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Abstract

Succinic acid (SA) and lactic acid (LA) are organic acids which are used to synthesize
high value industry chemicals, which have applications in the food, agricultural, chemical, and
pharmaceutical industries. Currently, these acids are produced primarily from fossil-fuel
feedstocks, which are nonrenewable. This chemical process is expensive and ecologically
questionable as it increases carbon footprints. Since SA and LA are intermediates in many living
organisms, they can be produced biologically using a variety of microorganisms. One of the most
promising microorganisms for SA and LA production is Actinobacillus succinogenes due to its
resistance to these acids and other inhibitors, and its ability to utilize a variety of sugars. The
aims of this study included SA bioproduction, investigation of the effect of N2 and CO. bubbling
on LA production, and LA bioproduction from corn fiber (CF) hydrolysates using A.
succinogenes. CF is a byproduct of the dry grind corn ethanol process and has minimal lignin
and high polysaccharide content. To produce SA and LA, CF was pretreated and hydrolyzed
using enzyme. The hydrolysates were later fermented using A. succinogenes. When a control
mimicking the sugars in hydrolysates was fermented, a maximum SA concentration of 25.3 g/L
with a yield of 0.44 g/g sugars was obtained. After 3 months of A. succinogenes storage in 5%
DMSO, the cells lost their ability to make SA and started making more LA. Cells in CO2 bubbled
media produced the highest LA concentration of 36.1 g/L LA with a 0.72 g/g glucose. Cells in
CO- bubbled detoxified hydrolysate produced the highest LA concentration of all hydrolysates
(22.5 g/L LA with a 0.57 g/g glucose yield) while cells in CO2 bubbled control media mimicking
the sugars in detoxified hydrolysate produced 28.5 g/L LA with a 0.73 g/g glucose yield. For
future studies, better cryopreservation techniques of A. succinogenes will sustain the cells

fermentation ability over time.
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1 Literature Review

Introduction

Recently, there has been a growing concern regarding the contribution of fossil-fuel
based processes to global warming. This concern and the strong demand for environmentally
friendly energy sources has sparked interest in developing more sustainable processes. The
purpose is to use renewable resources and locally available raw materials to produce the same
products as fossil fuel-based methods using less energy, decreased cost, and reduced carbon
footprints (Clark, 2014).

The U.S Department of Energy has identified 12 building block chemicals that can be
produced biologically from biobased feedstocks and subsequently be converted into high-value
bio-based chemicals and products. Succinic acid (CsHsOa4) (SA), also known as 1,4 butanedioic
acid or amber acid, is one of the top value-added chemicals among these 12 chemicals (Werpy
and Petersen, 2014).

SA is a natural organic acid found in human bodies, plants, animals, and microorganisms.
It is both an intermediate compound in the tricarboxylic acid cycle and an end product in various
anaerobic metabolism pathways. Therefore, its synthesis can be achieved using microbial
fermentation. SA is widely used as a precursor in synthesizing different high value industrial
chemicals such as adipic acid, 1,4-butanediol, tetrahydrofuran, and 2-pyrrolidone, which have
applications in the food, agricultural, chemical, and pharmaceutical industries. It can also be used
to manufacture bio-based and biodegradable polymers such as polybutylene succinate and
polyamides (Ahn et al., 2016; Cok et al., 2014; Jiang et al., 2017). Additionally, SA has been
used in the production of food additives, detergents, cosmetics, pigments, surfactants, dyes,

resins, and coatings as well as an acidulant, sweetener, and flavoring in the food industry



(Nghiem et al., 2017; Kamzolova et al., 2009; Potera, 2005; Pateraki et al., 2016; Song and
Lee, 2006). In 2021, its global market size was valued at USD 222.9 million and expected to
grow at annual rate of 9.7% from 2022 to 2030 ( Grandviewresearch, 2022)

Conventional production of SA has been performed using petroleum feedstocks such as
liquefied petroleum gas. The increase in crude oil prices directly impact the cost of these
petroleum products, thereby increasing SA cost. The petrochemical process of producing SA
involves partial oxidation of butane, followed by catalytic hydrogenation of maleic anhydride. In
addition to being costly, it is also environmentally concerning as it increases carbon footprints by
using heavy metal catalysts, organic solvents, high temperatures, and pressures (Clark, 2014;
Technavio, 2021).

These concerns led to an interest in discovering biological ways to produce SA using
renewable feedstocks to replace fossil fuels. It is possible to produce SA biologically because it
is part of every organism’s central metabolism. Different microorganisms produce SA as an
intermediate in their biochemical pathways. For instance, it is one of the co-products during
ethanol fermentation by Saccharomyces cerevisiae, alongside glycerol, acetic acid, and lactic
acid (Nghiem et al., 2017). As SA is a metabolite in the tricarboxylic acid (TCA) cycle, it is
theoretically possible to produce two molecules of SA from one molecule of 6-carbon sugar and
two molecules of carbon dioxide. This offers a theoretical SA yield of 1.12 g/g sugar (McKinlay
et al., 2010).

Bio-based production of SA can be achieved by fermentation using a variety of
microorganisms such as wild-type bacteria, engineered bacteria, and engineered yeast. Several
studies have investigated SA production using microorganisms namely Actinobacillus

succinogenes, Basfia succiniciproducens, Corynebacterium glutamicum, Escherichia coli,



Mannheimia succiniciproducens, Saccharomyces cerevisiae, and Yarrowia lipolytica (Jiang et
al., 2017; Pateraki et al., 2016; Vallecilla-Yepez et al., 2021). Among these, A. succinogenes
has proved to be a better wild-type bacteria strain for SA production compared to other reported
SA producing microorganisms due to its resistance to SA and other inhibitors (Ferone et al.,
2018; Guettler et al., 1996). In addition to this, this strain can also utilize different sugar
varieties ranging from pentoses, hexoses, and disaccharides such as glucose, xylose, arabinose,
fructose, cellobiose, maltose, and lactose (Bechthold et al., 2008; Jiang et al., 2017; Pateraki
et al., 2016).

Several renewable second-generation biomasses including corn fiber (CF), sugarcane
bagasse, corn stover, industrial hemp, and rapeseed straw have been investigated to produce SA
using A. succinogenes (Borges and Pereira, 2011; Chen et al., 2010, 2011; Kuglarz et al.,
2016, 2018; Zheng et al., 2010; Vallecilla-Yepez et al., 2021). Among these biomasses, CF
presents a unique potential as one of the most promising, renewable, and inexpensive biomasses
for SA production. CF is a byproduct of the dry grind corn ethanol process. CF consists of the
outermost layer of the corn kernel and is removed prior to fermentation to boost fermenter
capacity. It is mainly composed of polysaccharides, and a small content of protein and oil
(Vallecilla-Yepez et al., 2021). Currently, it is primarily used to feed cattle. This is not its most
valuable exploitation as it can be converted into monomeric sugars, which could then be
fermented into more valuable bioproducts and biofuels such as SA and LA.

The first step to convert CF into valuable bioproducts is pretreatment to disrupt the cell
walls. The uniqueness of CF lies in its low lignin content compared to other cellulosic
biomasses. This allows for a mild pretreatment method such as liquid hot water (LHW) to be

used before saccharification. Enzymatic hydrolysis using low temperature can follow the LHW



pretreatment. This results in reduced inhibitory compounds compared to acid hydrolysis (Yoo
and Pan, 2017). Enzymatic hydrolysis is also advantageous compared to acid hydrolysis because
it is more environmentally friendly as it doesn’t use heavy chemicals and solvents.

Several studies have investigated the production of SA from CF using A. succinogenes. For
instance, Chen et al. (2010) obtained a SA yield of 72.0% from detoxified CF hydrolysate as a
carbon source. Another study by Chen et al. (2011) reported a 67.7% SA yield from CF
hydrolysate as the carbon source. In addition to that, Guettler et al. (1996) found a SA yield of
94% from CF hydrolysate using a variant of A. succinogenes 130Z. To obtain hydrolysate, these
studies utilized dilute sulfuric acid for hydrolysis. On the other hand, Vallecilla-Yepez et al.
(2021) utilized enzymatic hydrolysis to obtain hydrolysate from CF. The author reported a SA
yield of 61% using A. succinogenes as a fermenting organism.

Lactic acid (CsHeO3) (LA), also known as 2-hydroxypropanoic acid, is another crucial
organic acid which is the most widely occurring hydroxycarboxylic acid. It was discovered by
Swedish scientist C.W. Scheele in 1780 from sour milk (Datta et al., 1995). LA is naturally
occurring in fermented foods such as sauerkraut, yoghurt, buttermilk, and sourdough breads. It is
also an intermediate in many metabolic pathways in most living organisms, from anaerobes to
human beings (Datta et al., 1995; Reddy et al., 2008). It can be manufactured by either
chemical synthesis or microbial fermentation. Biological production is advantageous because it
can utilize cheap raw materials including whey, molasses, starch waste, beet, cane sugar, and
other affordable carbohydrate rich materials (Anuradha et al., 1999; Richter & Berthold,
1998; Tsao et al., 1999; Vishnu et al., 2000).

LA is a non-volatile, odorless organic acid which is classified as GRAS (Generally

Recognized As Safe) to be used as a food additive by FDA (Datta et al., 1995). It has



applications across various industries such as food and beverage, pharmaceuticals, cosmetics,
and biodegradable polymers. In the food industry, it serves as emulsifying agent in bakery
products, an acidulant, flavoring, pH buffering agent, and preservative by reducing microbial
spoilage (Litchfield, 1996). Its water-retaining capacity allows it to be used as a moisturizer in
cosmetics. It has also been used in pharmaceutical products such as ointments, lotions, and
parenteral solutions. Moreover, it has been used to prepare biodegradable polymers used in the
medical field, such as surgical sutures, prostheses, and drug delivery products (Wee et al., 2006).
It also has the potential to be converted into useful chemicals including propionic acid, acetic
acid, and acrylic acid since it possesses two reactive functional groups (Demirci et al., 1993).
LA has gained considerable attention due to its potential to be used as a raw material for
synthesis of fully biodegradable plastics. The most known is polylactic acid (PLA), a polymer of
LA which is an environmentally friendly alternative to petrochemical plastics because it is
biocompatible, biodegradable, and biobased. Replacing synthetic polymers with biodegradable
bio-based polymers will decrease waste disposal problems, environmental contamination, and
toxicity to the ecosystem and human health (Balla et al., 2021). LA’s market is estimated over
150,000 tons per year, 90% of which is produced by lactic acid bacteria (LAB), a group pf
related bacteria which produce LA as a major product through fermentation (Sauer et al., 2008).
Lactobacillus is the biggest genus of LAB. Different species in this genus have been used to
make LA from raw starch materials (Cheng et al., 1991; Vishnu et al., 2002; Naveena et al.,
2005).

A few studies have also investigated the production of LA using Actinobacillus
succinogenes, one of the major SA producing bacteria. Rahim et al. (2023) obtained 31.64 g/L

LA and 0.88 g/L/h productivity from palm kernel cake hydrolysate fermentation. Li et al. (2010)



dual phase fermentation of glucose resulted in 135.6 g/L LA with 0.96 g LA/g glucose yield and
2.94 g/L/h productivity. Wang et al. (2014) obtained 183.4 g/L LA with 0.97 g LA/g glucose
yield and 1.53 g/L/h productivity when microfiltration membrane was integrated in fermentation
for separation.

To the author’s knowledge, no study has investigated LA production from CF using A.
succinogenes. Bio-production of SA and LA from CF has several advantages such as more
profitability for corn ethanol plants originating from the new use for their CF, and environmental
protection due to dangers associated with the current petroleum-based production of these acids.
The following section discusses the different compositions of various lignocellulosic biomass

that have been investigated in the past to produce various bioproducts and biofuels.
Chemical composition of biomass

To produce biofuels and bioproducts, complete characterization of biomass is important
since the biomass will undergo further conversion processes (Capareda, 2022). Biomass
composition will then dictate a suitable biofuel or product to produce. In addition to that,
biomass composition also influences which pretreatment and hydrolysis methods to be used
(Varriale et al., 2022). Lignocellulosic biomasses are mainly composed of carbohydrates and
lignin. Thus, a comprehensive biomass analysis must measure these components (Sluiter,
2008a). It is also critical to remove all non-structural materials (extractives) from biomass before
doing analysis to prevent any possible interference with further analytical steps. These can either
be water or ethanol soluble materials. Water soluble materials include inorganic material, non-
structural sugars, as well as nitrogenous material. Ethanol soluble materials include chlorophyll,
waxes, and other minor components (Sluiter, 2008b). The main structural components for

lignocellulosic biomasses are cellulose, hemicellulose, and lignin (Zhang et al., 2019). Cellulose



is a linear homopolysaccharide made of D-glucopyranosyl units, while hemicellulose is a
branched heteropolysaccharide made of hexose and pentose sugars. Lignin is made of
phenylpropane units linked together mainly by ether bonds (Jénsson et al., 2013). Zhao et al.
(2020a) reviewed the chemical compositions of different lignocellulosic biomasses including
hemp biomass, CF, corn stover, and sorghum bagasse. For hemp biomass, the author reported
36.5-75.6% cellulose, 10.1-32.8% hemicellulose, and 8.0-22.9% lignin content ranges. For CF,
cellulose range was 13.0-18.0%, hemicellulose range was 35.0-45.3%, and lignin range was 1.3-
18.0 %. For corn stover, cellulose range was 31.0-41.2%, hemicellulose range was 16.5-22.8,
and lignin range was 12.6-25.4%. Finally, sorghum bagasse had 35.5-41.1% cellulose range,
18.4-25.9% hemicellulose range, and 15.4-24.5% lignin range. The review results with some
additions are summarized in Table 1 below.

Since CF has low lignin content compared to other lignocellulosic biomasses, this favors
the bioconversion process as the structure is not very compact (Zhao et al., 2020a; Zhao et al.,
2020b). This allows for a less severe pretreatment method, such as hydrothermolysis, also called
liquid hot water, to be used. There are chemical bonds crosslinking cellulose, hemicellulose, and
lignin together in lignocellulosic biomasses. These are resistant to enzymatic attack and
microbial fermentation. The purpose of a pretreatment method is to disrupt this structure by
breaking down these bonds, thereby solubilizing hemicellulose and lignin. This makes cellulose
readily available to enzymes and fermenting organisms. A good pretreatment method should
disrupt the physical and chemical connection between cellulose, hemicellulose, and lignin. It
should also increase cellulose accessibility while minimizing generation of inhibitory compounds
(Zhou et al., 2023). Hydrothermolysis was chosen for this study because it meets most of these

criteria.



Table 1 Chemical composition for different biomass feedstocks (% dry basis)

Biomass type Cellulose (%) Hemicellulose (%) Lignin (%) Reference
CF 14.0 39.0 5.7 (Van Eylen
etal., 2011)
13.0 38.8 7.5 (Noureddini
& Byun,
2010)
16.4 45.3 1.3 (Rasmussen
et al., 2010)
18.0 35.0 18.0 (Shrestha et
al., 2008)
21 46.4 0.8 Vallecilla-
Yepez et al.,
2021
Hemp biomass 42.0 15.7 13.2 (Kuglarz et
al., 2014)
46.4 20.1 15.0 (Kuglarz et
al., 2018)
42.3 18.2 22.9 (Gunnarsson
et al., 2015)
40.1 16.6 17.8 (Zhao et al.,
2020a)
53.7 21.8 22.2 (Emmacetal.,
2008)
Corn stover 31.7 17.1 12.6 (Liuetal.,
2014)
34.4 22.8 18.0 (Kumar et
al., 2009)
31.0 20.1 25.4 (Xu et al.,
2016)
31.3 16.5 16.6 (Wang et al.,
2019)
33.1 17.6 17.3 (Gong et al.,
2015)



Sorghum 40.4 20.0 19.8 (Barcelos et
bagasse al., 2016)

41.1 25.9 21.4 (Sunetal.,,
2015)

37.8 21.2 16.7 (Wu et al.,
2011)

35.5 20.0 24.5 (Jafari et al.,
2017)

35.6 18.4 18.2 (Umagiliyage
et al., 2015)

Actinobacillus succinogenes

A. succinogenes is a wildtype bacterial strain that was isolated from the bovine rumen. It
is a facultative anaerobe, gram-negative rod, and exhibits pleomorphism (can alter its
morphology, biological functions or reproductive modes depending on environmental
conditions) (Guettler et al., 1999). It can utilize a broad range of sugars (carbon sources)
including arabinose, cellobiose, fructose, galactose, glucose, lactose, maltose, mannitol,
mannose, sorbitol, sucrose, xylose, or salicin under anaerobic conditions. It can accumulate high
SA concentrations (more than 70 g/L). This makes it one of the most efficient natural producers
of SA. Biochemically, it is positive for tests such as catalase, oxidase, alkaline phosphatase, and
b-galactosidase. However, it is negative for indole and urease tests (Guettler et al., 1999;
Pateraki et al., 2016).

A. succinogenes has been used to produce SA using a variety of carbon sources. The

Table 2 below summarizes the results from the various studies.



Table 2 Different SA fermentation results for various carbon sources using A succinogenes

Biomass Pretreatment Yield Productivity Reference
(g/L/h)

Sugarcane Dilute acid 55.4% 1.014 Borges and

bagasse Pereira (2011)

Sugarcane Ultrasonic after  79% 0.99 Xietal.

bagasse dilute acid (2013)

hydrolysis

Glycerol N/A 0.87g SA/g 2.31 Carvalho et al.
glycerol (2014)

Sake lees Sulfuric acid 0.59 g/g sugars  1.21 Chen et al.

(2012)
Spent yeast cells  Dilute sulfuric  67.7% 0.63 Chen et al.
and corn fiber acid (2011)

As shown in Table 2, Borges and Pereira (2011) utilized sugarcane bagasse
hemicellulose hydrolysate to produce SA using A. succinogenes. In the study, the authors used
sugarcane bagasse containing 50% cellulose, 25% hemicellulose, and 25% lignin. After dilute
acid pretreatment, the hemicellulose hydrolysate (liquid phase) obtained was composed mainly
of xylose, which was used as substrate for fermentation in a bioreactor. SA concentration,
productivity, and efficiency of 22.5 g/L, 1.014 g/L/h, and 55.4%, respectively, were obtained.
Another study by Xi et al. (2013) used sugarcane bagasse that was pretreated ultrasonically after
dilute acid hydrolysis. The sugar cane bagasse hemicellulose hydrolysate obtained was used as
carbon source and fermented using A. succinogenes. SA yield of 79% and productivity of 0.99
g/L/h were obtained. Carvalho et al. (2014) utilized glycerol, a cheap byproduct of the biodiesel
industry, as a carbon source for SA bioproduction by A. succinogenes. In the study, dimethyl
sulfoxide acted as an external electron acceptor, promoting glycerol consumption and SA
production. SA concentration of 49.62 g/L with a yield of 0.87g SA/g glycerol and a production
rate of 2.31 g SA/L/h were reported. Chen et al. (2012) used sake lees, a byproduct of Japanese

rice wine, to produce SA using A. succinogenes. In the study, sake lees were pretreated using

10



sulfuric acid, and the hydrolysate was supplemented with biotin. Fermentation by A.
succinogenes resulted in SA yield of 0.59 g/g sugars with a productivity of 1.21 g/ L/h.
Additionally, Chen et al. (2011) used biotin-supplemented enzymatic hydrolysate of spent yeast
cells as a nitrogen source and corn fiber hydrolysate, obtained using dilute sulfuric acid
hydrolysis, as carbon source. The mixture was fermented using A. succinogenes, yielding 67.7%

SA with 0.63 g/L/h productivity.
Effect of different detoxification techniques

There are different lignocellulosic biomass pretreatment methods, including biological,
physical, and thermochemical methods. Fungal pretreatment is an example of biological
pretreatment. Physical pretreatment includes size reduction using mills, while thermochemical
pretreatments include dilute acid, hot water, and alkaline pretreatments. All these types of
pretreatments introduce byproducts which are toxic to fermenting microorganisms. These
byproducts must be removed prior to fermentation to enhance the fermentation yield. They
originate either from lignocellulosic extractives or degradation of hemicellulose and lignin
(Brethauer & Studer, 2015). These toxic compounds include furan aldehydes [furfural, 5-
hydroxymethyl-furfural(HMF)], aromatic carboxylic acids, aliphatic acids (acetic acid, formic
acid, levulinic acid), macromolecules, phenolic compounds, and other unidentified degradation
products. Furan aldehydes and aliphatic acids are carbohydrate degradation products, while
phenolic compounds come from lignin and extractives (Palmqgvist & Hahn-Héagerdal, 2000;
Jonsson et al., 2013). Fig 1 below illustrates the formation of different inhibitory compounds.

The degree of toxicity of the compounds varies for different microorganisms. Thus, it is
important to detoxify the hydrolysates to enable fermentative microorganisms to grow and

ferment the substrate (Buhner & Agblevor, 2004). There are different detoxification methods
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that have proved to reduce significantly or eliminate inhibitory compounds prior to fermentation,
thereby increasing the product yields during fermentation. They include biological, physical, and
chemical methods. Biological methods include the use of enzymes and fungi while physical
methods include vacuum evaporation. Chemical methods include alkali treatments, use of
solvents such as diethyl ether, and use of activated carbon. Jonsson et al. (1998) treated willow
hemicellulose hydrolysate biologically with enzymes peroxidase and laccase, increasing ethanol
productivity two to three times. This was attributed to the complete removal of phenolic
monomers and acids. It was suggested that the detoxification mechanism involve oxidative

polymerization of low molecular weight phenolic compounds.

Cellulose Hemicellulose Lignins Wood extractives

Glucose Mannose Galactoses | Xylose Arabinose,

HOH,C YO CHO 0‘r CHO
X7y
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Q

i 7 ; R

C C. OH ,
H;C/ \C/ \C/ HC\ /c\ ,‘.' |'vl.| t"."t‘lv I | )
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Figure 1 Main routes of formation of inhibitors [reproduced from Jénsson et al. (2013),
published by BioMed Central Ltd.].

Palmquvist et al. (1997) used a biological method involving filamentous soft-rot fungus
Trichoderma reesi to degrade inhibitors in willow hemicellulose hydrolysate, which increased

ethanol productivity and yield by three and four times respectively. This was due to the removal
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of acetic acid, furfural, and benzoic acid derivatives. Different continuous overnight extractions
using solvents such as diethyl ether and ethyl acetate to detoxify hydrolysates chemically have
been reported to increase product yields due to the removal of inhibitors such as acetic acid,
furfural, vanillin, and 4-hydroxybenzoic acid (Wilson et al., 1989). Lignocellulosic hydrolysates
have also been previously detoxified chemically by alkali treatments by increasing the pH to 9 -
10 using either Ca(OH)2 (overliming) or NaOH, followed by readjustment to 5.5 by sulfuric acid.
This has been reported to increase ethanol productivity and yield. Ca(OH)2 has shown better
hydrolysate fermentability than NaOH (Zyl et al., 1988; Palmquvist et al., 1998). The
mechanism behind increased fermentation yield and productivity from overliming has been
attributed to the precipitation of toxic compounds as well as the instability of some inhibitors at
high pH.

Guo et al. (2013) studied the effect of spruce hydrolysate detoxification on inhibitory
compounds and sugars during bacterial cellulose production. The methods investigated in the
study included chemical methods using activated charcoal, alkali [sodium hydroxide, calcium
hydroxide (overliming), and ammonium hydroxide], anion and cation exchange resins, and
reducing agents (sodium sulfite and sodium dithionite). The results showed that activated
charcoal treatment removed most of the furan aldehydes (over 94%) and phenols (over 88%)
without affecting sugar concentration very much (less than 5% loss in glucose and xylose). It
also removed over 30% and 40% acetic acid and formic acid respectively. The authors concluded
that among all the detoxification techniques investigated, the activated charcoal treatment was
the most efficient in removing furans, acetic acid, formic acid, and total phenolics.

Chen et al. (2010) investigated the effect of two detoxification techniques on furfural

compounds and sugars during the production of SA by A. succinogenes. The methods studied
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were sodium hydroxide neutralization as well as a combination of calcium carbonate
neutralization with activated carbon adsorption. The results showed that calcium carbonate
neutralization coupled with activated carbon adsorption was more effective. It reduced furfural
compounds by 91.9% with only 5.2% loss in total sugars concentration. The NaOH
neutralization was not effective at removing considerable furfural inhibitors. The study also
investigated the effect of different carbon sources on SA yield. The carbon sources included the
hydrolysate detoxified using sodium hydroxide, hydrolysate detoxified with calcium carbonate
combined with activated carbon, and pure glucose. The results indicated that when pure glucose
was used as a carbon source, the SA yield was the highest (more than 80%). This was followed
by hydrolysate treated with calcium carbonate and activated carbon (more than 72% SA yield).
Lastly, hydrolysate treated with sodium hydroxide had a SA yield of around 50%. This proved
that hydrolysate detoxified with activated carbon and calcium carbonate was very efficient at
reducing inhibitors, which yielded more SA compared to sodium hydroxide detoxified

hydrolysate.
Lactic acid production using A. succinogenes

A few studies have investigated the microbial production of LA from different carbon
sources using Actinobacillus succinogenes. Among them, Rahim et al. (2023) investigated the
production of LA from pretreated palm kernel cake (PKC) hydrolysate, a plentiful, renewable,
and inexpensive biomass feedstock. The hydrolysate was supplemented with 30 g/L of MgCOs3,
and coconut-shell activated carbon. In the study, A. succinogenes 130Z dual phase (aerobic
cultivation occurred in oxygen aerated fermentation media, followed by cultivation in anaerobic
media sparged with carbon dioxide) yielded 31.64 g/L. LA concentration and 0.88 g/L/h

productivity. Another study by Li et al. (2010) utilized A. succinogenes 130Z in dual phase
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fermentation, resulting in 135.6 g/L lactic acid with an overall yield of 0.96 g/g glucose and 2.94
g/L/h productivity. The study revealed lactate dehydrogenase activity, the enzyme responsible
for LA production, was 18-fold higher in dual phase than monophase process (anaerobic). At the
end of fermentation, the following organic acids were produced per mole of glucose: 1.93 mol
LA, 0.37 mol SA, 0.69 mol acetic acid, and 0.21 mol formic acid. Wang et al. (2014) developed
a novel method for LA production using Actinobacillus succinogenes. In the study, a
microfiltration membrane was integrated in fermentation for separation, and LA was recovered
using resin adsorption. This allowed for residual sugar and nutrients to be recycled back into
fermenter, thereby overcoming product inhibition problem. LA production was increased from

141.2 g/L to 183.4 g/L, with a yield of 0.97 g/g glucose and 1.53 g/L/h productivity.
The Loss of SA production ability by A. succinogenes

A. succinogenes has been reported to lose its ability to make SA over time. A study by
Long et al. (2021) observed complete loss of SA production and increase in LA production after
approximately 10 months of A. succinogenes 130Z storage in the lab using 20% glycerol as
cryoprotectant. Contamination and mutation of the SA producing strain over time were ruled out
as causes for this loss using sequence comparisons between SA producing and non-producing
strains. Another factor that was tested was storage stress. New freeze-dried A. succinogenes cells
that produced SA initially, were tested after storing them in different cryoprotectants including
20% glycerol, 5% DMSO, and sucrose (0.15 M). Then, aliquots were subjected to 10 freeze-
thaw cycles to mimic those used in the lab. The fermentation results showed a difference in
cryoprotectant used, with DMSO and sucrose providing better protection than glycerol. The cells
stored in glycerol showed a decreased SA production and an increase in LA production (as was

observed with the cells stored for 10 months) compared with cells stored in DMSO and sucrose.
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However, there was not a complete loss in SA production for the cells stored in glycerol, so this
was not sufficient to determine definitively the cause of the SA loss observed after 10 months
storage.

Vallecilla- Yepez (2022) reported a similar finding whereby A. succinogenes cells
showed a much lower SA production and an increase in LA after 24 months of storage in 20%
glycerol. The author did an investigation to determine the effectiveness between 20% glycerol
and 5% DMSO as cryoprotectants. A fresh A. succinogenes strain was purchased and aliquots of
cells with each cryoprotectant were stored at -80 °C for 7 days prior to fermentation.
Fermentation results after 24 h showed that the strain stored in 20% glycerol produced 0.62 g/L
SA and 15.4 g/L LA, while the strain stored in 5% DMSO produced 12.8 g/L SA with no LA.
Applying moderate stresses such as cold, heat, starvation, and acid shocks before freezing have
been shown to improve bacterial resistance to freezing by preparing the cells to react better to
unfavorable conditions (Reddy et al., 2009). Other storage strategies that haven’t been tested
include freeze drying and cryopreservation in the vapor phase of liquid nitrogen at -130 °C.
These strategies might be applied to A. succinogenes and potentially preserve the cells better
over time. Also, future studies should be done to investigate the effects of storage conditions

contributing to the loss of SA production by A. succinogenes over time.
The Effect of pH on SA and LA production

Several studies have investigated how pH and CO> levels influence either SA or LA
production. Samuelov et al. (1991) investigated the role of CO- levels and pH on SA production
from glucose by Anaerobiospirillum succiniciproducens. At pH 7.2, there was a long lag phase
(20-25 h) for growth and LA was produced as a major product. When pH was adjusted to 6.2

with excess CO», phosphoenolpyruvate carboxykinase (enzyme responsible for SA production)
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levels increased while lactate dehydrogenase and alcohol dehydrogenase levels (enzymes
responsible for LA production) decreased. As a result, SA was the major product while trace
amounts of LA were detected. Under both pH conditions, acetate and small amounts of ethanol
were detected.

Another study by Liu et al. (2008) investigated the influence of pH on SA production
from glucose using A. succinogenes. The authors reported that the organism did not grow and did
not produce any SA at pH below 5.5. The optimal pH for SA production was 6.0-7.2, with 27.5
g/L maximum SA concentration when pH was maintained at 6.7. At pH below 6.0, the cells did
not grow well, and SA production was lower (17.5g/L). Between pH 6.0-7.2, acetic acid was also
detected (less than 5 g/L). The lower SA yields at low pH values were attributed to possible
higher maintenance requirements.

Conclusion

SA and LA have gained a lot of attention because of their wide range of applications
across various industries. This review comprehensively summarized the different uses of these
acids and the downsides to the conventional petroleum-based production of these acids. The
review informed on the composition of different lignocellulosic biomasses that have been used to
produce different biofuels and bioproducts, as well as the potential of A. succinogenes for SA
and LA production. The review also reported on the different detoxification techniques to
reduce inhibitors and increase fermentation yields. Additionally, the review reported on the loss
of SA production ability by A. succinogenes overtime and some recommendations for preserving
the cells better. The review also reported on the effect of pH on SA and LA production. The
information contained in this review can help to ensure a successful and sustainable SA and LA

production.
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2 Materials and Methods

Corn fiber preparation

Ground corn fiber (CF) was obtained from E Energy Adams, LLC (Adams, NE, USA).
CF was evenly spread out in a thin layer and dried in aluminum trays in an oven at 40 °C until
the moisture content was below 10%. CF was passed through a 20-mesh (0.85 mm) sieve stacked
on top of an 80-mesh (0.18 mm) sieve stacked together in a Ro-Tap sieve shaker (W.S. Tyler,
Mentor, Ohio). CF retained on the 80-mesh sieve was kept in sealed bags at room temperature
for subsequent use. The fines which passed through the 80-mesh sieve were collected and used

for ash analysis.
Composition analysis of corn fiber

Total extractives, oil, ash, moisture, and protein content were analyzed on unextracted CF
samples. After extracting these components from CF, polysaccharides and lignin were also
measured. CF moisture content (%) was measured using a Mettler Toledo HE73 moisture
analyzer. Ash content was determined according to the NREL/TP-510-42622 method (Hames et
al., 2008). Starch content was performed using a Megazyme total analysis kit (K-TSHK,
Megazyme Ltd, Bray, Ireland). Extractives, including oil, were determined following the
NREL/TP-510-42619 method with some modifications (Sluiter, 2008). Sequential extraction
was carried out in a Soxhlet apparatus (Electrothermal Ltd, UK). Hexane was used first to extract
oil. This was followed by extraction using HPLC grade water and 190 proof, USP grade ethanol
to remove water and ethanol soluble extractives, respectively. Collected solutions were loaded
into a Rotavapor R-100 apparatus (BUCHI, Switzerland). The solvents were evaporated, and
respective component of interest was retained and quantitatively measured. Protein extraction

was performed following a method proposed by Hojilla-Evangelista (1990) with some
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modifications. Here, ethanol soluble materials were first extracted using 4 ml 95% (v/v)
ethanol/g corn fiber, and the mixture was heated at 75 °C for 1 h while stirring. After this, solids
were removed from the mixture by vacuum filtration, placed on an aluminum tray, and dried
overnight. Then, alkaline soluble materials were extracted from the dry solids using 15ml of 45%
ethanol/55% 0.1M NaOH/g corn fiber (ethanol-extracted). The mixture was heated at 50 °C for 2
h while stirring. After this, solids were washed with HPLC grade water for 20 min until pH was
7. Finally, the solids were removed from the mixture by vacuum filtration and dried in an oven at
40 °C for 3 days. Dried solids were used for polysaccharides and lignin content measurement
according to the NREL/TP-510-42618 method (Sluiter et al., 2004). CF samples before and
after extraction were sent to Kansas State University Soil Testing Lab (Manhattan, KS, USA) for
protein measurement using dry combustion method.
Corn fiber pretreatment

In this study, hot water pretreatment was used. A 15% solids mixture was produced by
placing 75 g corn fiber (dry basis) and 425 g water into a 1L bench top pressure reactor (Parr
Reactor Model 4848, Parr Instrument Co., Moline, IL, USA). The mixture was agitated at 250
rpm, heated to 180 °C, and held at temperature for 10 min. These pretreatment conditions were
chosen according to the results from a study by Vallecilla-Yepez et al. (2021).After that, the
reactor was cooled to room temperature using cold water and a cooling coil and solids were
separated from the liquid fraction of the mixture (known as prehydrolysate) under vacuum
filtration using a coffee filter. The weight of pretreated solids and that of prehydrolysate obtained
were recorded and their mass ratio was used later for enzymatic hydrolysis. Pretreated solids and
prehydrolysate were stored at 4 °C for subsequent steps. To sterilize the solids, wet pretreated

biomass was autoclaved at 121 °C for 20 min prior to enzymatic hydrolysis.
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Prehydrolysate detoxification

After pretreatment, half of obtained prehydrolysate was detoxified using activated
charcoal (SA 2, decolorizing, NORIT®, Marshall, TX). For the detoxification, 50g charcoal/L
prehydrolysate was added. The mixture was stirred for 1 h. After, the mixture was separated
under vacuum filtration using coffee filter paper. Both detoxified and undetoxified
prehydrolysate were sterilized using 0.22 um filtration units (Corning® Rapid-Flow Sterile
Disposable Filter Units with PES Membrane, Oneonta, NY). Compositions of pretreated solids,
undetoxified and detoxified prehydrolysate were determined. Sugar, hydroxymethylfurfural

(HMF) and furfural concentrations before and after detoxification were compared.
Enzymatic hydrolysis of pretreated corn fiber

Water, undetoxified or detoxified prehydrolysate, acetate buffer (pH 5.0 and 50 mM),
cellulase (Ctec2, Novozymes, Franklinton, NC, USA) in the ratio of 20 filter paper units (FPU)/g
glucan, and pretreated corn fiber solids were added to 250 ml flasks. The enzyme FPU was
determined following the procedure by Adney & Baker (2008). The mixture was then incubated
in a shaker at 50 °C and 200 rpm for 72 h. The same mass ratio between pretreated corn fiber
solids and prehydrolysate obtained right after pretreatment was used when adding pretreated
solids and prehydrolysate (detoxified or undetoxified) or water during enzymatic hydrolysis to
mimic hydrolyzing a slurry of pretreated solids and prehydrolysate in a biorefinery. Hydrolysates
obtained using water were labeled water hydrolysate (WH). Hydrolysates obtained using
undetoxified or detoxified prehydrolysate were labeled undetoxified or detoxified hydrolysate

(UH or DH), respectively.
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Corn fiber hydrolysate preparation

After enzymatic hydrolysis, the slurry obtained was filtered under vacuum using
Whatman #1 filter paper (ThermoFisher Scientific, Hanover Park, IL) to obtain WH, UH or DH.
The filtrates were sterilized by pumping them through a 0.22 um asymmetric polyethersulfone
(aPES) membrane filtration unit. The sugar solutions were kept at 4 °C for future use as
fermentation carbon sources.

Microorganism and media

A. succinogenes 130Z (NREL B-59377), donated by the USDA Agricultural Research
Service (ARS) Culture Collection (Peoria, IL), and A. succinogenes 130Z, purchased from
DSMZ-German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany),
were used to produce organic acids from corn fiber hydrolysates. Freeze-dried pellets were
revitalized and subcultured in tryptic soy broth (TSB) media (Remel™, Lenexa, KS) with 10 g/L
glucose (Fisher Chemical™, Pittsburgh, PA) (Maharaj et al., 2014) before being preserved with
5% dimethyl sulfoxide (DMSO) in 1ml culture tubes at -80 °C for inoculum preparation. Prior to
fermentation, A. succinogenes culture was inoculated in seed medium (30.0 g TSB/L) in
anaerobic culture tubes and incubated in a shaker at 37 °C, 250 rpm for 14 -16 h. After
incubation, the culture was washed with sterile 0.89% sodium chloride solution and resuspended
with fermentation media. The fermentation medium for the flasks were composed of the
following per L, based on Maharaj et al. (2014) with some modifications: 16.0 g yeast extract,
1.0 g NaCl, 1.36 g NaC>Hz30>, 0.20 g MgCl».6H20, and 0.20 g CaCl».2H,0. The seed and

fermentation media were sterilized using a 0.22 um aPES membrane filtration unit.
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Carbon sources, inoculum, and organic acids production

Carbon sources included WH, UH, DH, and a control that mimicked the sugars in
hydrolysates (Control). Organic acids production was carried out in sealed anaerobic 250 ml
flasks with a working volume of 100 ml. Before fermentation, the media was either bubbled with
carbon dioxide or nitrogen for 5 min, or unbubbled, and MgCO3 at 100% of initial glucose
concentration was added to regulate pH and supply CO. simultaneously. Inoculum (2.5% v/v)
was added to each experimental flask, and fermentation was performed in a shaker at 37 °C and
170 rpm for 48 h. Samples were taken every 24 h for measuring concentrations of sugars,
succinic acid, lactic acid, formic acid, acetic acid, and ethanol.

Sample analysis methods

Concentrations of glucose, xylose, arabinose, succinic acid, lactic acid, formic acid,
acetic acid, ethanol, HMF, and furfural were measured by high-performance liquid
chromatography (HPLC) equipment (Agilent Technologies 1200 Series and 1260 infinity, Santa
Clara, CA). In this study, glucose, xylose, and arabinose were eluted with deionized water as a
mobile phase at a flow rate of 0.6 ml/min, separated using a carbohydrate ion exchange column
(Aminex® HPX-86P, 300 x 7.8 mm, Bio-Rad, Hercules, CA) at 80 °C, and detected by a
refractive index detector (Agilent Technologies 1260 Infinity, Santa Clara, CA) at 50 °C.
Succinic acid, lactic acid, formic acid, acetic acid, ethanol, HMF, and furfural were eluted with
5mM H2S04 as the mobile phase at a flow rate of 0.6 ml/min, separated using a carbohydrate
exchange column (Aminex® HPX-87H, 300 x 7.8 mm, Bio-Rad, Hercules, CA) at 60 °C, and
detected by a refractive index detector (Agilent Technologies 1260 Infinity, Santa Clara, CA) at

35 °C.
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Calculations

Yields of sugars obtained in hydrolysate after enzymatic hydrolysis were calculated using

the following equations:

Glucose yield (%) =

glucose concentration in hydroysate (%)+cellobiose*§(%)

(mass % glucan in pretreated solids*1.11*solids concentration in hydrolysis (%))+(muss %glucan in prehydrolysatex1.11xsolids concentration in hydrolysis (%))

Xylose yield (%) =

xylose concentration in hydrolysate (%)

(mass % xylan in pretreated solids*%*solids concentration in hydrolysis(%))ﬂmass % of xylan in prehydrolysate*%*solids concentration in hydrolysis (%)

For water hydrolysate, mass % glucan/xylan in prehydrolysate isn’t relevant since there

was no addition of prehydrolysate during hydrolysis.
Statistical analysis
All results are presented as mean values + one standard deviation. A one-way analysis of
Variance (ANOVA), followed by Tukey test were performed using SAS (Version 9.4 TS Level

1M®6, SAS Inst. Inc, Cary, NC, USA). 95% confidence interval was used to determine the

statistical differences among different groups.
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3 Results and Discussion

CF composition

Raw biomass composition is shown in Table 3. Oil was extracted first from CF using
hexane, followed by the removal of water and ethanol soluble extractives (Sluiter, 2008). Then,
CF protein extraction was performed prior to sugar and lignin analysis as described in section
2.2. During the determination of structural carbohydrates and lignin, some protein is solubilized
in the hydrolysis liquid during the acid hydrolysis step (Sluiter et al., 2004).The solubilized
protein interferes with the accurate measurement of soluble lignin. Raw CF was analyzed for
polysaccharides (glucan from cellulose and starch, xylan, galactan, arabinan, and mannan), total
lignin, extractives (water and ethanol soluble extractives), oil, ash, and protein. Starch accounts
for the noncellulosic glucan content.

Table 3 Raw corn fiber biomass composition. Data are average values of triplicate experiments
+ one standard deviation.

Biomass constituents Composition (%, w/w)
Glucan (cellulose) 148+ 0.4
Glucan (starch) 49+0.3
Xylan 16.0+0.6
Galactan 1.7+0.2
Arabinan 8.6+0.5
Mannan 0.2+0.01
Lignin 35+0.2
Extractives 143+04
Qil 10.7+£0.2
Ash 2+0.1
Protein 20.1+0.2
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CF prehydrolysate detoxification
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Figure 2 Effect of detoxification using activated charcoal on prehydrolysate sugars (A) and

furan aldehydes (B). Data are average values for duplicate experiments, and error bars represent
+ one standard deviation.
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Because of CF’s complex cell wall structure, hydrothermolysis was used to disrupt the
cellulose, hemicellulose, and lignin chemical bonds. Any pretreatment method introduces
byproducts that are toxic to fermenting organisms from either carbohydrates or lignin
degradation (Palmqgvist & Hahn-Hagerdal, 2000; Jonsson et al., 2013). Therefore, a
detoxification method is often necessary to reduce or eliminate these inhibitory compounds after
pretreatment. The most common inhibitors are furan aldehydes (furfural and HMF). Among
different detoxification techniques that have been investigated in the past, activated charcoal has
been the most efficient at removing furfural compounds with an insignificant effect on sugars.

For this study, prehydrolysate was analyzed in duplicate for sugars and furfural
compounds before and after detoxification. Before detoxification, prehydrolysate had 15.9 g/L
glucose, 23.9 g/L xylose, 0.07 g/L HMF, and 2.1 g/L furfural. After detoxification, it had 15.7
g/L glucose, and 21.3 g/L xylose, HMF was not detected, and 0.02 g/L furfural (Fig. 3.1). As
shown in Fig 3.1, prehydrolysate detoxification using activated charcoal had a significant
reduction on furan aldehydes with little effect on sugars. Furfural was reduced by more than 95%
and HMF was removed completely while 1% glucose and around 11% xylose were lost during
detoxification.

Previous studies have observed a similar trend using activated carbon detoxification. A
study by Guo et al. (2013) investigated the effect of spruce hydrolysate detoxification using
activated charcoal on inhibitory compounds and sugars during bacterial cellulose production.
Activated charcoal treatment removed over 94% furan aldehydes with less than 5% loss in
glucose and xylose. Another study by Chen et al. (2010) utilized calcium carbonate
neutralization combined with activated carbon during detoxification of hydrolysate for SA

production. The method reduced furfural compounds by approximately 92% with around 5%
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loss in total sugars. The mechanism behind activated charcoal reducing inhibitors has been
attributed to the fact that activated charcoal offers a large surface area and pores which facilitate

the binding of organic impurities (Ahuja et al., 2022).

Sugars yields from enzymatic hydrolysis
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Figure 3 Glucose and xylose yields (A) and concentrations (B) after enzymatic hydrolysis for
hydrolysates obtained using water, undetoxified, or detoxified prehydrolysate at 10.5% solids
loading. Corn fiber was pretreated at 180 °C for 10 min with 15% solids. Data are average values
for triplicate experiments, and error bars represent £ one standard deviation. Different capital
letters represent significant differences of glucose among hydrolysate groups (p < 0.05), and
different lower-case letters represent significant differences of xylose among hydrolysate groups
(p < 0.05).
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As shown in Figure 3 A, glucose yield was the highest for water hydrolysate (92.9%),
followed by detoxified hydrolysate (89.1%), and undetoxified hydrolysate (82.1%). Glucose
yields for different hydrolysates were statistically different from each other. On the other hand,
xylose yield was the highest for detoxified hydrolysate (42.4%), followed by water hydrolysate
(40%), and finally undetoxified hydrolysate (38.2%). The xylose yields were also statistically
different for different types of hydrolysates.

In terms of concentrations, glucose was the highest for detoxified hydrolysate (38.8 g/L).
This was statistically different from undetoxified hydrolysate (35.8 g/L) and water hydrolysate
(33.5 g/L). Xylose concentration was also the highest for detoxified hydrolysate (9.7 g/L), which
was significantly different from undetoxified hydrolysate (9.3 g/L) and water hydrolysate (4.8)
(Figure 3 B). These trends observed for concentrations are different from yield trends because
concentration only accounts for the total sugars (glucose or xylose) obtained after hydrolysis
while yield accounts for the percentage of polymeric sugars (glucan or xylan) that were
converted into monomers (glucose or xylose). Detoxified and undetoxified hydrolysates had
higher sugar concentrations than water hydrolysate because the prehydrolysates that were added
during hydrolysis to make these hydrolysates contained sugars. Undetoxified prehydrolysate
contained 15.9 g/L glucose and 23.9 xylose while detoxified prehydrolysate contained 15.7 g/L
glucose and 21.3 g/L xylose.

Enzymatic hydrolysis, which was used in this study, has been shown to result in fewer
inhibitory compounds compared to acid hydrolysis (Yoo and Pan, 2017). A study that was done
by Vallecilla-Yepez et al. (2021) on CF reported glucan to glucose yield of 90.2%, and xylan to

xylose yield of 36.9% for CF enzymatic hydrolysis at 10% solids loading using water. These
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results are comparable to the results obtained in this study, which used approximately 10.5%
solids loading for enzymatic hydrolysis.

Several studies have investigated the effect of inhibitors such as furan derivatives
(furfural and HMF), aliphatic acids (acetic acid, formic acid, and levulinic acid), and phenols on
cellulose hydrolysis using cellulase. Tejirian & Xu (2011) reported that phenolics can inactivate
cellulases by reversibly complexing them. It was also suggested that phenolics can inhibit
enzymatic cellulolysis by adsorbing onto cellulose. Jing et al. (2009) investigated the inhibition
performance by lignocellulose degradation products including organic acids, furan derivatives,
and ethanol on cellulase enzyme Spezyme CP (Genencor, Palo Alto, CA, USA) for cellulose
hydrolysis. The order of inhibition at the same concentration was as follows: lignin derivatives >
furan derivatives > organic acids > ethanol. According to the author, these degradation products
inhibit enzymatic hydrolysis by reducing enzyme activities and inactivating the enzymes,
reversibly or irreversibly, thereby requiring more enzyme to obtain efficient cellulose
conversion. In this study, the glucan to glucose and xylan to xylose yields, as well glucose and
xylose concentrations after enzymatic hydrolysis for detoxified hydrolysate were significantly
higher than those for undetoxified hydrolysate (Figure 3 A and B). This difference can be
attributed to a possible cellulase inhibition by inhibitory compounds which were more prevalent

in undetoxified prehydrolysate compared to detoxified prehydrolysate.
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SA production using A. succinogenes
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Figure 4 Time course of SA fermentation from control (initial glucose and xylose concentrations
of 56 g/L and 4 g/L, respectively). Data are average values of duplicate experiments, and error
bars represent + one standard deviation. Variables shown are Glu: glucose, Xyl: xylose, SA:
succinic acid, AA: acetic acid, and LA: lactic acid.

One of the major products of A. succinogenes fermentation is SA. For this study, glucose
and xylose (the main sugars in CF) were simultaneously consumed to produce SA as a major
product during A. succinogenes fermentation. In addition to SA, acetic acid (AA) and LA were
also produced. As shown in Figure 4, after 24 h of fermentation, 9.5 g/L SA, 7 g/L LA, and 8.7
g/L AA were produced, while 48.8% of initial glucose and 42.5% of initial xylose remained.
After 48 h, 25.3 g/L SA, 8.4 g/L LA, and 13.7 g/L AA were produced. Only 5.4% of initial
glucose and 5% of initial xylose remained in solution. The yield of SA was 0.31 g SA/g sugars

and 0.44 g SA/g sugars after 24 and 48 h of fermentation, respectively.
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Different studies have reported different SA yields for various carbon sources using A.
succinogenes fermentation. Chen et al. (2010) reported a 0.72g SA/g sugars yield from
detoxified CF hydrolysate while Chen et al. (2011) obtained a 0.68g SA/g sugars yield from CF
hydrolysate. These studies used dilute sulfuric acid for hydrolysis to obtain the hydrolysates.
Vallecilla-Yepez et al. (2021) utilized enzymatic hydrolysis to obtain hydrolysate and reported a
0.61g SA/g sugars yield using A. succinogenes. The reason for the different SA yields for
different studies can be attributed to different carbon sources that were used, different pH
conditions, or the fact that the A. succinogenes organisms that were used in the studies were
obtained from different suppliers. The results reported in this study (Fig 4) were for fermentation
using A. succinogenes 130Z purchased from DSMZ-German Collection of Microorganisms and
Cell Cultures (Braunschweig, Germany). The initial pH for the fermentation media was 7.8,
which declined to 6.1 after fermentation.

Different SA results were obtained when the same strain (A. succinogenes 130Z) was
obtained from a different supplier - USDA Agricultural Research Service Culture Collection
(Peoria, IL). Table 4 shows the differences between the two organisms in terms of glucose,
xylose, SA, LA, and AA concentrations at the start of fermentation (0 h), after 24 h, and after 48
h of fermentation.

Table 4 Differences in fermentation results between A. succinogenes 130Z strains ordered from
DSMZ and USDA

A. succinogenes 130Z from DSMZ A. succinogenes 130Z from USDA

Oh 24 h 48 h Oh 24 h 48 h
Glucose (g/L) 56 27.3 3 48 16.9 0.6
Xylose (g/L) 4 1.7 0.2 7.5 6.5 0.2
SA (g/L) 0 9.5 25.3 0 8.6 16.5
LA (g/L) 0 7 8.4 0 13.9 24.8
AA (g/L) 0 8.7 13.7 0 4.9 7.5
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When the strain from USDA was used, the initial glucose and xylose concentrations were
48.0 g/L and 7.5 g/L, respectively. After 24 h of fermentation, 8.6 g/L SA, 13.9 g/L LA, and 4.9
g/L AA were obtained, with 35% of initial glucose and 86.6% of initial xylose remaining in
solution. After 48 h of fermentation, 16.5 g/L SA, 24.8 g/L LA, and 7.5 g/L AA were obtained.
Only 1.25% and 2.6% of initial glucose and xylose remained. The SA yield was 0.27 g SA/g
sugars and 0.3 g SA/g sugars after 24 and 48 h of fermentation, respectively. In comparison, after
24 h of fermentation, the DSMZ strain produced a 0.3 g SA/g sugars yield, a 0.23 g LA/g sugars
yield, and a 0.28 g AA/g sugars yield, while USDA strain produced a 0.27 g SA/g sugars yield, a
0.43 g LA/g sugars yield, and a 0.15 g AA/g sugars yield. After 48 h, DSMZ strain produced a
0.44 g SA/g sugars yield, a 0.15 g LA/g sugars yield, and a 0.24 g AA/g sugars yield, while
USDA strain produced a 0.3 g SA/g sugars yield, a 0.45 g LA/g sugars yield, and a 0.14 g AA/g
sugars yield. This shows that DSMZ strain had a higher SA yield and a lower LA yield than
USDA strain. The initial media pH was 7.8, which declined to 6.0 after fermentation. For both
fermentations, all flasks contained MgCOs at a concentration equal to the initial glucose
concentration to regulate pH and supply CO:z simultaneously. Also, acetate buffer (pH 5.0 and 50
mM) was added to all the flasks in both fermentations for pH regulation. Studies have shown that
addition of MgCO3 and acetate buffer increases SA production. Vallecilla- Yepez et al. (2021)
reported a SA concentration of 28.7 g/L and a yield of 0.67 g SA/g sugars when acetate buffer
was used during fermentation of sugar control mimicking CF hydrolysate using A. succinogenes,
compared to 26.1 g/L SA concentration and 0.52 g SA/g sugars yield when no acetate buffer was
used. SA yield when acetate buffer was used was significantly higher than SA when no acetate

buffer was used. The authors did a study about the effect of MgCOs to glucose ratio on SA
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production by CF hydrolysate fermentation and found that when MgCO3:Glu ratio was 1:1, SA
concentration reached 35.5 g/L compared to 30.5 g/L when the ratio was 0.8:1.

McKinlay et al. (2010) stated that A. succinogenes does not produce LA. The authors
came to this conclusion because they believed that lactate dehydrogenase, an enzyme encoded in
A. succinogenes genome, is only involved in lactate dehydrogenation to amino acids instead of
LA production. Other studies that were done by McKinlay et al. (2005) and McKinlay et al.
(2007) investigated the fermentative metabolic pathways of A. succinogenes in a chemically
defined growth medium and by NMR and GC-MS analyses, respectively. The studies reported
that A. succinogenes has a C3 pathway whose main products include formate, acetate, and
ethanol, and a C4 pathway which produces succinate in its TCA cycle. The C4 pathway involves
the reaction between phosphoenolpyruvate (PEP) and CO: to produce oxaloacetate (OAA),
which starts the TCA cycle. Several enzymes play a role in the production of these products. For
instance, pyruvate formate lyase catalyzes the production of formate, while alcohol
dehydrogenase and acetate kinase are responsible for producing ethanol and acetate,
respectively. On the other hand, PEP carboxykinase is responsible for the TCA cycle (C4
pathway), which produces succinate.

The results in this study do not agree with the conclusion that LA is not a byproduct of A.
succinogenes fermentation because LA was detected in all fermentation experiments. In fact,
several studies have reported LA production from A. succinogenes fermentation. For instance, Li
et al. (2010) utilized A. succinogenes 130Z in dual phase fermentation (aerobic cultivation using
oxygen, followed by anaerobic cultivation using carbon dioxide) resulting in 135.6 g/L lactic
acid with an overall yield of 0.96 g/g glucose and 2.94 g/L/h productivity. At the end of

fermentation, the following organic acids were produced per mole of glucose: 1.93 mol LA, 0.37
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mol SA, 0.69 mol acetic acid, and 0.21 mol formic acid. Similarly, Wang et al. (2014)
developed a novel method for LA production using A. succinogenes. In the study, a
microfiltration membrane was integrated in fermentation for separation, and LA was recovered
using resin adsorption. LA production was thereby increased from 141.2 g/L to 183.4g/L, with a
yield of 0.97g/g glucose and 1.53g/L/h productivity.

Several studies have investigated how pH and CO: levels affect SA or LA production.
For instance, Samuelov et al. (1991) investigated the role of CO- levels and pH on SA
production from glucose by Anaerobiospirillum succiniciproducens. This organism follows the
same pathway as A. succinogenes during SA production, which involves metabolizing glucose to
PEP, then to OAA, and finally to SA. Thus, it can be speculated that the behaviors in both
organisms would be comparable. In the study, at pH 7.2, LA was produced as a major product.
When pH was adjusted to 6.2 with excess CO2, PEP carboxykinase (enzyme responsible for SA
production) levels increased while lactate dehydrogenase and alcohol dehydrogenase levels
(enzymes responsible for LA production and ethanol, respectively) decreased. As a result, SA
was the major product while trace amounts of LA were detected. Under both pH conditions,
acetate and small amounts of ethanol were detected. The production of LA in this study shows
that lactate dehydrogenase can in fact catalyze the production of LA depending on certain
fermentation conditions.

Another study by Liu et al. (2008) investigated the influence of pH on SA production
from glucose using A. succinogenes. The authors reported that the organism did not grow and did
not produce any SA at pH below 5.5. The optimal pH for SA production was 6.0-7.2, with
maximum SA concentration (27.5 g/L) when pH was maintained at 6.7. At pH below 6.0, the

cells did not grow well, and SA production was lower (17.5 g/L). AA was also detected (less
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than 5 g/L). The lower SA yields at low pH values were attributed to possible higher
maintenance requirements. This shows that lactate dehydrogenase can in fact produce LA if the
conditions for growth are favorable. This shows that a difference in pH can also play a role in SA
production yields.

Since pH, organism strain, and other growth conditions were the same for both studies,
the difference in SA yields and other byproducts between the two fermentations can be attributed
to a difference in sugar concentrations of the carbon sources or the fact that organisms that were

used were obtained from different suppliers.
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The Loss of SA production ability by A. succinogenes
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Figure 5 Organic acids production by DSMZ strain (A) and USDA strain (B) before storage
(left) and after 3 months of storage (right) in 5% DMSO. Data are average values of duplicate
experiments. Variables shown are Glu: glucose, Xyl: xylose, SA: succinic acid, LA: lactic acid,
and AA: acetic acid. Data are average values of duplicate experiments
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In this study, it was observed that A. succinogenes 130Z obtained from both DSMZ and
the USDA lost the ability to produce SA after 3 months of storage at -80 °C using 5% DMSO as
a cryoprotectant. From here on, “fresh strain” will refer to the organism before losing the ability
to make SA, while “stored strain” will refer to the organism after losing the ability to make SA.
As shown in Fig 5 A, after 24 h of fermentation, 48.8% of initial glucose and 42.5% of initial
xylose remained with the DSMZ fresh strain, while 46.8% of initial glucose and 60% of initial
xylose remained with the DSMZ stored strain. Also, 9.5 g/L SA, 7 g/L LA, and 8.7 g/L AA were
produced by the DSMZ fresh strain, while 0.7 g/L SA, 23.4 g/L LA, and 2 g/L AA were
produced by the DSMZ stored strain. After 48 h, 5.4% of initial glucose and 5% of initial xylose
remained in solution with the DSMZ fresh strain, while less than 1% of initial glucose and 32%
of initial xylose remained in solution with the DSMZ stored strain. 25.3 g/L SA, 8.4 g/L LA, and
13.7 g/L AA were produced by the DSMZ fresh strain, while 0.8 g/L SA, 39.1 g/L LA, and 7.5
g/L AA were produced by the DSMZ stored strain. The yield of SA was 0.31 g SA/g sugars and
0.44 g SA/g sugars after 24 and 48 h of fermentation, respectively for the DSMZ fresh strain.

As shown in Fig 5 B, after 24 h of fermentation, 35.2 % of initial glucose and 86.7% of
initial xylose remained with the USDA fresh strain, while 28.9% of initial glucose and 71.4% of
initial xylose remained with the USDA stored strain. In terms of organic acids production, the
USDA fresh strain produced 8.6 g/L SA, 13.9 g/L LA, and 4.9 g/L AA, and the USDA stored
strain produced a negligible amount of SA (0.4 g/L), 19.2 g/L LA, and 7.5 g/L AA. After 48 h of
fermentation, only 1.25% of initial glucose and 2.7% of initial xylose remained with the USDA
fresh strain, while 0.4% of initial glucose and 25.7% of initial xylose remained with the USDA

stored strain. Additionally, 16.5 g/L of SA, 24.8 g/L LA, and 7.5 g/L AA were produced by the
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USDA fresh strain, while a negligible amount of SA (0.5 g/L), 34.2 g/L LA, and 8.5 g/L AA
were produced by the USDA stored strain.

After 48 h of fermentation, the USDA fresh strain had a 0.3 g SA/g sugars yield
compared to the USDA stored strain, which barely made any SA. Also, the USDA fresh strain
had a 0.45 g LA/g sugars yield and a 0.14 g AA/g sugars yield compared to a 0.64 g LA/g sugars
yield and a 0.16 g AA/g sugars yield for the USDA stored strain. Similarly, after 48 h of
fermentation, the DSMZ fresh strain had a 0.44 g SA/g sugars yield compared to the DSMZ
stored strain, which barely made any SA. The DSMZ fresh strain had a 0.15 g LA/g sugars yield
and a 0.24 g AA/g sugars yield compared to a 0.67 g LA/g sugars yield and a 0.13 g AA/g sugars
yield for the DSMZ stored strain.

From the results above, after 3 months of storage, the fresh strains from both USDA and
DSMZ lost their ability to produce SA and started making more LA instead. The same
observations were reported by Long et al. (2021) who reported a complete loss of SA production
and increase in LA production after approximately 10 months of A. succinogenes 130Z storage
in the lab using 20% glycerol as cryoprotectant. In their study, the authors ruled out
contamination and mutation as the causes for the loss after bacterial sequencing comparisons
between the SA producing and the SA non-producing strain. They also investigated storage
stress as another factor by comparing the effectiveness between different cryoprotectants
including 20% glycerol, 5% DMSO, and sucrose (0.15M). DMSO and sucrose showed better
protection than glycerol. However, there was not a complete loss in SA production for the cells
stored in glycerol, so this was not sufficient to determine definitively the cause of the SA loss

observed after 10 months storage.
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Vallecilla- Yepez (2022) reported results similar to Long et al. (2021) whereby A.
succinogenes cells showed a much lower SA production and an increase in LA after 24 months
of storage in 20% glycerol. The author did an investigation to determine the effectiveness
between 20% glycerol and 5% DMSO as cryoprotectants. A fresh A. succinogenes strain was
purchased and aliquots of cells with each cryoprotectant were stored at -80 °C for 7 days prior to
fermentation. Fermentation results after 24 h showed that the strain stored in 20% glycerol
produced 0.62 g/L SA and 15.4 g/L LA, while the strain stored in 5% DMSO produced 12.8 g/L
SA with no LA. These studies show that 5% DMSO was successful as a cryoprotectant to sustain
A. succinogenes ability to make SA over time after storage. It is not clear why cells in the present
study lost their ability to produce SA after 3 months of storage, even though 5% DMSO was
used as a cryoprotectant. Reddy at el. (2009) showed that strategies like applying moderate
stresses such as cold, heat, starvation, and acid shocks before freezing can improve bacterial
resistance to freezing by preparing the cells to react better to unfavorable conditions. Other
storage strategies that haven’t been tested include freeze drying and cryopreservation in the
vapor phase of liquid nitrogen at -130 °C. These strategies might be applied to A. succinogenes
and potentially preserve the cells better over time. Also, future studies should be done to
investigate the effects of storage conditions contributing to the loss of SA production by A.
succinogenes over time.

A new A. succinogenes 130Z sample was obtained from USDA Agricultural Research
Service Culture Collection (Peoria, IL) after the results above were observed; however, cell from
this sample did not produce any SA, even though the cells were not subjected to cryostorage. The
new bacterial cells did not produce any SA. However, they produced 32 g/L LA with a 0.62 g

LA/g sugars and 7.4 g/L AA. These concentrations were comparable to those produced by cells
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that were stored previously in DMSO for 3 months. This shows that A. succinogenes 130Z is not

a good bacterial strain for large scale industrial SA production since it is very unstable and

unpredictable.
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Because both the DSMZ and the USDA strains lost their ability to make SA and started
producing more LA after 3 months of storage, the focus shifted towards LA production. The new
USDA strain which did not produce any SA, even though the cells were not subjected to
cryostorage, was used for subsequent studies. This study investigated the effect of bubbling
fermentation media with either N2 or CO2 on LA production. The purpose of bubbling is to
remove excess air from fermentation media. For all fermentation media, the initial glucose and
xylose concentrations were 50 g/L and 2.5 g/L, respectively. After 24 h of fermentation, 84.2%
of initial glucose remained for unbubbled media, 97.4% of initial glucose remained for N
bubbled media, while 52.3% of initial glucose remained for CO bubbled media. After 48 h of
fermentation, 20.4% of initial glucose remained for unbubbled media, 14.9% of initial glucose
remained for N2 bubbled media, while only 4% of initial glucose remained for CO2 bubbled
media. Most of the xylose was remaining after 48 h of fermentation for all media types (80%).

There was no SA production for all media since the organism had already lost its capacity
to make SA. After 24 h of fermentation, there was no LA production for unbubbled media and
N2 bubbled media. On the other hand, cells produced 16.2 g/L LA with a 0.32g LA/g glucose
yield from initial glucose in CO- bubbled media. Cells produced 5.6 g/L AA in unbubbled
media, 1 g/L AA in N2 bubbled media, and 6 g/L AA in CO; bubbled media. After 48 h of
fermentation, cells in unbubbled media produced 5.2 g/L LA, 17.5 g/L AA, and 9.5 g/L FA.
Cells in N2 bubbled media produced 10 g/L LA, 17 g/L AA, and 10.3 g/L FA. On the other hand,
cells in CO2 bubbled media produced 36.1 g/L LA and 10.9 g/L AA. It is worth mentioning that
after 48 h of fermentation, 6.8 g/L and 6.3 g/L of ethanol were detected in unbubbled and N-
bubbled media, respectively. On the contrary, no ethanol or FA were detected in CO2 bubbled

media after 48 h of fermentation. As shown in Fig 6 B, the LA yields were 0.1g LA/g glucose for
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unbubbled media, 0.2g LA/g glucose for N2 bubbled media, and 0.72g LA/g glucose for CO:
bubbled media after 48 h of fermentation. These yields were calculated as the ratio between
outputs (LA) to inputs (sugars). Only glucose was considered since xylose was not consumed
significantly. This was considered because a biorefinery would be interested in knowing how
much LA could be obtained from a certain initial amount of sugars. From these results, bubbling
with CO, was chosen as the best LA producing treatment because it was able to produce the
highest LA concentrations and yields.

Several studies have investigated the relationship between CO; availability and SA as
well as LA production. Samuelov et al. (1991) did a study on the influence of CO> levels and pH
on SA production by Anaerobiospirillum succiniciproducens. During the study, CO, was
supplied as either CO gas, Na,COs, MgCOs, CaCOg, or a combination of these. The author
reported that under excess CO2 and pH 6.2, PEP carboxykinase increased and SA production was
enhanced. There was no detection of lactate or alcohol dehydrogenase. On the other hand, at pH
7.2 and low COo, lactate and alcohol dehydrogenase activities increased, and LA was the main
product. The authors reported that there is a threshold level of CO; for enhanced SA production.
When the molar ratio of CO- to glucose was between 1.0 to 0.5, 90% of glucose was consumed
and 65% of the carbon was converted to SA. LA and ethanol were not detected. However, when
the molar ratio of CO> to glucose was reduced to 0.065, 45 to 60% of glucose was consumed,
50% of the carbon was converted into LA, 30% was converted into SA, and there was a balance
between ethanol, FA, and AA. The authors reported that their fermentation results indicated that
LA production in Anaerobiospirillum succiniciproducens is controlled by high pH while SA
production is controlled by CO2 availability. Vallecilla- Yepez et al. (2021) investigated the

effect of MgCOzs:glucose (Mg:Glu) ratio on SA and byproducts production by A. succinogenes.
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The authors reported that when Mg:Glu ratio was 0.8:1, SA concentration of 30.5 g/L was
obtained after 36 h of fermentation. When the ratio was increased to 1:1, the SA concentration
was 35.5 g/L. At 0.8:1 ratio, glucose was still present at the end of 36 h of fermentation. Also,
LA and ethanol were detected. On the other hand, when the ratio was 1:1, no glucose was present
at the end of 36 h of fermentation, and there was no detection of either LA or ethanol. It should
be mentioned that AA and FA were detected for both Mg:Glu ratios. The results from these
studies show that CO> availability enhances carbon flux to the SA route (C4 pathway), while
reducing the byproducts formation including LA, AA, FA, and ethanol (C3 pathway).

To the author’s knowledge, this is the first study to investigate the impact of bubbling
gases (COz and N) to organic acids production. In this study, MgCOs3 was used to supply CO>
and regulate pH simultaneously. In all fermentation media, the Mg:Glu ratio was 1:1 before any
bubbling. It is worth mentioning that a small experiment was performed when the fresh USDA
strain (with SA production ability) was obtained. In the experiment, two flasks containing media
were bubbled with CO2 and two other flasks containing media were bubbled with N2. The fresh
USDA strain was used for fermentation in all flasks, and it was found that cells in N2 bubbled
media produced 17 g/L SA with a 0.4 g SA/g sugars and 10 g/L LA. On the other hand, cells in
CO2 bubbled media did not produce any SA and produced 31 g/L LA with a yield of 0.66 g LA/g
sugars. The results from this experiment show that bubbling with N2 favored SA production
while bubbling with CO> favored LA production.

The results from Figure 6 A and B show that bubbling with CO- had the highest LA
concentrations and yields. This also indicates that higher CO- availability enhanced LA
production instead of SA production. This is different from what the other studies mentioned

above reported. The reason for this is because pyruvate can be directly converted to either LA or
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acetyl-coA. Acetyl-coA can then be converted to formic acid and CO2 plus either 1) ethanol or 2)
acetate + ATP. As COz is a product from pyruvate being converted into acetate and/or ethanol,
bubbling with CO> caused CO; product inhibition, which caused pyruvate to be converted

directly into LA as the main product.
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LA production from different hydrolysates
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Figure 7 LA and AA concentrations (A) and LA yields (B) after 48 hours of fermentation of
hydrolysates obtained using undetoxified or detoxified prehydrolysate, or water at 10.5 % solids
loading. The control was mimicking detoxified hydrolysate with the highest sugar concentrations
of all hydrolysates (39.5 g/L and 9.5 g/L glucose and xylose, respectively). Data are average
values for triplicate experiments, and error bars represent £ one standard deviation. Different

capital letters represent significant differences of LA among fermentation treatment groups (p <
0.05).

For this study, the feasibility of using CF hydrolysates for LA production were

investigated. To achieve this, A. succinogenes fermentation of hydrolysates (undetoxified,
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detoxified, and water) and a control mimicking the sugars in detoxified hydrolysate was carried
out. Undetoxified hydrolysate had initial glucose and xylose concentrations of 37.4 g/L and 9
g/L, respectively. Detoxified hydrolysate had initial glucose and xylose concentrations of 39.5
g/L and 9.5 g/L, respectively. Water hydrolysate had initial glucose and xylose concentrations of
33.1 g/L and 5 g/L, respectively. Control had initial glucose and xylose concentrations of 39.5
g/L and 9.5 g/L, respectively. After 24 h of fermentation, 86.9 % of initial glucose remained for
undetoxified hydrolysate, 88.7% of initial glucose remained for detoxified hydrolysate, 65% of
initial glucose remained for water hydrolysate, and 42% of initial glucose remained for the
control. After 48 h, 59% of initial glucose remained for undetoxified hydrolysate, 15.6% of
initial glucose remained for detoxified hydrolysate, 18.7% of initial glucose remained for water
hydrolysate, and 2.5% of initial glucose remained for control. Xylose was barely consumed for
all hydrolysates and control (more than 98% remained) after 48 h.

In terms of organic acids production, there was no SA production for all hydrolysates and
control since the bacteria had lost the ability to make SA. After 24 h of fermentation, no LA was
detected for undetoxified hydrolysate, while a very small amount of LA (0.6 g/L) was detected
for detoxified hydrolysate. Water hydrolysate had 7 g/L LA with a yield of 0.21g LA/g glucose,
while control had 14.5 g/L LA with a yield of 0.37g LA/g glucose. The delay in LA production
for both undetoxified and detoxified hydrolysate might have been caused by the inhibition from
higher initial AA concentration in solution. The initial AA concentrations were 12 g/L, 12.1 g/L,
10 g/L, and 3 g/L for undetoxified hydrolysate, detoxified hydrolysate, water hydrolysate, and
control, respectively. Hydrolysates had higher AA concentrations because of the acetate buffer
that was added during hydrolysis. AA concentration in control originated from sodium acetate

trihydrate which was used in preparation of fermentation media. Larsson et al. (1999) reported
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that the reason for longer lag phase in cell growth caused by inhibitors might be because of the
lowering in membrane permeability of the cell, which decreases sugars assimilation.
Additionally, 4.1 g/L AA and 1.1 g/L FA were produced for undetoxified hydrolysate, 4.3 g/L
AA and 1.2 g/L FA were produced for detoxified hydrolysate, 4.2 g/L AA and 0.7 g/L FA were
produced for water hydrolysate, while 4.9 g/L AA and no FA were detected for control.

As shown in Figure 7 A and B, after 48 h, 6.6 g/L LA with a yield of 0.18g LA/g glucose
and 4.8 g/L AA were produced by undetoxified hydrolysate, 22.5 g/L LA with a yield of 0.57 g
LA/g glucose and 6.3 g/L. AA were produced by detoxified hydrolysate, 19.5 g/L LA with a
yield of 0.59g LA/g glucose and 6.3 g/L. AA were produced by water hydrolysate, while 28.5 g/L
LA with a yield of 0.73g LA/g glucose and 9.3 g/L AA were produced by control. It is worth
mentioning that after 48 h, 0.5g/L ethanol and 1.2 g/L ethanol were detected for undetoxified
hydrolysate and detoxified hydrolysate, respectively. On the contrary, no ethanol was detected
for both water hydrolysate and control.

A few studies have also investigated the production of LA using A. succinogenes. Rahim
et al. (2023) obtained 31.64 g/L LA and 0.88 g/L/h productivity from palm kernel cake
hydrolysate fermentation. Li et al. (2010) used dual phase fermentation (aerobic cultivation
occurred in oxygen aerated fermentation media, followed by cultivation in anaerobic media
sparged with carbon dioxide) of glucose resulted in 135.6 g/L LA with 0.96 g LA/g glucose yield
and 2.94 g/L/h productivity. Wang et al. (2014) obtained 183.4 g/L LA with 0.97 g LA/g
glucose yield and 1.53 g/L/h productivity when microfiltration membrane was integrated in
fermentation for separation. The results in the present study show that the use of CF hydrolysates
presents an alternative way of LA production using low cost and renewable carbon sources. As

shown in Figure 7 B, detoxified hydrolysate and water hydrolysate have comparable LA vyields.

47



The use of detoxified hydrolysate is beneficial for reducing water use, especially for large scale
industrial LA production in biorefineries, because instead of using water in hydrolysis, detoxified
prehydrolysate can be used instead to make hydrolysate. The results in this study can be utilized
by biorefineries whereby after pretreatment, all prehydrolysate can be detoxified and re-used in

hydrolysis to make sugar hydrolysates for fermentation.
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4 Summary, Conclusions, and Future Work

Summary and Conclusions

This thesis reported that corn fiber (CF), a byproduct of the dry grind corn ethanol
process, has potential as an economical and renewable feedstock for succinic acid (SA) and
lactic acid (LA) bioproduction. These organic acids have applications in food, agricultural,
chemical, and pharmaceutical industries. Currently, they are produced primarily from fossil-fuel
feedstocks using an expensive and ecologically questionable process. Actinobacillus
succinogenes has the potential to be used for bioproduction of these acids.

It was shown that prehydrolysate detoxification using activated charcoal resulted in a
significant reduction of furan aldehydes in prehydrolysate with little effect on sugar
concentration. Furfural was reduced by more than 95% and HMF was removed completely while
1% glucose and 11% xylose were lost during detoxification. After detoxification, water,
undetoxified or detoxified prehydrolysate, acetate buffer, cellulase, and pretreated solids were
mixed during enzymatic hydrolysis, resulting in water, undetoxified, or detoxified hydrolysates.
Glucan to glucose yield was the highest for water hydrolysate (92.9%) while detoxified
hydrolysate had the highest glucose concentration (38.8 g/L).

When a control mimicking the sugars in hydrolysates in both sugar types and
concentrations was fermented, a maximum SA concentration of 25.3 g/L with a yield of 0.44 g
SA/g sugars was obtained. Unfortunately, after 3 months of storage in 5% DMSO, A.
succinogenes cells lost their ability to make SA and started making more LA. Thus, focus shifted
towards LA production. An experiment was done to compare the effect of N> and CO- bubbling,
as well as no bubbling, on LA yields. Gas bubbling was done to remove O from the media. It

was found that cells in CO2 bubbled media produced the highest LA concentration of 36.1 g/L
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LA with a 0.72 g LA/g glucose yield. When detoxified, undetoxified, and water hydrolysates
were bubbled with CO> and fermented, the cells in detoxified hydrolysate produced the highest
LA concentration of all hydrolysates (22.5 g/L LA with a 0.57 g LA/g glucose yield). This thesis
investigations show that the use of CF hydrolysates presents an alternative way of organic acids
bioproduction using low cost and renewable carbon sources. Also, the use of detoxified
hydrolysates for organic acids production will reduce water loss, especially for large scale
industrial biorefineries, because instead of using water in hydrolysis, detoxified prehydrolysate
can be used instead to make hydrolysate. This can be utilized by biorefineries whereby after
pretreatment, all prehydrolysate can be detoxified and re-used in hydrolysis to make sugar
hydrolysates for fermentation. However, as shown by the results in this thesis, A. succinogenes is

not a good strain for industrial SA production as it loses its ability to make SA over time.
Future Work

To establish a successful and sustainable SA and LA production bioprocess, a high yield
and resistant production strain, and suitable growth parameters are necessary. The author
suggests metabolic engineering of A. succinogenes to enhance its production yields and to
improve its resistance to cold temperatures to help preserve it better over time. Also, freeze
drying and cryopreservation in the vapor phase of liquid nitrogen at -130 °C might be helpful
tools to better preserve the cells over time. In addition to that, applying moderate stresses such as
cold, heat, starvation, and acid shocks before freezing can help to improve bacterial resistance to
freezing by preparing the cells to react better to unfavorable conditions (Reddy at el., 2009). In

the future, the author suggests using a bench scale bioreactor during fermentations to control pH
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and other growth parameters better over the course of fermentation. This will enhance the output
yields by avoiding fluctuations during fermentation and maintaining the growth conditions

consistent over the course of fermentation.
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1.1.1.1.1.1 Statistical data analysis appendix

1.1.1.1.1.1.1 SAS codes for Figure 3 A and B — Glucose

data hydrolysis;

input hydrolysate $ Glucose yield,;

datalines;

water 33.3 92.5
water 33.5 92.8
water 33.6 93.3
undetox 36.1 83
undetox 35.9 82.4
undetox 35.4 81
detox 38.3 88
detox 38.8 89.1
detox 39.4 90.3

run;

proc glm data=hydrolysis;

class hydrolysate;

model Glucose yield = hydrolysate;

means hydrolysate / tukey;

run,

1.1.1.1.1.1.2 Generated tables for Figure 3 A and B — Glucose

Source
Modsl
Error

Comected Total

The GLM Procedure

Dependont Variable: Glucoss

DF  Sum of Sqguares | Mean Square

4344066667 | 21.72333333
0.891 333333 0. 152E3223

A4 JE000000
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F Value
142.71

Pr=F
<.0001



The GLM Procedurs

Dispsndent Variable; yisld

Sourea OF | Bum of Squares | Moan Bguars FValus | Pr>F
Mlodel 2 178 1837322 A2 0711111 105,30 | <0004
Errar G S0B00C00 0L BABEGET

Commected Total | 8 VR 2a3Fa

The GLM Procedurs

Tukoy's Studentized Rangs (HED) Test for Ghucoan

Mote: Thes fosk controls the Typo | ooparimenbwiso ceror rata, bul @ goreroly has o highor Tyoe I ermor rolo than REGWQ.

Alpha .06
Error Degress of Fresdom ]
Error Mean Squane 0162222

Crifical Valus of Shudenfised Rangs 4 33017
Mimdmuen Bignificant DETarancs 0.o7T4

The GLM Procedure

Tukey's Studentized Range (HSD) Test for yleld

Note: This test cantrois the Type | expermentwize ecror rate. bul # gonorally has a higher Type |l eror rote than REGNQ.

Alpha 0.05
Error Degreos of Freedom ' 6
Error Mean Square . O.8a66E7
Critical Value of Studentized Range  4.33917
Minimum Significant Difference  2.9062

1.1.1.1.1.1.3 SAS codes for Figure 3 A and B — Xylose

data hydrolysis;
input hydrolysate $ Xylose yield;
datalines;

water 4.7 39.5

water 4.8 40.3

water 4.8 40.3

undetox 9.4 38.7

undetox 9.2 37.9

undetox 9.2 37.9
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detox 9.541.5
detox 9.8 42.8
detox 9.8 42.8

run,

proc glm data=hydrolysis;
class hydrolysate;

model Xylose yield = hydrolysate;

means hydrolysate / tukey;

run;

1.1.1.1.1.1.4 Generated tables for Figure 3 A and B — Xylose

The GLM Procedure

Dependent Variable: Xylose

Source DF Sum of Squares Mean Square
Model 2 4477555556  22.38777778
Error 6 0.08333233 0.01555556
Corrected Total 8 44 86888889
The GLM Procedure
Dependent Variable: yield
Source | DF Sum of Squares Mean Square
Model 2 26 56888880 13.28444444
Error 6 1.98000000 0.33000000
Corrected Total 8 28.54888880

63

FValue Pr>F
1439.21 | <.0001

FValue Pr>F
40.26 0.0003



The GLM Procedure

Tukey's Studentized Range (H5D) Test for Xylose

Note: This test controls the Type | experimentwise error rate, but it ganerally has a higher Type |l error rate than REGWQ.

Alpha 0.05
Errer Degrees of Freedom [
Errer Mean Square 0.015556

Critical Value of Studentized Range 433917

Minimum Significant Difference 0.3125

The GLM Procedure

Tukey's Studentized Range (H5D) Test for yield

Note: This test controls the Type | experimentwise eror rate, but it genarally has a higher Type [l error rate than REGWQ.

Alpha 0.05
Error Degrees of Freedom L]
Error Mean Square 0.33

Critical Value of Studentized Range | 4.33917

Minimum Significant Difference 1.4391

1.1.1.1.1.1.5 SAS code for Figure 6 B

data fermentation;
input bubbling $ LA vyield;
datalines;

unbubbled 5 0.1

unbubbled 5.2 0.1

unbubbled 5.4 0.1

N2 bubbled 10.5 0.2

N2 bubbled 10 0.2

N2 bubbled 9.5 0.2

CO2 bubbled 36.1 0.72

CO2 bubbled 36 0.72

CO2 bubbled 36.2 0.72

run;,
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proc glm data=fermentation;
class bubbling;
model LA yield = bubbling;
means bubbling / tukey;
run;

1.1.1.1.1.1.6 Generated tables for Figure 6 B

The GLM Procedure

Dependent Variable: LA

Source DF  Sum of Squares | Mean Square | F Value | Pr=F
Model 0 000000000

Error 2 0. 08000000 0. 04 000000

Corrected Total 2 0. 08000000

The GLM Procedure

Dependent Variable: yield

Source DF | Sum of Sguares = Mean Square  FWalue Pr>F
Model 2 2075220000 10AY.610000 1189724 <0001
Error G 0.520000 0.086667

Corrected Total B 2075. 740000

The GLM Procedure

Tukey's Studentized Range (H5D) Test for yield

Mate: This test controls the Type | experimentwise amror rate, but it generally has a higher Type Il ermor rate than REGWQ.

Alpha 0.05
Error Degrees of Freedom G
Error Mean Square 0.0BBEET

Critical Value of Studentized Range 433017
Minimum Significant Difference 0.7375

65



1.1.1.1.1.1.7 SAS code for Figure 7 B

data fermentation;
input hydrolysate $ LA yield,;
datalines;
undetox 6 0.18
undetox 6.5 0.18
undetox 7.3 0.18
detox 22.1 0.57
detox 22.4 0.57
detox 23 0.57
water 20.1 0.59
water 19.5 0.59
water 19 0.59
control 28 0.73
control 28.50.73
control 29 0.73

run,

proc glm data=fermentation;
class hydrolysate;
model LA yield = hydrolysate;
means hydrolysate / tukey;

run;
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1.1.1.1.1.1.8 Generated tables for Figure 7 B

The GLM Procedure

Dependent Variable: LA

Source DF | Sum of Squares Mean Sgquare | F Value  Pr=F
Model 3 TEEGTOO00D 2562233333 | BSBAS | <0001
Error a 2. 3865667 0.2883333

Corrected Total 1 TT1.0566657

The GLM Procedure

Dependent Variable: yield

Source OF | Sum of Squares  Mean Square FValue Pr>F
Medel 3 050122500 016707500 Infty = <.0001
Error a 000000000 0.00:0000040

Corrected Total | 11 050122500

The GLM Procedure

Tukey's Studentized Range (H5D) Test for LA

Mote: This test controls the Type | experimentwise error rate, but it generally has a higher Type Il eror rate than REGWQ.

Alpha 0.05
Error Degrees of Freedom B
Error Mean Square 0208333

Critical Value of Studentized Range 4 52877
Minimum Significant Difference 1.4281

The GLM Procedure
Tukey's Studentized Range (H5D) Test for yield

Mote: This test controls the Type | experimentwise arror rate, but it generally has a higher Type Il error rate tham REGWQ.

Alpha 0.05
Error Degrees of Freadom a
Error Mean Square o

Critical Value of Studentized Range | 4.52877
Minimum Significant Difference o
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