Table 4.3). There is an increase in α-GPC accumulated
from the fermentation after 72 h for PLF, 90 h for ELF, and 66 h for PCF and 42 h for WWF
(Table 4.4).
In ethanol production industries, fermentation typically lasts for about 72 h, and commercial
production of α-GPC can also be obtained simultaneously without any change in the regular
process or fermentation times.

4.6 Conclusions
The main contributions of this research are the validation of the potential for obtaining αGPC from wheat fermentation in a cost-effective manner and provide a less energy intensive means
of its production from conventional fermentation. A Gompertz model was used to successfully
describe the products obtained via fermentation of the wheat cultivar AC Andrew. Observed
maximum accumulation of 1.68 g/L of α-GPC was measured from the action of phospholiase A1
PLF, but there was no significant difference between the other treatment conditions WWF, ELF,
PCF aimed at increasing the quantity of α-GPC produced. Fermentation aimed to produce α-GPC
will not have any effect on the ethanol production as 72.1 g/L of ethanol was produced
simultaneously. Further research should include an investigation of the effect of different wheat
cultivars, other grain sources, and increased sampling frequency as this might influence the kinetic
parameters.

4.7 Brief Introduction to Chapter 5
As discussed in Chapter 4, fermentation was carried out with AC Andrew, a Canadian Soft
White Wheat market class usually used in industrial ethanol plants and α-GPC was successfully
obtained. The next chapter is aimed to determine if similar or increased accumulation of α-GPC
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can be obtained when other market classes of wheat grains are used in fermentation. The additional
wheat cultivars used are AAC Brandon, Transcend and CDC Utmost.
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5.0 PRODUCTION OF ΑLPHA-GLYCERYLPHOSPHORYLCHOLINE IN
FERMENTATION MEDIA PREPARED FROM CANADIAN WESTERN
WHEAT CULTIVARS
5.1 Abstract
α-Glycerylphosphorylcholine (α-GPC), a cognitive enhancer, accumulated in yeast
fermentation media prepared from Canadian wheat cultivars during the production of ethanol. The
present study determined the quantity of α-GPC and other compounds that accumulated when
fermenting four Canadian wheat cultivars AC Andrew, AAC Brandon, Transcend and CDC
Utmost. During fermentation α-GPC, ethanol and other co-product concentration was measured
by sampling at 24, 48, 72, 96, 120, 144, and 168 h and the compounds were measured with proton
nuclear magnetic resonance (1H-NMR). During fermentation α-GPC accumulated in media
prepared from all four cultivars (AC Andrew, AAC Brandon, Transcend and CDC Utmost) but
when the fermentation media was pretreated with the enzyme phospholipase A1. α-GPC increased
by 26%, 23%, 8% and 37%, respectively in fermentation media prepared from each of the four
cultivars when compared with lipase free controls. Maximum accumulation of 2.18 g/L of α-GPC
and 90.1 g/L of ethanol were obtained while simultaneously producing other useful coproducts.
These findings would further contribute to an alternate and less energy-intensive process of α-GPC
production which could lead to increased revenue generation and contribute to more sustainable
wheat utilization economics.
Abbreviations: α-GPC, α-glycerylphosphorylcholine; WWF, whole wheat fermentation;
ELF, endosperm layer fermentation; PLF, phospholipase A1 fermentation; PCF, L-α
phosphatidylcholine fermentation
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5.2 Introduction
α-Glycerylphosphorylcholine (α-GPC), a dietary source of choline, comprises a molecule
with choline, glycerol, and phosphate linked by phosphodiester bonds; it is a derivative of
phosphatidylcholine lacking acyl groups. It is also a precursor for the neurotransmitter
acetylcholine; thus, it can serve as a cognitive enhancer for treatment of Alzheimer’s disease and
other conditions associated with decreased acetyl choline production (Amenta, Parnetti, Gallai, &
Wallin, 2001; Bang, Kim, & Kim, 2016). It is used as a supplement for improving brain function,
enhancing memory, creativity, and motivation in healthy individuals (Zhang, Wang, et al., 2012).
A chemical and energy-intensive process is available to produce α-GPC through hydrolysis of soy
lecithin (Bang et al., 2016), but this thesis reveals α-GPC production via a less energy-intensive
process, fermentation of wheat.
Wheat is a monocotyledonous crop widely cultivated for its grain; there are several cultivated
species in the genus Triticum, but Triticum aestivum L. is the most widely grown. The caryopsis
is made up of endosperm, bran, and germ. T. aestivum has ovary walls attached to an individual
seed, and, as a result, its various parts are readily distinguished (Tho & Osborne, 1919). The seed
structures of T. aestivum are all chemically distinct; the endosperm constitutes about 83.5%, the
bran 15%, and the germ only 1.5% of total seed volume (Tho & Osborne, 1919).
In the current study Canadian wheat cultivars were used in fermentation to produce ethanol
while accumulation of the co-product α-GPC in the medium was studied. Wheat was selected from
different market classes including a cultivar of Canadian Western Red Spring (CWRS), Canadian
Prairie Spring Red (CPSR), Canadian Western Soft White Spring (CWSWS), and Canadian
Western Amber Durum (CWAD) wheat. Wheat belonging to each market class differ in their
protein and starch content; four cultivars AC Andrew, AAC Brandon, Transcend and CDC Utmost
were selected with one cultivar from each market class.
In our previous study, we observed that α-GPC accumulated in media prepared from
CWSWS wheat, AC Andrew, we then hypothesized that differences in α-GPC production might
arise from the fermentation of media prepared from different wheat cultivars that belong to
different market classes.
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5.3 Materials and Methods
5.3.1 Plant Materials
5.3.1.1 AC Andrew
AC Andrew is a high yielding CWSWS cultivar, and it is commonly used for ethanol
production due to its high starch content and reduced protein content (Saunders, 2010). It has
excellent lodging resistance; about 129% of Carberry, and an intermediate resistance level to
fusarium head blight (SaskSeed Guide, 2017).

5.3.1.2 AAC Brandon
AAC Brandon is a cultivar from the CWRS market class has a protein content, ranging from
13.5%–14.2% (Dexter et al., 2006). It has a six percent increase in yield, half a day earlier maturity,
and similar lodging and disease resistance when compared to the test cultivar AC Carberry
(SaskSeed Guide, 2017).

5.3.1.3 Transcend
Transcend is well adapted to the production areas of the Canadian prairies (Singh et al.,
2012); it is classified as a CWAD wheat. It has increased grain yield, a higher protein concentration
of about 14.6%, and lower grain cadmium concentration than AC Avonlea and other checks (Singh
et al., 2012). It has a relatively strong straw, improved Fusarium head blight resistance, and slightly
more days to maturity when compared to AC Strongfield (Singh et al., 2012).

5.3.1.4 CDC Utmost
CDC Utmost is a typical spring wheat cultivar from the CWRS market class, and it is usually
associated with a high protein content with mid-season maturity and erect growth habit (CFIA,
2018). It has been described as one of the highest yielding CWRS cultivars that possesses wheat
midge tolerance as an additional advantage (SaskSeed Guide, 2017).

5.3.2 Fermentation
Milled whole wheat samples (360 g) were mixed with 1000 mL (36%, w/v) of boiled distilled
water. This mixture was heated and then allowed to gelatinize for 5–10 min at 70 ºC. The
gelatinized starch was placed in an autoclaved at 130 ºC for 15 min to sterilize the starch and to
avoid contamination. The gelatinized starch was allowed to cool to 80 ºC, which is the optimal
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temperature for ⍺-amylase activity. ⍺-Amylase solution (2000 µL) was added, and the
saccharification proceeded for 60 min. After 60 min, samples were cooled to 55 ºC in a water bath.
Xylanase (1000 µL) was added, the temperature maintained at 55 ºC for 30 min. After 30 min,
samples were cooled further to 37 ºC in a water bath. Samples were taken at 30 and 60 min to
determine that enough time had been allowed for enzyme reactions. This process was followed by
simultaneous glucoamylase treatment and fermentation. Glucoamylase (1000 µL) was added
simultaneously with yeast (5 g), urea (500 mg) and antibiotics (50 mg). Fermented samples were
collected with a pipette in time intervals of 0, 24, 48, 72, 96, 120, 144, and 168 h.

5.3.3 Experimental Conditions
5.3.3.1 Whole Wheat Fermentation (WWF)
The fermentation for this treatment was carried out by using the whole wheat grain for
fermentation. The grain was milled to a flour with Glen Mill type (C/11/1) dry grind disc mill.
This experiment is designed to determine the quantity of α-GPC that accumulated in the
fermentation broth of whole wheat fermentation media prepared from each cultivar.

5.3.3.2 Endosperm Layer Fermentation (ELF)
The grains used for fermentation for this treatment was milled with a modified Quadrumat
Senior mill (C.W. Brabender Instruments, South Hackensack, NJ, USA). In the mill, two sieves
on the Break side: #35 (500 microns) and 100 (150 microns), and on the Reduction side: #80 screen
(180 microns) were used to recover flour. This process separates bran from germ of the whole
wheat flour. Milling is then followed by sieving which yields an off-white flour product free of
bran and germ. This process was selected to determine effects that the bran layer might have as a
source of α-GPC.

5.3.3.3 Phospholipase A1 Fermentation (PLF)
The condition involves utilizing the whole wheat flour for fermentation, but after
liquefaction, 2000 µL of phospholipase A1 (EC 3.1.1.32) enzyme purchased from Sigma-Aldrich
(Oakville, ON, Canada), was added at 30 ºC for 4 h before simultaneous saccharification and
fermentation. This experiment was designed to determine effects of the enzyme phospholipase A1
on α-GPC accumulation as phospholipase A1 has been used in hydrolysis of soy
phosphatidylcholine and lecithin to produce α-GPC (Bang, Kim, & Kim, 2016; Chu, 1948).
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5.3.3.4 Phosphatidylcholine Fermentation (PCF)
The α-GPC precursor compound L-α-phosphatidylcholine from Sigma-Aldrich (Oakville,
ON, Canada) was added to the fermentation media. This experimental condition was designed to
determine if this product was a precursor of α-GPC during fermentation.

5.3.4 Experimental Design
A completely randomized factorial design was selected with four (4) replicated fermentations
of media prepared from the wheat cultivars AC Andrew, AAC Brandon, Transcend, and CDC
Utmost under four different treatments. The first treatment involved fermenting the whole grain
flour (whole wheat fermentation; WWF) with the bran layer present. The second treatment
separated the bran layer prior to fermentation with only the endosperm layer (endosperm layer
fermentation; ELF) used as a fermentation substrate. The third treatment included whole wheat as
in the first treatment, but the enzyme phospholipase A1 was added as described above
(phospholipase fermentation; PLF). The fourth treatment involved fermentation of the whole
wheat grain with the addition of a precursor compound; L-α-phosphatidylcholine
(phosphatidylcholine fermentation; PCF). The fermentation was conducted to mimic the industrial
standard fermentation, and to determine the quantity of α-GPC that accumulated over time. The
ELF treatment was to develop to determine if the bran layer contributed significantly to α-GPC
accumulation, while the PLF and PCF were fermented to determine the effects of enzyme and
precursor compound on α-GPC accumulation or release. The accumulation of all compounds was
measured over periods of 0, 24, 48, 72, 96, 120, and 168 h.

5.3.5 Chemical Analysis
Proton resonances from organic compounds in stillage were measured during fermentation
by 1H-NMR with water suppression technique. The compounds α-GPC, ethanol, lactic acid, acetic
acid, succinic acid, betaine, and glycerol were measured quantitatively by resonance signals at
3.05, 1.07, 1.25, 1.95, 2.5, 3.09, and 3.45 ppm, respectively. The strong water resonance present
in the spectra was suppressed using Double Pulse Field Gradient Spin Echo (DPFGSE) as provided
by the Bruker XWIN-NMR software (Bruker, Mississauga, ON, Canada). Samples were collected
every 24 h for seven days of incubation, and samples were centrifuged (Beckman Coulter Canada
Inc, Mississauga, ON, Canada) at 10,000 rpm for 10 min prior to analysis then supernatant samples
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were filtered with 0.45 um PTFE filters (Pall Corp, Ann Arbor, MI). Finally, filtered samples (0.5
mL) were pipetted into clean NMR tubes. Deuterium oxide (50 µL, D2O, 99.8%) was mixed with
each sample to provide a locking signal, 40 µL of pyrazine (C4H4N2) was added as an internal
standard, and 500 µL of filtered sample was pipetted into each NMR tube. 1H-NMR with sixteen
scans was used to record spectra, and concentration was determined by comparison with the
internal standard resonance at 8.5ppm.

5.3.6 Kinetic Model
The Gompertz model, which is an empirical equation used in describing growth, was used to
model ethanol production in whole wheat mash (O’Neill et al., 2008). α-GPC accumulation from
WWF was also modelled successfully via a growth curve that considers a diminishing value in the
variable contributing to growth over time. Fermentation took place as simultaneous
saccharification and fermentation; no additional nutrients were supplied during fermentation;
hence no increase in substrate concentration. A sigmoidal curve model describes biological growth
phenomenon including a variable increase over different periods until it reaches saturation
(Carrillo & González, 2002). The process of fitting data to the model is by nonlinear least squares
to the equation representing the Gompertz model (Carrillo & González, 2002).
Growth models generally are represented as a process monitored by dynamic characteristics
of a variable given by a continually increasing time function. The Gompertz model described in
equation two (2) was used to model α-GPC accumulation (Groot, Cone, Williams, Debersaques,
& Lantinga, 1996). This model has been modified to fit fermentation data by equations as the
variables of the original equation cannot be used to explain fermentation.
Equation 5. 1 Ethanol accumulation from fermentation

𝑔
𝑅𝑚𝑎𝑥𝑒 ∗ 𝑒𝑥𝑝(1)
(𝐿𝑒 − 𝑡 ) + 1]}
𝐸𝑡ℎ𝑎𝑛𝑜𝑙 ( ) = 𝐴𝑚𝑎𝑥𝑒 ∗ 𝑒𝑥𝑝{− exp [
𝐿
𝐴𝑚𝑎𝑥𝑒
Where, Amaxe is the potential maximum ethanol accumulation (g/L), Rmaxe is the maximum
ethanol productivity rate or productivity (g/L/h), and Le is lag phase or the time to exponential
ethanol accumulation (h).
Equation 5. 2 α-GPC accumulation from fermentation
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𝑔
𝑅𝑚𝑎𝑥𝑎𝑔 ∗ 𝑒𝑥𝑝(1)
(𝐿𝑎𝑔 − 𝑡 ) + 1]}
𝛼 − 𝐺𝑃𝐶 ( ) = 𝐴𝑚𝑎𝑥𝑎𝑔 ∗ 𝑒𝑥𝑝{− exp [
𝐿
𝐴𝑚𝑎𝑥𝑔
Where, Amaxag is the potential maximum α-GPC accumulation (g/L), Rmaxag is the maximum
α-GPC productivity rate or productivity (g/L/h), and Lag is lag phase or the time to exponential αGPC accumulation (h).
Equation 5. 3 Lactic acid accumulation from fermentation

𝑔
𝑅𝑚𝑎𝑥𝑙 ∗ 𝑒𝑥𝑝(1)
(𝐿𝑙 − 𝑡 ) + 1]}
𝐿𝑎𝑐𝑡𝑖𝑐 𝐴𝑐𝑖𝑑 ( ) = 𝐴𝑚𝑎𝑥𝑙 ∗ 𝑒𝑥𝑝{− exp [
𝐿
𝐴𝑚𝑎𝑥𝑙
Where, Amaxl is the potential maximum lactic acid accumulation (g/L), Rmaxl is the maximum
lactic acid productivity rate or productivity (g/L/h), and Ll is lag phase or the time to exponential
lactic acid accumulation (h).
Equation 5. 4 Acetic acid accumulation from fermentation

𝑔
𝑅𝑚𝑎𝑥𝑎 ∗ 𝑒𝑥𝑝(1)
(𝐿𝑎 − 𝑡 ) + 1]}
𝐴𝑐𝑒𝑡𝑖𝑐 𝐴𝑐𝑖𝑑 ( ) = 𝐴𝑚𝑎𝑥𝑎 ∗ 𝑒𝑥𝑝{− exp [
𝐿
𝐴𝑚𝑎𝑥𝑎
Where, Amaxa is the potential maximum acetic acid accumulation (g/L), Rmaxa is the maximum
acetic acid productivity rate or productivity (g/L/h), and La is lag phase or the time to exponential
acetic acid accumulation (h).
Equation 5. 5 Succinic acid accumulation from fermentation

𝑔
𝑅𝑚𝑎𝑥𝑠 ∗ 𝑒𝑥𝑝(1)
(𝐿𝑠 − 𝑡 ) + 1]}
𝑆𝑢𝑐𝑐𝑖𝑛𝑖𝑐 𝐴𝑐𝑖𝑑 ( ) = 𝐴𝑚𝑎𝑥𝑠 ∗ 𝑒𝑥𝑝{− exp [
𝐿
𝐴𝑚𝑎𝑥𝑠
Where, Amaxs is the potential maximum succinic acid accumulation (g/L), Rmaxs is the
maximum succinic acid productivity rate or productivity (g/L/h), and Ls is lag phase or the time to
exponential succinic acid accumulation (h).
Equation 5. 6 Betaine accumulation from fermentation

𝑔
𝑅𝑚𝑎𝑥𝑏 ∗ 𝑒𝑥𝑝(1)
(𝐿𝑏 − 𝑡 ) + 1]}
𝐵𝑒𝑡𝑎𝑖𝑛𝑒 ( ) = 𝐴𝑚𝑎𝑥𝑏 ∗ 𝑒𝑥𝑝{− exp [
𝐿
𝐴𝑚𝑎𝑥𝑏
Where, Amaxb is the potential maximum betaine accumulation (g/L), Rmaxb is the maximum
betaine productivity rate or productivity (g/L/h), and Lb is lag phase or the time to exponential
betaine accumulation (h).
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Equation 5. 7 Glycerol accumulation from fermentation

𝑔
𝑅𝑚𝑎𝑥𝑔 ∗ 𝑒𝑥𝑝(1)
(𝐿𝑔 − 𝑡 ) + 1]}
𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙 ( ) = 𝐴𝑚𝑎𝑥𝑔 ∗ 𝑒𝑥𝑝{− exp [
𝐿
𝐴𝑚𝑎𝑥𝑔
Where, Amaxg is the potential maximum glycerol accumulation (g/L), Rmaxg is the maximum
glycerol productivity rate or productivity (g/L/h), and Lg is lag phase or the time to exponential
glycerol accumulation (h).
Also, from the kinetic model, Tmax was derived for α-GPC and betaine since their respective
lag periods were not defined from the analytical instrumentation measure. Where, Tmax is time at
which the maximum compound was obtained, or time taken to reach Amax accumulation in the
fermentation broth.

5.3.7 Statistical Analysis
Regression of data against the Gompertz model equation 5.1 to determine the parameters
Amax, Rmax, and L) was performed for all products that accumulated from the four treatments (WWF,
ELF, PLF, and PCF) using Microsoft Excel with the Solver add-in. The squared error at each time
was calculated, and this was further used to obtain the root mean square error of the model in
comparison to the experimental data. The Excel Solver add-in was then used to obtain the
minimum root mean square error of the model by adjusting the initial values with a constraint of
only obtaining positive values (≥0). The final values of each parameter were then used to obtain a
new value for the predicted model. The parameters obtained were also analyzed using the SAS 9.4
package with a factorial design.
Equation 5. 8 Factorial Experimental Design

𝑦𝑖𝑗𝑘 = 𝑚𝑒𝑎𝑛 + 𝑡𝑖 + 𝑐𝑗 + (𝑡𝑐 )𝑖𝑗 + 𝑒𝑖𝑗𝑘
Where, y is dependent variable under examination, i is four treatments (1–4), ti is the fixed
effect of the treatment, j is four cultivars, cj is the fixed effects of the cultivar, (tc)ij is interaction
effect between the cultivars and treatments, and eijk is the error term specific to the wheat assigned
the treatment. The experiment was conducted with four replicates, and differences between the
treatments were analyzed using the Turkey test.

58

5.4 Results
5.4.1 Cultivar Effects on α-Glycerylphosphorylcholine and Ethanol Accumulation
It was established in previous research that α-GPC accumulated during wheat fermentation.
This research is designed to determine if there might be differences in the quantity of α-GPC
accumulated if different Canadian wheat cultivars from different market classes are used for
fermentation. AC Andrew, AAC Brandon, transcend and CDC Utmost was used in this
experiment. Fermentation media prepared from each cultivar was tested to determine if
accumulation of α-GPC was determined or affected by genotype. There were significant
differences as the p-value <0.05 of the variable “cultivar”. CDC Utmost and Transcend are similar;
hence there is no significant difference between these two cultivars. Also, AAC Brandon
accumulated the least α-GPC and is significantly different from the other three cultivars, while AC
Andrew is indistinguishable from other cultivars (Table 5.1).
Table 5.1 Cultivar effects on the accumulation of α-GPC and ethanol from fermentation
Cultivars

α-GPC Estimate (g/L)

Ethanol Estimate (g/L)

CDC Utmost
1.65a ± 0.06
68.3b ± 1.0
Transcend
1.58a ± 0.07
72.6a ± 1.1
AC Andrew
1.43ab ± 0.08
67.0b ± 1.0
AAC Brandon
1.31b ± 0.08
73.4a ± 1.1
Values were determined in four replicates, and the values are presented as the mean ± SD (n=4).
Values followed by different letters are significantly different (p<0.05).
Similarly, the accumulation of ethanol in media prepared from the four cultivars was also
different after fermentation. There was a strongly significant difference between the cultivars,
p<0.0001. Transcend and AAC Brandon are not different, CDC Utmost and AC Andrew did not
differ from each other, but these pairs of cultivars are significantly different from each other.

5.4.2 The Interaction between Cultivars and Treatment Effects on Fermentation
Products
Fermentation with wheat cultivars resulted in the accumulation of ethanol, and other coproducts. Co-products quantified in these experiments are α-GPC, lactic acid, acetic acid, succinic
acid, betaine and glycerol. It was observed that there was a strongly significant difference between
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the co-products in media prepared from different cultivars during fermentation (Table 5.2). Also,
the treatments used in this experiment WWF, ELF, PLF, and PCF also showed strong significance
for all fermentation products. Also, the interaction between cultivar and treatment indicates a
significant effect on the maximum accumulation of fermentation products.
Table 5.2 Analysis of variance for compounds accumulated from fermentation
Effects

DF Ethanol

α-GPC

Lactic Acetic Succinic
acid
acid
acid

Betaine Glycerol

Cultivar

3

***

*

***

***

***

***

***

Treatment

3

***

***

***

***

***

***

***

Cultivar × Treatment 9 ***
*
**
***
***
***
***
Variance ratio ***, significant at p<0.0001; **, significant at p<0.001; *, significant at p<0.05;
NS, Non-Significant
The product of fermentation α-GPC obtained was the highest when CDC Utmost was treated
with phospholipase A1 (Figure 5.1B). There was no significant difference in the accumulation of
α-GPC during whole wheat fermentation amongst the different cultivars, AAC Brandon,
Transcend and CDC Utmost, but AC Andrew differed in α-GPC accumulation; therefore, a
different letter was assigned.

5.4.3 Kinetic Parameter Amax from Fermentation
Amax was obtained from the Gompertz model used analyzed to determine the interactive effect
between the different cultivars and treatments and the data is shown in Table 5.3 for all compounds
measured during fermentation. There were significant differences within and between the different
cultivars and treatments for all fermentation products. A maximum ethanol content of 90.1 g/L
accumulated during fermentation when whole wheat media were treated with phospholipase A1
(PLF × CDC Utmost), and the lowest accumulation during fermentation with the endosperm
enriched layer (ELF × CDC Utmost) and 47.8 g/L of ethanol was obtained (Figure 5.1A).
α-GPC was observed in fermentation media prepared from each cultivar and all treatments,
but maximum α-GPC, 2.18 g/L, accumulated from the fermentation of CDC Utmost media
pretreated with phospholipase A1 (PLF × CDC utmost). Also, the least α-GPC of 0.52 g/L
accumulated from fermentation of AAC Brandon media prepared from the endosperm layer (ELF
× AAC Brandon). Overall there was an increase in α-GPC accumulation was observed when media
from individual cultivars was treated with lipase (PLF) as compared with controls. After PLF
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treatment AC Andrew medium α-GPC increased 26% in its accumulation from 1.33 to 1.68 g/L,
AAC Brandon medium increased 23% from 1.48 to 1.83 g/L, transcend media increased 8% from
1.60 to 1.71 g/L, and CDC Utmost medium increased 37% from 1.58 to 2.18 g/L.
Lactic acid accumulation was also significantly different; the highest accumulation of lactic
acid at 1.37 g/L (Figure 5.1C) was obtained when fermentation was carried out with the endosperm
layer enriched media (ELF × Transcend). Similarly, the lowest accumulation of lactic acid of 0.44
g/L was observed in media prepared from AC Andrew (WWF × AC Andrew).
Maximum acetic acid accumulation of 2.19 g/L was observed in whole wheat fermentation
media prepared from Transcend (WWF × Transcend) as shown in Figure 5.1D, and the lowest
quantity of 0.79 g/L was obtained in fermentation media treated with L-α-phosphatidylcholine and
AAC Brandon and CDC Utmost grain (PCF × AAC Brandon, PCF × CDC Utmost).
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Figure 5.1 Maximum accumulation of (A) ethanol, (B) α-GPC, (C) lactic acid, (D) acetic acid, (E)
succinic acid, and (F) glycerol from wheat fermentation from different cultivars. Values followed by
different letters are significantly different (p< 0.05).

62

Maximum succinic acid accumulation of 1.30 g/L accumulated from the fermentation of
wheat endosperm enriched flour of CDC Utmost (ELF × CDC Utmost), while the lowest
accumulation was 0.45 g/L from fermentation of untreated whole wheat of AC Andrew and CDC
Utmost (WWF × CDC Utmost, PLF × AC Andrew) as shown in Figure 5.1E. Maximum betaine
accumulation was obtained from fermentation of whole wheat media prepared from with the
combination of (WWF × Transcend). Transcend media accumulated significantly more betaine
than media prepared from other cultivars during fermentation.
Glycerol accumulation in media during fermentation was significantly different among
treatment and cultivars used for fermentation. The highest rates of accumulation were 15.5–15.6
g/L, while the lowest accumulation was 7.40 g/L as shown in Figure 5.1F.

5.4.4 Kinetic Parameter Estimate Rmax on Fermentation Products Formation.
The Gompertz model determined the rate at which fermentation occurred and the rate at
which individual products were obtained. The interactive effect was then analyzed to identify
significant differences among the cultivars, and the data is shown in Table 5.4. The fastest rate of
ethanol accumulation observed of 26.34 g/L/h occurred when fermentation was carried out with
media prepared from endosperm enriched layer (ELF × Transcend), while the slowest rate of
ethanol accumulation 1.16 g/L/h occurred during fermentation with media containing endosperm
enriched flour of CDC Utmost (ELF × CDC Utmost). The rates at which α-GPC accumulated were
significantly different amongst cultivars and treatments. The fastest rate of accumulation was
observed with the cultivar and treatment combination of (ELF × CDC Utmost) at a rate of 0.86
g/L/h, and the slowest rate of accumulation of 0.11 g/L/h corresponds to fermentation with
endosperm enriched media from AAC Brandon (ELF × AAC Brandon).

5.4.5 Kinetic Parameter Estimate Lag Phase from Wheat Fermentation
The lag phase before fermentation commenced was measured in amongst the different
cultivars used in this experiment, and the data is shown in Table 5.5. The lag phase for fermentation
product formation was between 1 h–24 h, and this implies that fermentation started after those
periods. The lag period before ethanol accumulation from the different cultivars was significantly
different from each other; the lowest lag periods were observed when endosperm layers of AC
Andrew and CDC Utmost were fermented with lag periods of 2.28 and 0.43 h, respectively.
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Table 5.3 Effects between cultivars and treatment effect on the maximum accumulation of fermentation compounds.
Treatments

Cultivars

Ethanol
(g/L)

α-GPC
(g/L)

Lactic acid
(g/L)

Acetic acid
(g/L)

Succinic acid
(g/L)

Betaine
(g/L)

WWF

AC Andrew

69.6de ±1.9

1.33c ±0.15

0.44g ±0.09

1.26de ±0.25

0.65defg±0.01

0.60cd ±0.05 9.96fg±0.38

AAC Brandon 71.8de ±2.0

1.48bc ±0.17

0.80cde ±0.01

1.81bc ±0.08

0.65defg ±0.01

0.59cd ±0.03 13.2c±0.30

Transcend

80.5b ±3.8

1.60bc ±0.15

1.07b ±0.06

2.19a ±0.07

0.58fgh ±0.01

1.21a ±0.04

CDC Utmost

74.8bcd±1.6

1.58bc ±0.05

0.84bcd ±0.06

1.68bc ±0.09

0.45h ±0.04

0.59cd ±0.03 10.4ef±0.57

AC Andrew

72.1cde±2.1

1.35c ±0.03

0.72def ±0.09

1.54cd ±0.09

0.49gh ±0.03

0.22f ±0.02

8.3h±0.47

AAC Brandon 79.8b ±1.9

0.52d ±0.52

1.01bc ±0.01

1.50cd ±0.08

0.78bcde±0.05

0.00g ±0.00

15.1ab±0.25

Transcend

77.8bc±2.0

1.64bc ±0.08

1.37a ±0.06

1.52cd ±0.08

0.87bc ±0.02

0.76b ±0.03

14.9ab±0.19

CDC Utmost

47.8h±2.0

1.40bc ±0.11

1.08b ±0.06

0.64g ±0.15

1.30a ±0.05

0.00g ±0.02

15.6a±0.31

AC Andrew

66.1ef ±3.8

1.68bc ±0.06

0.70def ±0.09

1.74bc ±0.15

0.49gh ±0.02

0.63cd ±0.05 13.0cd±0.36

AAC Brandon 80.2b ±0.23

1.83ab ±0.13

0.55fg ±0.09

1.65c ±0.67

0.56fgh ±0.03

0.56d ±0.03

11.7de±0.28

Transcend

72.3cd ±2.1

1.71bc ±0.07

0.65defg ±0.01

1.99ab ±0.04

0.79bcd ±0.06

1.20a ±0.04

15.5a±0.33

CDC Utmost

90.1a ±0.49

2.18a ±0.10

0.60defg ±0.02

1.67c ±0.07

0.91b ±0.20

0.67c ±0.02

13.8bc±0.61

AC Andrew

60.3fg ±0.85

1.37c ±0.04

0.57efg ±0.01

0.98ef ±0.67

0.45h ±0.02

0.45e ±0.03

7.40h±0.24

1.43bc ±0.04

0.62defg ±0.06

0.79fg ±0.03

0.59efgh ±0.04

0.41e ±0.00

8.18h±0.57

1.35c ±0.08

0.74def ±0.06

0.98ef ±0.1

0.68cdef ±0.07

0.84b ±0.03

7.40h±0.40

CDC Utmost
60.6fg ±1.3
1.44bc ±0.06
0.73def ±0.09 0.79fg ±0.67
0.58fgh ±0.05
Values were determined in four replicates, and the values are presented as the mean ± SD (n = 4).
Values followed by different letters are significantly different (p<0.05).

0.46e ±0.03

8.76gh±0.80

ELF

PLF

PCF

AAC Brandon 61.7fg ±0.86
Transcend

59.7g ±2.8
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Glycerol
(g/L)

12.9cd±1.1

Table 5.4 Cultivars and treatment effects on maximum rate of fermentation compounds
Treatments Cultivars

Ethanol
(g/L/h)

α-GPC
(g/L/h)

Lactic acid
(g/L/h)

Acetic acid
(g/L/h)

Succinic acid Betaine
(g/L/h)
(g/L/h)

WWF

17.6ab ±4.9

0.34fg±0.08

0.07c±0.02

0.06d±0.02

0.25abcd ±0.05 0.32ab ±0.02 4.39bcd ±0.28

AAC Brandon 5.65d ±2.8

0.43ef±0.02

0.12abc±0.00 0.12cd±0.02

ELF

AC Andrew

0.18d ±0.04

3.04def ±0.41

Transcend

4.67d ±2.4

0.57cde±0.06 0.12abc±0.04 0.13cd±0.06

0.13ef ±0.03

0.32ab ±0.02 3.81cde ±0.14

CDC Utmost

15.4bc ±8.3

0.64bcd±0.07 0.13abc±0.05 0.42ab±0.11

0.22bcd ±0.01

0.16d ±0.01

AC Andrew

2.93d ±0.36

0.48def±0.07 0.08bc±0.04

0.28bc±0.11

0.25abc ±0.02

0.05ef ±0.02 2.33efg ±0.17

0.11h±0.07

0.06c±0.01

0.09d±0.01

0.26ab ±0.01

0.00f ±0.00

AAC Brandon 16.7bc ±2.5

PLF

0.11efg ±0.01

Glycerol
(g/L/h)

4.38bcd ±0.23
5.43abc ±0.01

Transcend

26.3a ±0.99

0.69abc±0.11 0.21a±0.01

0.52a±0.02

0.27ab ±0.01

0.29ab ±0.00 6.21ab ±0.77

CDC Utmost

1.16d ±0.07

0.86a±0.01

0.17cd±0.03

0.04g ±0.01

0.00f ±0.00

AC Andrew

3.69d ±0.66

0.39efg±0.07 0.06c±0.02

0.13cd±0.06

0.25abc ±0.02

0.19cd ±0.06 0.78g ±0.33

0.58cde±0.00 0.12abc±0.03 0.10d±0.00

0.18cde ±0.01

0.32ab ±0.02 3.57cdef±0.21

0.17de ±0.03

0.38a ±0.09

AAC Brandon 8.6cd ±2.4

0.18ab±0.00

Transcend

16.1bc ±3.0

0.82ab±0.08 0.07c±0.03

CDC Utmost

6.1d ±2.5

0.83ab±0.02 0.11abc±0.03 0.15cd±0.03

0.31a ±0.02

0.28bc ±0.03 4.09cde ±0.09

AC Andrew

9.1bcd ±2.4

0.41ef±0.07

0.02d±0.00

0.07fg ±0.03

0.16d ±0.01

0.20gh±0.03 0.12abc±0.07 0.01d±0.00

0.07fg ±0.03

0.14de ±0.01 4.2cde ±1.3

0.72abc±0.02 0.10bc±0.02

0.11efg ±0.04

0.16d ±0.03

4.2cde ±1.2

CDC Utmost 9.61bcd ±0.28 0.45def±0.06 0.10bc±0.03 0.01d±0.00
0.10efg ±0.04
Values were determined in four replicates, and the values are presented as the mean ± SD (n=4).
Values followed by different letters are significantly different (p<0.05).

0.16d ±0.02

0.93g ±0.47

PCF

AAC Brandon 8.1cd ±2.1
Transcend

10.0bcd ±2.7

0.07d±0.01

7.3a ±1.1

0.09bc±0.04
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0.18cd±0.15

2.3efg ±1.4
1.83fg ±0.33

Table 5.5 Cultivar and treatment effect on lag phase obtained from the kinetic model
Treatments

Cultivars

Ethanol
(h)

Lactic acid
(h)

Acetic acid
(h)

Succinic acid
(h)

Glycerol
(h)

WWF

AC Andrew

4.80de ±2.1

8.12cdef ±5.0

1.94cd ±0.92

15.9a ±2.7

11.7cd±4.5

AAC Brandon

7.57cde ±4.7

17.1ab ±1.9

7.4ab ±3.7

19.0a ±1.4

14.2bc±4.2

Transcend

6.76cde ±4.5

13.3abcd±3.7

6.5abc ±4.3

8.07bc ±3.8

1.69d ±0.09

CDC Utmost

3.85de ±2.6

5.8def ±2.4

3.28bcd±0.67

9.93b ±0.55

8.35cd ±0.75

AC Andrew

2.28e ±0.81

2.22f ±0.71

2.43bcd±0.35

9.7b ±1.1

1.73d ±0.04

AAC Brandon

16.2ab ±1.8

5.8def ±2.3

3.66bcd±0.43

2.69d ±0.22

3.39cd ±0.15

Transcend

13.3abc±4.5

18.4ab ±0.55

2.98bcd±0.40

2.60d ± 0.25

3.72cd ±0.45

CDC Utmost

0.43e ±0.43

19.7a ±0.30

2.81bcd±0.30

1.20d ±0.51

76.2a ±2.8

AC Andrew

3.61de ±0.61

6.83def ±2.1

2.87bcd±0.62

9.7b ±1.1

6.7cd ±4.3

AAC Brandon

14.1abc±2.9

5.75def ±2.2

3.71bcd±0.41

2.84d ±0.23

2.29d ±0.08

Transcend

17.4ab ±1.1

4.16ef ±0.24

2.33bcd±0.44

2.91cd ±0.30

2.54d ±0.56

CDC Utmost

10.7bcd±4.0

10.4bcde±3.8

10.9a ±3.5

1.88d ±0.10

2.1d ±3.9

AC Andrew

20.0a ±1.3

13.7abcd±4.0

4.2bcd±1.5

5.3bcd±3.2

24.2b ±11

AAC Brandon

18.5ab ±0.7

8.46cdef ±3.1

1.07d ±0.91

8.1bc ±3.9

8.7cd ±5.6

Transcend

14.3abc±4.2

14.8abc±3.2

2.2bcd±2.1

3.18cd ±0.70

3.88cd ±0.20

ELF

PLF

PCF

CDC Utmost
19.4a ±0.9
12.6abcd±3.4
0.05d ±0.02
1.26d ±0.47
Values were determined in four replicates, and the values are presented as the mean ± SD (n=4).
Values followed by different letters are significantly different (p<0.05).
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5.0cd ±3.9

Table 5.6 Pearson correlation coefficients of the compounds accumulated from fermentation

GPC

GPC

ET

LA

AA

SA

BE

GLY

1.00

0.26

-0.03

0.29

-0.07

0.45

0.12

0.04

0.81

0.02

0.56

0.00

0.34

1.00

0.09

0.71

-0.13

0.35

0.37

0.48

<.0001

0.32

0.00

0.00

1.00

0.15

0.25

-0.01

0.45

0.24

0.05

0.94

0.00

1.00

-0.26

0.56

0.43

ET
LA

0.26

AA

0.04

SA

-0.03

0.09

BE

0.81

0.48

GLY

0.29

0.71

0.15

Pearson correlation coefficients, N = 64 Prob > |r| under H0: Rho=0
GPC=α-Glycerylphosphorylcholine, ET=ethanol, LA=lactic acid, AA=acetic acid, SA=succinic
acid, BE=betaine, GLY=glycerol.
There is a low but significant positive correlation between accumulation of α-GPC and
ethanol accumulation (p=0.25, r=0.04), betaine accumulation is equally significantly correlated
with α-GPC accumulation (p=0.44, r=0.0002), and acetic acid accumulation is equally
significantly correlated with α-GPC accumulation (p=0.29, r=0.01). Ethanol accumulation is
strongly significantly correlated with acetic acid accumulation (p=0.71, r=<0.0001), betaine
(p=0.35, r=0.0043), and glycerol (p=0.36, r=0.0026). Lactic acid significantly correlates with the
accumulation of succinic acid (p=0.25, r=0.04), and glycerol (p=0.44, r=0.0002). Acetic acid
significantly correlates positively with the accumulation of glycerol (p=0.43, r=0.0004), betaine
(p=0.56, r=<0.0001), and it correlates negatively with the accumulation of succinic acid (p=-0.26,
r=0.03). Succinic acid has a strongly significant correlation with glycerol accumulation (p=0.58,
r=<0.0001).
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Figure 5.2 Pearson correlation coefficients of the compounds accumulated from fermentation
Pearson correlation coefficients, N = 64 Prob > |r| under H0: Rho=0
GPC=α-Glycerylphosphorylcholine,

ET=ethanol,

SA=succinic acid, BE=betaine, GLY=glycerol.
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LA=lactic

acid,

AA=acetic

acid,

5.5 Discussion
5.5.1 Effects of Wheat Fractionation on α-GPC and Betaine Accumulation
Phospholipids found in wheat grain are observed in the ration of 8–15% in the germ layer,
6% in the bran layer and 1% in the starchy endosperm (Colborne & Laidman, 1975), hence the
second treatment was developed to determine the effect of the presence or absence of the bran and
aleurone layer on α-GPC accumulation. There was no significant difference between the α-GPC
accumulations in individual cultivars when the endosperm layer was used for fermentation (Figure
5.1B). No significant difference was noted in α-GPC accumulation in media prepared from whole
wheat, and media prepared from the endosperm enriched flour-based media during fermentation
of AC Andrew, Transcend and CDC Utmost. In media prepared from AAC Brandon there was a
significantly different between the α-GPC accumulated from whole wheat and endosperm enriched
fermentation as the α-GPC measured was 1.48 and 0.5 g/L, respectively.
Betaine is a nutrient that differs among wheat cultivars, and it is particularly abundant in the
bran and germ layers. There were significant differences in betaine accumulation, AC Andrew,
AAC Brandon, and CDC Utmost accumulated similar amounts of betaine of 0.60, 0.59, and 0.59
g/L, respectively but accumulated 1.21 g/L which agrees with Likes et al. (Likes et al., 2007) that
betaine quantity can be different among wheat cultivars. From Figure 5.3, the accumulation of
betaine was significantly different in Transcend media for all treatment conditions when compared
to other cultivars. When endosperm enriched flour media was used in fermentation betaine
accumulation was lower for all four cultivars; wheat grain has been reported to have a significantly
high ratio of betaine, but this accumulation was associated with whole grain and not debraned flour
(Likes et al., 2007; Zeisel, Mar, Howe, & Holden, 2003). Transcend, a class of durum wheat that
has extensively cultivated on the Canadian prairies andhas been associated with improved
resistance to Fusarium head blight (Singh et al., 2012) ; an increase in betaine content has been
associated with a reduction in growth rate of the disease spores (Engle, Lipps, Graham, & Boehm,
2004).
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Figure 5.3 Accumulation of betaine from wheat fermentation media over 168 h of fermentation

5.5.2 Effects of Phospholipase A1 Enzyme on Fermentation Products
Phospholipase A1 has been used extensively α-GPC production, and this enzyme has been
used for the hydrolysis of soy phosphatidylcholine and lecithin (Bang, Kim, & Kim, 2016; Chu,
1948). There was a significant increase in α-GPC accumulation in media treated phospholipase
A1compared to controls (Figure 5.4). This result corresponds with findings that phospholipase A1
could be used in the production of α-GPC. Although the accumulation of α-GPC with
phospholipase A1 reported are from the hydrolysis of soy lecithin (Bang, Kim, & Kim, 2016a;
Van Nieuwenhuyzen & Tomás, 2008; Zhang, Wang, et al., 2012), the results observed shows that
this same enzyme could successfully increase α-GPC accumulation in wheat fermentation media.
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Betaine which is also a choline related compound was measured in this experiment, but there
was no significant difference in its accumulation with the action of the phospholipase enzyme A1
but transcend accumulated a different significant quantity of betaine in comparison to the other
cultivars (Figure 5.4).

Figure 5.4 Comparing the difference between whole wheat (WWF) and action of phospholipase A1
(PLF) on the accumulation of α-GPC

5.5.3 Effects of Precursor Compound L-α-Phosphatidylcholine on Fermentation
Products
The pathway for phosphatidylcholine accumulation is usually from the conversion of choline
in human diets (Cole, Vance, & Vance, 2012). This experiment was aimed to determine if there
might be a difference in the quantity of α-GPC accumulated when a precursor compound was
added to the fermentation broth. There was no significant difference in the α-GPC accumulated
from the addition of the precursor compound when compared with the fermentation carried out
with whole wheat (Table 5.4). Phospholipase A1 enzyme can readily convert L-α
phosphatidylcholine into α-GPC (Bang et al., 2016a), but in this experiment there was no addition
of phospholipase A1, as it was aimed to see if phospholipase enzymes present in yeast cells could
utilize the added substrate (Merkel et al., 2005) and accumulate additional α-GPC.
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5.5.4 Fermentation Co-products
α-GPC accumulated during fermentation of all wheat-based media in this study, and these
fermentations accumulated other useful compounds including ethanol, lactic acid, acetic acid,
succinic acid, glycerol and betaine. The accumulation of these compounds was measured and
correlated to determine the interaction of individual co-products. α-GPC accumulation was
positively and significantly correlated with ethanol accumulation, acetic acid accumulation and
betaine accumulation. Ethanol accumulation is the primary product of fermentation, and its
accumulation was between 60–90 g/L among media from different cultivars and treatment
conditions (Figure 5.1A), the addition of phospholipase A1 did not decrease ethanol accumulation.
Also, the acetic accumulation has a low but positive significant correlation with accumulation of
α-GPC during fermentation, but its accumulation did not change with α-GPC accumulation, but it
correlated more with ethanol accumulation which agrees with literature that suggests that acetic
acid and ethanol accumulation in fermentation have inhibitory effect on yeast metabolism and
growth (Pampulha & Loureiro-Dias, 1989).
Betaine can be a derivative of choline, and its accumulation equally correlates with α-GPC,
and its accumulation increased with α-GPC except for fermentation with the endosperm enriched
flour prepared from AAC Brandon and CDC Utmost which accumulated less betaine. The
accumulation of betaine in wheat has been associated with bran fractions (Likes et al., 2007);
hence, the reduction of its accumulation in fermentation with endosperm enriched flour.

5.5.5 Rate of Maximum α-GPC Accumulation
It was observed that α-GPC accumulation accumulated during the fermentation of wheatbased media. Industrially, fermentation is conducted over 72 h, and in order to determine the
practicability of this research, the time required for maximum α-GPC accumulation was
determined. Fermentation using whole wheat was recorded a maximum time of 72 h for AAC
Brandon, Transcend and CDC Utmost, but fermentation with AC Andrew reached maximum
accumulation at 42 h (Table 5.7). All treatment conditions for fermentation resulted in the
maximum accumulation of α-GPC before or at 72 h except fermentation with the endosperm
enriched flour which varied significantly amongst the different cultivars. Maximum α-GPC can be
equally be obtained within the same duration as a regular batch fermentation which is typically
between 45–70 h (Bartee, Noll, Axelrud, Schweiger, & Sayyar-Rodsari, 2009).
72

Table 5.7 Time to attain maximum α-GPC from wheat fermentation
Treatment

Cultivars

Tmax (h)

WWF

AC Andrew

42.0cde ± 6.0

AAC Brandon

72.0ab ± 11

Transcend

72.0ab ± 9.8

CDC Utmost

72.0ab ± 11

AC Andrew

90.0a ± 9.8

AAC Brandon

18.0e ± 6.0

Transcend

90.0a ± 6.0

CDC Utmost

24.0de ± 6.0

AC Andrew

72.0ab ± 18

AAC Brandon

66.0abc ± 18

Transcend

42.0cde ± 6.0

CDC Utmost

54.0bc ± 9.8

AC Andrew

66.0abc ± 0.0

AAC Brandon

66.0abc ± 0.0

Transcend

48.0bcd ± 6.0

CDC Utmost

66.0abc ± 6.0

ELF

PLF

PCF

Values were determined in four replicates, and the values are presented as the mean ± SD (n=4).
Values followed by different letters are significantly different (p<0.05).

5.5.6 Potentially Useful Compounds Obtained from Wheat Fermentation
The fermentation protocol was developed to determine α-GPC accumulation in media
prepared from wheat cultivars, but media also accumulated coproducts which are potentially
useful. Table 5.4 shows the maximum accumulation of compounds measured from fermentation.
Glycerol which is a moiety of α-GPC accumulated during fermentation. Glycerol has been used
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extensively in cosmetic, food, tobacco, pharmaceutical and the pulp and paper industry (Wang et
al., 2001), its accumulation can equally be extracted and can be sold for additional revenue.
Lactic acid is used in the cosmetic industry for manufacture of esthetic products because if
its antimicrobial, moisturizing properties; they are also used in the manufacture of propylene,
acrylic compounds, and polylactate polymers can be used in the production of biodegradable
materials (Castillo Martinez et al., 2013). Succinic Acid can also be used as a precursor of many
essential chemicals in the pharmaceutical industry and is used in the synthesis of several
biodegradable polymers (Song & Lee, 2006).

5.6 Conclusions
Maximum accumulation of 2.18 g/L of α-GPC was measured from fermentation of a medium
prepared from CDC Utmost flour treated with phospholipase A1. The addition of enzyme to the
regular fermentation medium increased α-GPC in all fermentation media tested. An increase in αGPC accumulation could minimize industrial and large-scale production costs. The enzyme
operates at 30 ºC which is close to the temperature of fermentation. Also, other useful compounds
acetic acid, lactic acid, succinic acid, betaine, glycerol and ethanol accumulated during
fermentation; these could provide additional revenue. Wheat cultivars within the market classes
tested accumulated different amounts of α-GPC, for this research four wheat cultivars were used,
but there might be a tremendous increase in α-GPC accumulation if other cultivars or grains were
used as starting materials. α-GPC production from grain fermentation has the potential to develop
the Canadian grain market as this creates a novel and sustainable means of grain utilization.
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6.0 GENERAL DISCUSSION
Studies have shown that α-Glycerylphosphorylcholine (α-GPC) improves mental and
physical performance through the release of the neurotransmitter acetylcholine (Parker, Byars,
Purpura, & Jäger, 2016). Also, clinical trials have validated the use of this compound in the
treatment of Alzheimer’s disease and improvement of cognitive function in individuals who have
dementia and healthy individuals (Perri et al., 1991). Alzheimer’s disease is a brain disorder that
affects memory and reasoning. About 46.8 million people have Alzheimer’s disease in North
America, and that number is projected to increase to 131.5 million in 2050 (AC Immune, 2015).
Currently, α-GPC is expensive as 10 mg of α-GPC from soybean (98%) is sold at $ 59.20 CAD
(Sigma-Aldrich, Oakville, ON, Canada). This research describes an alternative to producing αGPC from lecithin through the action of phospholipase A1. In the proposed approach Canadian
wheat cultivars are fermented to produce ethanol and the α-GPC is recovered from the thin stillage.
This approach is a less energy-intensive process in comparison to current synthesis (Bang, Kim,
& Kim, 2016).
There is a global market for α-GPC, as it can be used by healthy individuals for improvement
of cognitive abilities (Perri et al., 1991), individuals with Alzheimer’s disease (Bang et al., 2016a),
and for improvement of athletic performance (Parker et al., 2016). The proposed means of α-GPC
production through wheat fermentation was validated in this research. A maximum accumulation
of 2.18 g/L of α-GPC occurred in media prepared from CDC Utmost a hard red spring wheat
cultivar. Fermentation led to the simultaneous accumulation of 90.1 g/L of ethanol. This means of
production is sustainable and would be relatively cheaper than the contemporary means of
production as α-GPC would be a by-product of ethanol fermentation. It might not be economically
feasible to utilize a hard red spring wheat cultivar for ethanol fermentation as such cultivars are
currently best used for flour production and not for ethanol production. Low grade wheat from this
market class that cannot be suitable for food production might be diverted to the ethanol production
industry.
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Modifications were made to the standard fermentation to determine their effects on α-GPC
accumulation. The addition of phospholipase A1 to the fermentation media resulted in an increase
in α-GPC by 8–37% while maintaining ethanol accumulation. Commercial production of α-GPC
through fermentation would likely require changes in plant operations. For example, addition of
phospholipase A1 prior to saccharification and addition of yeast might increase the economic
return from a commercial process.
In ethanol plants, after ethanol is distilled thin stillage and wet grains are major co-products.
These co-products are further processed into distillers’ solubles (DS) and distillers’ dried grains
with solubles (DDGS) (Ratanapariyanuch, Shim, Wiens, & Reaney, 2018). DDGS and wet
distillers’ grains have high protein contents and, as such, they are used as animal feed ingredients
(Lim & Yildirim-Aksoy, 2008). A process that produced both animal feed and α-GPC might result
in additional revenue and more sustainable wheat processing. Ethanol is a primary dissolved
product from fermentation (Figure 6.1); it represents 82.0% of the total mass of dissolved
compounds that were observed in lab scale fermentation. Glycerol is the next most abundant
soluble product that occurred at a concentration of 12.6% of this fraction on a dry basis, α-GPC,
acetic acid, succinic acid, betaine, and lactic acid accumulated to concentrations of 2.0%, 1.5%,
0.83%, 0.61%, and 0.53% respectively.

Figure 6.1 The proportion of products obtained from wheat fermentation
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The North West Terminal Ltd. ethanol plant produces 25 million litres of ethanol and 25,000
tonnes of DDGS annually (Annual Report, North West Terminal Ltd., 2017). DDGS obtained from
wheat fermentation was sold at $215.99 per tonne in 2018 (Ratanapariyanuch, Shim, Wiens, &
Reaney, 2018), this amounts to about 5.4 million dollars from the sale of DDGS. This same scale
can produce approximately 600,000 kg of α-GPC which would sell for $120 million dollars/year
if sold at $200 per kg.
During yeast based fermentation of sugars to ethanol, glycerol is produced by the redoxneutral process or fermentation when pH is above 7 (Wang et al., 2001). Glycerol has been used
extensively in cosmetic, food, tobacco, pharmaceutical and the pulp and paper industries (Wang
et al., 2001), and acetic acid is widely used for the manufacture of vinegar, cleaning products, and
used as a raw material for production of polyethylene terephthalate (Ratanapariyanuch, Shim,
Emami, & Reaney 2017). It should be noted that glycerol and acetic acid accumulate in roughly
constant proportions during fermentation. That is, they accumulated at a proportion of
approximately 15 and 1.9 % for every litre of ethanol produced. These compounds could be
recovered and sold for additional revenue.
The yield of any product during extraction is less than 100 percent and extraction efficiency
is important in determining process economics. There is a need to conduct further studies on an
improved extraction method that would achieve higher recovery. Also, this fermentation should
be tested with other grain types such as corn, oat, barley, and even with second generation ethanol
feedstocks to determine if there might be an increase in α-GPC accumulation.
These research findings create a novel opportunity for the ethanol industry to generate
additional revenue, and might serve as an incentive to increase global ethanol production beyond
its current 108 billion liters (Renewable Fuels Association, 2017). An increase in bioethanol
accumulation might result in a reduction in greenhouse gas emissions resulting in a cleaner and
safer environment.
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7.0 SUMMARY AND CONCLUSIONS
α-Glycerylphosphorylcholine (α-GPC) has been successfully obtained by fermentation of
Canadian wheat cultivars. The fermentation also resulted in the simultaneous accumulation of
other compounds; acetic acid, lactic acid, succinic acid, betaine, glycerol and ethanol. The
objectives of this research were to determine the source of α-GPC in thin stillage and optimize αGPC production during ethanol fermentation.
Fermentation of media prepared from wheat cultivars AC Andrew, AAC Brandon, Transcend
and CDC Utmost produced 1.33, 1.48, 1.60 and 1.58 g/L of α-GPC, respectively. This study
reveals that wheat composition has a significant effect on α-GPC accumulation. The endosperm
layer did not influence α-GPC accumulation of in some cultivars as initially hypothesized, but the
absence of the bran layer did decrease betaine accumulating in the fermentation medium.
Wheat fermentation media were prepared using reagents obtained from an industrial ethanol
production facility. To further optimize fermentation, addition of an external enzyme
phospholipase A1 was used to treat the wheat substrate, and this enzyme resulted in a significant
increase in α-GPC accumulation with its maximum concentration being 2.18 g/L. The addition of
lecithin to fermentation media did not affect α-GPC accumulation during fermentation; this might
be due to the lack of a yeast enzyme for hydrolysis of the added lecithin.
Further research should be conducted to ascertain the combined effects of both lecithin, and
a variety of phospholipase enzymes. Such an approach could indicate the availability of yeast
enzymes for conversion of lecithin to α-GPC. Furthermore, yeast strains might be engineered with
an increased phospholipase activity to determine if this approach might increase α-GPC
accumulation. Also, during fermentation CDC Utmost medium, a hard red spring wheat,
accumulated the most α-GPC. This cultivar has a higher protein content when compared to soft
white wheats and, as such, this wheat might be too expensive for ethanol production. Investigations
should be conducted on other grain types grown under stress conditions such as Teff and Millet to
determine if media prepared from these species might accumulate more α-GPC. Furthermore, there
is broader market for corn and sugarcane ethanol fermentation, and as a result the utilization of
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corn and sugarcane as feedstock for preparing media for α-GPC production could be evaluated.
Similarly, other grain types, molasses, and lignocellulosic feedstocks might be investigated as
resources for α-GPC production.
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APPENDIX A
Table A.1 Experimental and predicted values for lactic acid accumulated from fermentation with AC Andrew
WWF (g/L)
Time
(h)
Experimental Predicted

ELF (g/L)
Experimental Predicted

PLF (g/L)
Experimental Predicted

0
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.01
0.02±0.00
0.00 ± 0.00
0.00 ± 0.00
24
0.30 ± 0.06
0.27 ± 0.05
0.67 ± 0.04
0.62±0.05
0.53 ± 0.04
0.53 ± 0.04
48
0.44 ± 0.12
0.43 ± 0.09
0.60 ± 0.02
0.71±0.06
0.73 ± 0.08
0.69 ± 0.08
72
0.48 ± 0.11
0.44 ± 0.10
0.75 ± 0.02
0.72±0.07
0.74 ± 0.09
0.70 ± 0.08
96
0.39 ± 0.12
0.44 ± 0.10
0.79 ± 0.02
0.72±0.11
0.74 ± 0.09
0.70 ± 0.08
120 0.42 ± 0.10
0.44 ± 0.10
0.78 ± 0.02
0.72±0.10
0.74 ± 0.10
0.70 ± 0.08
144 0.43 ± 0.10
0.44 ± 0.10
0.73 ± 0.02
0.72±0.05
0.75 ± 0.07
0.70 ± 0.08
168 0.43 ± 0.08
0.44 ± 0.10
0.62 ± 0.02
0.72±0.06
0.49 ± 0.11
0.70 ± 0.08
Values were determined in four replicates and the values are presented as the mean ± SD (n=4).

PCF (g/L)
Experimental Predicted
0.00 ± 0.00
0.38 ± 0.13
0.57 ± 0.06
0.65 ± 0.08
0.59 ± 0.06
0.52 ± 0.09
0.58 ± 0.05
0.49 ± 0.08

0.00 ± 0.00
0.37 ± 0.12
0.55 ± 0.07
0.57 ± 0.07
0.57 ± 0.07
0.57 ± 0.07
0.57 ± 0.07
0.57 ± 0.07

Table A.2 Experimental and predicted values for acetic acid Accumulated from fermentation with AC Andrew
WWF (g/L)
Time
(h)
Experimental Predicted

ELF (g/L)
Experimental Predicted

PLF (g/L)
Experimental

Predicted

0
0.00 ± 0.00 0.07 ± 0.04 0.00 ± 0.00 0.01 ± 0.01
0.00 ± 0.00
0.04 ± 0.02
24
1.54 ± 0.12 1.40 ± 0.05 1.52 ± 0.11 1.43 ± 0.08
1.40 ± 0.13
1.37 ± 0.14
48
1.80 ± 0.17 2.05 ± 0.08 1.26 ± 0.06 1.54 ± 0.08
1.52 ± 0.05
1.69 ± 0.06
72
2.44 ± 0.39 2.17 ± 0.13 1.36 ± 0.10 1.54 ± 0.08
1.72 ± 0.16
1.73 ± 0.07
96
1.91 ± 0.10 2.19 ± 0.15 1.47 ± 0.09 1.54 ± 0.08
1.79 ± 0.03
1.74 ± 0.07
120 2.18 ± 0.21 2.19 ± 0.15 1.95 ± 0.24 1.54 ± 0.08
1.81 ± 0.11
1.74 ± 0.07
144 2.41 ± 0.29 2.19 ± 0.15 1.66 ± 0.10 1.54 ± 0.08
1.80 ± 0.05
1.74 ± 0.07
168 2.14 ± 0.12 2.19 ± 0.15 1.47 ± 0.12 1.54 ± 0.08
1.72 ± 0.06
1.74 ± 0.07
Values were determined in four replicates and the values are presented as the mean ± SD (n=4).
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PCF (g/L)
Experimental Predicted
0.00 ± 0.00
0.33 ± 0.02
0.64 ± 0.02
0.70 ± 0.05
1.03 ± 0.11
0.95 ± 0.12
1.01 ± 0.08
0.90 ± 0.08

0.04 ± 0.01
0.30 ± 0.01
0.62 ± 0.03
0.82 ± 0.04
0.91 ± 0.06
0.95 ± 0.07
0.97 ± 0.07
0.97 ± 0.08

Table A.3 Experimental and predicted values for succinic acid accumulated from fermentation with AC Andrew
WWF (g/L)
Time
(h)
Experimental Predicted

ELF (g/L)
Experimental Predicted

PLF (g/L)
Experimental Predicted

0
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
24
0.67 ± 0.13
0.54 ± 0.08
0.66 ± 0.03
0.49 ± 0.01
0.50 ± 0.05
0.53 ± 0.03
48
0.64 ± 0.10
0.65 ± 0.10
0.39 ± 0.04
0.49 ± 0.01
0.58 ± 0.04
0.57 ± 0.06
72
0.67 ± 0.11
0.65 ± 0.10
0.46 ± 0.02
0.49 ± 0.01
0.62 ± 0.09
0.58 ± 0.07
96
0.64 ± 0.10
0.65 ± 0.10
0.48 ± 0.05
0.49 ± 0.01
0.62 ± 0.07
0.58 ± 0.07
120 0.64 ± 0.11
0.65 ± 0.10
0.51 ± 0.04
0.49 ± 0.01
0.58 ± 0.07
0.58 ± 0.07
144 0.62 ± 0.09
0.65 ± 0.10
0.48 ± 0.03
0.49 ± 0.01
0.59 ± 0.06
0.58 ± 0.07
168 0.61 ± 0.10
0.65 ± 0.10
0.42 ± 0.03
0.49 ± 0.01
0.52 ± 0.05
0.58 ± 0.07
Values were determined in four replicates and the values are presented as the mean ± SD (n=4).

PCF (g/L)
Experimental Predicted
0.00 ± 0.00
0.41 ± 0.12
0.37 ± 0.04
0.47 ± 0.04
0.45 ± 0.05
0.42 ± 0.05
0.42 ± 0.04
0.43 ± 0.04

0.00 ± 0.00
0.33 ± 0.07
0.42 ± 0.04
0.44 ± 0.04
0.45 ± 0.04
0.45 ± 0.04
0.45 ± 0.04
0.45 ± 0.04

Table A.4 Experimental and predicted values for betaine accumulated from fermentation with AC Andrew
WWF (g/L)
Time
(h)
Experimental Predicted

ELF (g/L)
Experimental Predicted

PLF (g/L)
Experimental Predicted

0
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
24
0.50 ± 0.18
0.45 ± 0.16
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.02 ± 0.02
48
0.62 ± 0.06
0.60 ± 0.05
0.00 ± 0.00
0.00 ± 0.00
0.26 ± 0.15
0.23 ± 0.14
72
0.59 ± 0.03
0.60 ± 0.05
0.15 ± 0.06
0.13 ± 0.04
0.61 ± 0.08
0.62 ± 0.04
96
0.59 ± 0.04
0.60 ± 0.05
0.15 ± 0.05
0.14 ± 0.05
0.61 ± 0.05
0.63 ± 0.04
120 0.58 ± 0.05
0.60 ± 0.05
0.22 ± 0.04
0.22 ± 0.03
0.81 ± 0.21
0.63 ± 0.04
144 0.58 ± 0.07
0.60 ± 0.05
0.21 ± 0.03
0.22 ± 0.03
0.58 ± 0.05
0.63 ± 0.04
168 0.57 ± 0.05
0.60 ± 0.05
0.19 ± 0.03
0.22 ± 0.03
0.52 ± 0.05
0.63 ± 0.04
Values were determined in four replicates and the values are presented as the mean ± SD (n=4).
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PCF (g/L)
Experimental Predicted
0.00 ± 0.00
0.00 ± 0.00
0.35 ± 0.12
0.48 ± 0.04
0.46 ± 0.03
0.44 ± 0.03
0.42 ± 0.01
0.42 ± 0.04

0.00 ± 0.00
0.00 ± 0.00
0.33 ± 0.11
0.45 ± 0.03
0.45 ± 0.03
0.45 ± 0.03
0.45 ± 0.03
0.45 ± 0.03

Table A.5 Experimental and predicted values for glycerol accumulated from fermentation with AC Andrew
WWF (g/L)
Time
(h)
Experimental Predicted

ELF (g/L)
Experimental Predicted

PLF (g/L)
Experimental Predicted

0
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.36 ± 0.13
24
8.71 ± 2.94
7.58 ± 2.55
10.05 ± 0.31 8.27 ± 0.30
9.08 ± 0.62
8.71 ± 0.53
48
9.91 ± 0.32
9.96 ± 0.38
8.55 ± 0.52
8.27 ± 0.30
11.33 ± 0.87 12.49 ± 0.82
72
9.67 ± 0.09
9.96 ± 0.38
8.01 ± 0.48
8.27 ± 0.30
13.73 ± 1.41 12.95 ± 1.01
96
9.82 ± 0.26
9.96 ± 0.38
8.14 ± 0.15
8.27 ± 0.30
13.75 ± 1.12 13.01 ± 1.04
120 9.97 ± 0.37
9.96 ± 0.38
7.99 ± 0.49
8.27 ± 0.30
12.84 ± 1.00 13.02 ± 1.05
144 9.61 ± 0.67
9.96 ± 0.38
7.80 ± 0.42
8.27 ± 0.30
13.21 ± 0.98 13.02 ± 1.05
168 9.66 ± 0.61
9.96 ± 0.38
7.31 ± 0.30
8.27 ± 0.30
12.36 ± 1.00 13.02 ± 1.05
Values were determined in four replicates and the values are presented as the mean ± SD (n=4).

PCF (g/L)
Experimental Predicted
0.00 ± 0.00
3.54 ± 2.07
6.27 ± 0.77
7.70 ± 0.60
7.48 ± 0.53
7.25 ± 0.56
7.17 ± 0.50
7.19 ± 0.65

0.00 ± 0.00
3.37 ± 1.96
6.25 ± 0.64
7.40 ± 0.57
7.40 ± 0.57
7.40 ± 0.57
7.40 ± 0.57
7.40 ± 0.57

Table A.6 Experimental and predicted values for PEA accumulated from fermentation with AC Andrew
WWF (g/L)
Time
(h)
Experimental Predicted

ELF (g/L)
Experimental Predicted

PLF (g/L)
Experimental Predicted

0
0.00 ± 0.00
0.03 ± 0.01
0.00 ± 0.00
0.03 ± 0.01
0.00 ± 0.00
0.05 ± 0.00
24
0.28 ± 0.10
0.23 ± 0.08
0.67 ± 0.03
0.64 ± 0.04
0.44 ± 0.03
0.38 ± 0.04
48
0.43 ± 0.05
0.49 ± 0.03
0.80 ± 0.04
0.88 ± 0.03
0.63 ± 0.07
0.67 ± 0.06
72
0.50 ± 0.05
0.54 ± 0.03
0.87 ± 0.01
0.92 ± 0.03
0.72 ± 0.03
0.78 ± 0.05
96
0.52 ± 0.03
0.54 ± 0.03
0.96 ± 0.07
0.93 ± 0.03
0.83 ± 0.06
0.82 ± 0.05
120 0.54 ± 0.04
0.54 ± 0.03
0.98 ± 0.05
0.93 ± 0.03
0.87 ± 0.04
0.83 ± 0.05
144 0.58 ± 0.04
0.54 ± 0.03
0.96 ± 0.02
0.93 ± 0.03
0.88 ± 0.04
0.83 ± 0.05
168 0.60 ± 0.03
0.54 ± 0.03
0.94 ± 0.04
0.93 ± 0.03
0.80 ± 0.07
0.84 ± 0.05
Values were determined in four replicates and the values are presented as the mean ± SD (n=4).
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PCF (g/L)
Experimental Predicted
0.00 ± 0.00
0.26 ± 0.06
0.43 ± 0.04
0.55 ± 0.03
0.57 ± 0.04
0.59 ± 0.04
0.61 ± 0.03
0.62 ± 0.02

0.02 ± 0.01
0.24 ± 0.05
0.46 ± 0.06
0.55 ± 0.04
0.58 ± 0.03
0.59 ± 0.02
0.60 ± 0.02
0.60 ± 0.02
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