
ABSTRACT 

ZHOU, QUAN. Kinetic Modeling of Inhibitor Effects on Butanol Synthesis by Clostridium 

saccharoperbutylacetonicum. (Under the direction of Dr. Wenqiao Yuan). 

 

With increasing concerns of the long-term sufficiency of petroleum and its negative 

effects on the environment, biofuel produced from renewable resources is becoming attractive in 

the world energy market. Among various options of biofuels, bio-butanol, a versatile four carbon 

alcohol has been considered as a superior biofuel for its remarkable features, such as high energy 

density, hydrophobicity, and compatibility with today’s unmodified internal combustion engine. 

In this study, the overall objective was to understand the metabolism of butanol synthesis by 

Clostridium saccharoperbutylacetonicum when some potential inhibitors (substrate, acid 

products, process inhibitors) from lignocellulosic hydrolysates were present in the fermentation 

media.  

First, a kinetic model of ABE fermentation taking into account butyric acid effects was 

developed and implemented in COPASI. The modeling results suggested that increasing the 

conversion rates from butyryl-CoA (BCoA) to butanol, from butyrate to BCoA, or from pyruvate 

to lactate would increase butanol synthesis. Similarly, reducing glucose uptake rate or the 

reaction rates from pyruvate to ACoA, from AACoA to BCoA, or from BCoA to butyrate would 

result in better butanol production. Secondly, kinetic models of ABE fermentation with lactic 

acid or acetic acid addition were established. According to parameter scan in both models, 

reducing glucose uptake rate, increasing the conversion rate from glyceraldehyde 3-phosphate 

(G3P) to pyruvate or from butyryl-CoA (BCoA) to butanol would enhance butanol production. 

On the other hand, increasing consumption rate of supplemented lactic acid or acetic acid could 

also contribute to improved butanol synthesis. Then, to examine the effect of xylose 

concentration on butanol synthesis, a kinetic model of ABE fermentation in the media with 



various xylose concentrations was developed. The modeling results suggested that when initial 

xylose concentration changed, some reactions (acetate to acetyl-CoA, acetyl-CoA to acetoacetyl-

CoA, acetoacetyl-CoA to butyryl-CoA, butyryl-CoA to butanol, butyryl-CoA to butyrate, 

butyrate to butyryl-CoA, and xylose consumption) were affected, which resulted in different 

butanol syntheses. Fourthly, kinetic models of ABE fermentation in xylose media with glucose 

or arabinose supplementation were developed. The models were validated by comparing the 

simulation results with experimental fermentation data and quantitative transcription analyses of 

C. saccharoperbutylacetonicum. Computational simulation revealed that the change in the 

reaction rate of sugar consumption, energy/electron generation, acetate formation, and acetone 

and butanol syntheses could be responsible for the reduced butanol production when glucose or 

arabinose was added into the culture medium, which was consistent with transcriptional analysis 

that the expression of the corresponding genes, including xylA, xylB, ackA, ctfA and ctfB, adhE 

and bdh were regulated. At last, to discern their influence on butanol production, furfural and 

syringaldehyde as potential inhibitors were incorporated into kinetic models of ABE 

fermentation in xylose medium. The modeling results revealed that some metabolic reactions, 

such as xylose consumption, butyryl-CoA generation and NADH/ATP formation steps, were 

vital for reducing the furfural/syringaldehyde stress on butanol synthesis. Directed by the kinetic 

models, the corresponding genes for those reactions were selected for further transcriptional 

analysis. The transcriptional analysis results suggested that when furfural/syringaldehyde was 

supplemented, the expression of the ctfA, hbd, bcd were induced and the adhE gene was down-

regulated, indicating that even though some of the genes were regulated in C. 

saccharoperbutylacetonicum to reduce the toxicity of the inhibitors and strived for higher 



butanol production, butanol production was still repressed in the furfural/syringaldehyde 

supplemented media due to the NADH/ATP deficiency. 

Overall, the developed models can be used to elucidate the metabolic networks of butanol 

fermentation by C. saccharoperbutylacetonicum when some inhibitors were supplemented in the 

culture media, and consequently to identify genetic manipulation strategies for more efficient bio-

butanol production from lignocellulosic biomass in the future. 
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CHAPTER 1: Introduction 

1.1 Problem statement 

Due to rising population worldwide, there is a significant increase in the demand for energy 

(Algayyim et al. 2018). Among all the available fuels, fossil fuels, such as petroleum and coal, 

remain essential for both developed and developing countries (Tashiro et al. 2014). However, 

fossil fuels are considered as limited resources and the way to extract them will become extremely 

difficult in the next few decades (Lin et al. 2011). Moreover, fossil fuel consumption has been 

believed to be the root cause of several environmental problems such as global warming and 

climate change. Therefore, renewable, sustainable and environmentally friendly energy resources 

are of great interest worldwide as a substitute for fossil fuels (Huang et al. 2010; Kumar and Gayen 

2011; Yang and Song 2009).  

Biofuels, which are defined as the fuels produced from various abundant biomasses, have 

been considered as promising options to compensate current and future needs for fossil fuels 

(Kumar and Gayen 2011; Voloshin et al. 2016). It has been studied that utilization of biofuel could 

lead to a significant reduction in atmospheric greenhouse gas emissions (Demirbas 2009; 

Hoekman 2009; Voloshin et al. 2016). In addition, biofuels possess two other advantages over 

traditional fossil fuels. First of all, the overall cost benefit of using biofuels is much higher than 

using traditional fuels due to the fact that biofuels can keep the engine running for a longer time 

and require less maintenance; secondly, biofuels are easier to source that they can be made from 

many different biomasses such as such as manure, corn, switchgrass, soybeans and waste from 

crops, while gasoline can only be made from crude oil (Nigam and Singh 2011; Razzak et al. 2013; 

Surriya et al. 2015).  
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Among all the available biofuels in the world energy market, bioethanol has been 

recognized as the most prevalent biofuels (Dürre 2007). Comparing to bio-ethanol, bio-butanol 

has demonstrated several superior properties and distribution advantages (Dürre 2007; 

Gottumukkala et al. 2017). For example, butanol contains energy content of 110,000 BTUs per 

gallon, comparing to the ethanol of 84,000 BTUs of energy per gallon (Nigam and Singh 2011). 

Besides, bio-butanol can be blended with any ratio of gasoline in the current un-modified engines 

while ethanol is normally blended up to 20% (Dürre P. 2007). Moreover, butanol is less corrosive 

and not hygroscopic, which makes butanol easier and safer to handle comparing to ethanol (Dürre 

2007). However, the present butanol production is mainly from conventional sugar and starch-

based feedstocks such as sugarcane, molasses, and corn, which are food or feed sources and 

expensive (Ni et al. 2012). Therefore, development of alternative feedstocks that are widely 

available at lower costs is the key for commercializing butanol in the future. 

Lignocellulosic materials, such as wood, grass, forestry wastes, agricultural residues, 

containing sugars that can be liberated by pretreatment and hydrolysis processes, could be 

fermented to butanol by some microorganisms. Batch culture using pure sugar has been reported 

successful in butanol production by Clostridium saccharoperbutylacetonicum (Yao et al. 2017), 

however, during the hydrolysis of lignocellulosic materials, a mixture of monomeric sugars, such 

as glucose, xylose and arabinose are present in the hydrolysate after biomass pretreatment and 

their effects on butanol fermentation are largely unknown. Besides, during the pretreatment of 

the lignocellulosic biomass, several potentially inhibitory compounds (weak acids, furan 

derivatives and phenolic compounds) are formed and present in the hydrolysate and the 

mechanisms of their effects on butanol synthesis by C. saccharoperbutylacetonicum are not 

clearly identified.  
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1.2 Research objectives 

The overall goal of this study was to enable butanol synthesis by Clostridium 

saccharoperbutylacetonicum N1-4 (ATCC 27021) in lignocellulosic hydrolysate taking into 

account the effects of potential inhibitors (substrate, acid products, process inhibitors). The 

specific objectives of this research were to: 

 Chapter 3: To evaluate the influence of butyric acid addition on butanol 

fermentation by developing a kinetic model of ABE fermentation taking into 

account butyric acid effects in COPASI.  

 Chapter 4: To learn the influence of lactic acid and acetic acid addition on 

butanol fermentation. Kinetic models of ABE fermentation taking into account 

lactic acid/acetic acid effects were developed and implemented in COPASI.  

 Chapter 5: To investigate the influence of initial xylose concentration on butanol 

synthesis by establishing a kinetic model of ABE fermentation using xylose as the 

substrate. 

 Chapter 6: To understand the behaviors of metabolites in butanol synthesis by C. 

saccharoperbutylacetonicum when glucose or arabinose was supplemented in 

xylose culture media. Kinetic models of ABE fermentation from xylose taking 

into account glucose/arabinose effects were developed and implemented in 

COPASI. The model was validated by batch experimental data, which provided 

insights into the metabolic pathways of xylose to butanol influenced by 

glucose/arabinose addition. Moreover, the responses of C. 

saccharoperbutylacetonicum N1-4 to the exposure of mixed sugars were 

examined at the mRNA via transcriptional analysis. 
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 Chapter 7: To understand the influence of furfural and syringaldehyde 

supplementation on butanol synthesis by C. saccharoperbutylacetonicum in 

xylose culture medium. Kinetic models of ABE fermentation taking into account 

furfural/syringaldehyde effects were developed and implemented in COPASI. 

Parameter scan was conducted in the modeling to reveal the reactions that could 

be responsible for the reduced butanol production when the fermentation were 

challenged with furfural and syringaldehyde. Moreover, to confirm these 

physiological alternations in C. saccharoperbutylacetonicum N1-4 as a 

consequence of furfural/syringaldehyde stress at mRNA level, the expression 

level of some important genes that were determined by the modeling results were 

compared between the control group and furfural/syringaldehyde stressed cultures 

using Q-RT-PCR.  
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CHAPTER 2: Literature review 

This review focuses on the current state of bio-butanol production from lignocellulosic 

materials through Acetone-Butanol-Ethanol fermentation, which is the most well-known 

biological routes for butanol synthesis (Zheng et al. 2015). Discussed here are the history and 

current state of butanol fermentation, butanol-producing microorganisms, kinetic modeling of 

ABE fermentation, and enhancing butanol production through genetic engineering. Moreover, 

the composition of lignocellulosic materials, the formation and mechanisms of the microbial 

inhibitors that are produced from the pretreatment of lignocellulosic materials are reviewed.  

2.1 Butanol fermentation 

2.1.1 History and current state of butanol fermentation 

Butanol, a versatile four carbon alcohol (C4H9OH), can be produced either from fossil 

fuels through petrochemical routes based on the oxo- or aldol-processes (as petro-butanol) or 

from biomass by microbial fermentation (as biobutanol) (Gottumukkala et al. 2017; Green 2011; 

Merwe et al. 2013). The first industrial bio-butanol synthesis was achieved during 1912-1914 

through Acetone–Butanol–Ethanol (ABE) fermentation using molasses and cereal grains as 

substrates by Clostridium acetobutylicum (Jones and Woods 1986b). Since then, to satisfy the 

increasing demands of butanol, overcome the solvent toxicity and increase the fermentation 

stability, several fermentations processes were developed (Beesch 1952; Häggström 1985; Jones 

and Woods 1986b; Maddox 1989). While in the middle of the 20th century, the prominence of 

ABE fermentation declined due to the fast progress in petrochemical. Later in 2005, DuPont and 

BP declared their intension to restart the industrial scale ABE fermentation after recognition of 

butanol’s novelty as biofuel (Comyns 2009), which has been recognized as the starting point for 

the development of more environmentally benign and sustainable butanol production.  
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Metabolic pathway of Clostridium species using xylose as carbon source was presented 

in Figure 2.1. As shown in Figure 2.1, the primary products obtained from ABE fermentation are 

acetone, butanol and ethanol with the ratio of 3:6:1, respectively. It is well known that ABE 

fermentation is bi-phasic in nature: acidogenesis phase and solventogenesis phase (Mitchell 

1997). During the acidogenesis phase, along with the cells growing exponentially, acids such as 

acetic acid, butyric acid and lactic acid are produced. In the solventogenesis phase, active cells 

turn into endospores and and the acids produced from acidogenesis phase are converted into 

solvents, which is also known as the solvent producing phase (Bharathiraja et al. 2017b). The 

fermentation end-products reply on the function of several enzymes involved in the metabolic 

pathway, including the aldehyde dehydrogenase that catalyses the production of respective 

aldehyde into butyryl-CoA and acetyl-CoA, butanol dehydrogenase that catalyses the butanol 

production and alcohol dehydrogenase that could catalyse both ethanol and butanol production. 

In particular, the pathway between acetyl-CoA to butyryl-CoA plays a vital role for both 

acidogenesis and solventogenesis (Mitchell 1997).  

Modern research also focuses on developing the best bio-reactor system for butanol 

fermentation through ABE fermentation pathway. Various bioreactor types such as the batch 

reactors, fed-batch reactors, semi-continuous reactors, continuous reactors, continuous flash 

fermentation and cell immobilized reactors, etc. were studied (Lee et al. 2010; Lipnizki et al. 

2000; Mariano et al. 2010). Among all these types, batch reactors are found to be the simplest 

and conventional that they are widely used in the commercial bio-butanol production; however, 

the utmost butanol yield/productivity is reduced as the residence time of butanol increases 

(Bharathiraja et al. 2017b). In addition, other disadvantages are also found in the batch reactors 

such as prolonged lag phase, product toxicity and longer preparation time (Gholizadeh 2010). 
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Ideally, the optimal bioreactor for butanol production is the one which could increase the 

biomass concentration and reduce the butanol toxicity on the living cells. Thus, continuous 

fermentor connected with cell retention system and inline product recovery equipment (flash 

tank) was developed to meet this need (Mariano et al. 2010). Specifically, cell retention system 

allows the fermentor to be operated at high dilution rate and prevent cell washout by applying a 

membrane 

 
Figure 2.1 Metabolic pathways in Clostridium acetobutylicum ATCC 824 with xylose and 

glucose and arabinose (Zheng et al. 2015). Enzymes are abbreviated as follows and their 

corresponding genes are also listed, respectively: transketolase, tk; hydrogenase, hydA; 

phosphotransacetylase, pta; acetate kinase, ack; thiolase, thl; acetoacetyl-CoA and 

acetate/butyrate:CoA-transferase, ctfAB; 3-hydroxybutyryl-CoA, hbd; dehydrogenase; crotonase, 

crt; butyryl-CoA dehydrogenase, bcd; butyrate kinase, buk; phosphotransbutyrylase, ptb.  
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In the continuous fermentation, nutrients are continuously fed into the reactor and equal 

amount of medium is also removed from the fermentation continuously, which can circumvent 

several drawbacks from batch fermentation such as the longer preparation time and lag phase 

(Ezeji et al. 2007b; Gholizadeh 2010; Lee et al. 2010). Moreover, with cell recycle or cell 

immobilization, the product yield and productivity can be further increased in the continuous 

fermentation processes (Kourkoutas et al. 2004). Comparing with the continuous fermentation, 

fed batch is mainly used to overcome the substrate inhibition and to increases the biomass 

concentration (Lipnizki et al. 2000). Table 2.1 shows the performance of ABE fermentation 

based on various fermentation processes, substrate and microorganisms.  

2.1.2 Butanol-producing microorganisms 

Butanol-producing strains can mainly be classified as wild-type and genetically modified 

strains (Zheng et al. 2015). Clostridium species have been known as the nature king-maker of 

butanol production, which are rod-shaped, spore-forming, gram-positive bacteria and strictly 

anaerobic (Bharathiraja et al. 2017b). There are more than 200 known Clostridium strains such 

as C. acetobutylicum, C. beijerinckii, C. saccaroperbutylacetonicum, C. 

saccharoacetobutylicum, C. aurantibutyricum, C. pasteurianum, C. sporogenes, C.cadaveris, 

and C. tetanomorphum, among which C. acetobutylicum, C. beijerinckii, C. 

saccaroperbutylacetonicum, and C. saccharoacetobutylicum exhibited superior ability to ferment 

butanol in a higher production and yield (Huang et al. 2010).  

 

 

 

 

 



 11 

 

Table 2.1 Comparison of different methods of fermentation processes for analyzing the butanol 

yield and overall titer of ABE production. 

Microorganism Substrate 
Fermentation 

process 

Butanol yield 

(g/g) 

Solvent 

concentration 

(g/L) 

References 

C. beijerinckii 

P260 

Barley straw 

Batch fermentation 

0.43 26.64 

(Qureshi et al. 

2010a) 

Wheat straw 0.41 21.42 

(Qureshi et al. 

2008b) 

Corn stover 

and 

switchgrass 

0.43 21.06 

(Qureshi et al. 

2010b) 

Switchgrass 0.37 14.61 

(Qureshi et al. 

2010b) 

Wheat straw 
Fed-batch 

fermentation 
0.41 21.5 

(Qureshi et al. 

2008a) 

C. 

saccharoperbutyl

acetonicum 

Glucose and 

butyric acid 
Batch fermentation 0.43 24.1 

(Tashiro et al. 

2004) 

Cassava chips Batch fermentation 0.26 16.4 

(Thang et al. 

2010) 

Cassava starch Batch fermentation 0.35 16.9 

(Thang et al. 

2010) 

Xylose Batch fermentation 0.41 16.1 

(Zhou et al. 

2018b) 

Glucose and 

butyric acid 

Fed-batch 

fermentation 
0.55 16 

(Tashiro et al. 

2004) 

Glucose 

Continuous 

fermentation with 

cell-recycling 

- 12.9 

(Tashiro et al. 

2005) 
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Table 2.1 (continued). 

C. beijerinckii 

BA101 

Glucose Batch fermentation 0.32 18.6 

(Formanek et al. 

1997) 

Glucose 
Continuous 

fermentation 
0.38 7.9 

(Qureshi et al. 

2000) 

Glucose 
Fed-batch 

fermentation 
0.47 151.7 

(Ezeji et al. 

2004) 

C. acetobutylicum 

BKM19 
Glucose 

Continuous 

fermentation with 

cell-recycling 

0.17 11.9 

(Jang et al. 

2012a) 

C. tyrobutyricum 

CTpM2 
Mannitol 

Fed-batch 

fermentation 
0.33 20.5 

(Yu et al. 2012) 

C. acetobutylicum 

B18 
Glucose 

Fed-batch 

fermentation 
0.43 165.1 

(Geng and Park 

2010) 

C. acetobutylicum 

DSM792 
Sugar mixture 

Continuous 

fermentation 
0.28 8.1 

(Survase et al. 

2012) 

 

C. acetobutylicum was the first microorganism employed in industrial ABE production 

from sugar and starchy grains during the first half of last century (Johnson et al. 1997), and it has 

been recognized as the most popular bacterial strain for bio-butanol production due to the fact 

that it is amylolytic in nature (Chisti 2007; Chisti 2008; Dürre 2010). Several C. acetobutylicum 

strains such as C. beijerinckii (C. acetobutylicum DSM 1731), C. acetobutylicum ATCC 824, C. 

acetobutylicum NCIMB 8052, C. acetobutylicum NCP 260 and C. acetobutylicum NCP 262 were 

studied previously for butanol production from a wide variety of substrates (Formanek et al. 

1997; Gutierrez et al. 1998; Survase et al. 2012). Most knowledge was gathered in two strains, C. 

acetobutylicum ATCC 824 and C. beijerinckii (Gutierrez et al. 1998; Patakova et al. 2013). In 

particular, C. beijerinckii was reported to be able to utilize different waste cellulosic materials 

and produced approximately same ratio of solvents but with higher butanol titer (18–25 g/L) than 
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other C. acetobutylicum strains (10–16 g/L) (Jones and Woods 1986b; Qureshi and Blaschek 

2000; Qureshi and Blaschek 2014; Qureshi et al. 2008a; Qureshi et al. 2010a; Qureshi et al. 

2010b; Qureshi et al. 2008b). Moreover, it has been reported that co-culturing of two or more 

strains could enhance butanol production (Li et al. 2013; Xin and He 2013).  For instance, 

butanol production, yield and volumetric productivity was increased significantly in the two-

strain coculture of C. beijerinckii and C. tyrobutyricum comparing with those in the pure culture 

of C. beijerinckii; and this process was recognized as an efficient and cost effective process in 

that C. tyrobutyricum could produce butyric acid which was then used as a substrate to enhance 

butanol production (Li et al. 2013). There is yet another microorganism Kluyvera species, which 

is able to produce high level of cellulase free xylanase and when it was cocultured with 

Clostridium species, it converted lignocellulosic xylan to butanol readily, showing a comparable 

result to the separate hydrolysis of xylan and fermentation using Clostridium species (Xin and 

He 2013). 

Apart from the C. acetobutylicum, C. saccharoperbutylacetonicum was studied 

extensively to produce butanol as its superior ability to use various carbon sources such as 

glucose, xylose, cellulose, cellobiose without any genetic modification on the strain (Keis et al. 

2001; Noguchi et al. 2013). The strain C. saccharoperbutylacetonicum was first named and 

described by Hongo (1960) in US patent no. 2945786. Strain N1-4 was deposited by Hongo & 

Murata in the American Type Culture Collection as strain ATCC 13564, along with its 

derivatives N1-4 (HMT) (ATCC 27021) and N1-504 (ATCC 27022) (Keis et al. 2001). In 1986, 

Soni et al. first investigated the effect of butanol, butyric acid on the growth of C. 

saccharoperbutylacetonicum (ATCC 27022) and it was found that on progressive increase of 

butanol concentration in the medium, the concentration of butyric acid that completely inhibited 
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the growth of C. saccharoperbutylacetonicum was decreased (Soni et al. 1986). Afterward, 

numerous research mainly focused on increasing butanol production by adding butyric acid into 

the fermentation medium (Al-Shorgani et al. 2012; Baba et al. 2012; Tashiro et al. 2007; Tashiro 

et al. 2004). For instance, a pH-stat fed-batch culture by feeding butyric acid and glucose was 

studied and the specific butanol production rate was increased from 0.10 g-butanol/g-cells/h 

(without feeding of butyric acid) to 0.42 g-butanol/g-cells/h (with 5.0 g/L butyric acid) (Tashiro 

et al. 2004). In addition, Baba et al. (2012) investigated various butanol production systems with 

high density of living cells of Clostridium saccharoperbutylacetonicum N1-4 in glucose and 

butyric acid medium supplemented with methyl viologen (MV). As a result, butanol yield was 

drastically increased from 0.518 C-mol/C-mol with growing cells to 0.686 C-mol/C-mol at a 

dilution rate of 0.85 h−1by adding 0.01mM MV(Baba et al. 2012). Moreover, Yao et al. (2017) 

systematically evaluate the effects of various sugars and inhibitors on the ABE production by C. 

saccharoperbutylacetonicum and it was indicated that C. saccharoperbutylacetonicum can 

efficiently ferment most of the lignocellulosic sugars for ABE production and it is able to 

tolerate higher concentrations of inhibitors comparing with other popular solventogenic 

clostridial strains (Yao et al. 2017). Thus, C. saccharoperbutylacetonicum is proposed as a 

promising strain to produce higher bio-butanol due to its robust platform for ABE production 

from lignocellulosic carbon sources. 

Other than the mentioned Clostridium species that can produce significant amounts of 

butanol during fermentation under appropriate conditions, recently, genetically modified strains 

were also established for butanol production (Liu et al. 2010; Nielsen et al. 2009; Shen and Liao 

2008; Steen et al. 2008; Yu et al. 2011). For example, Escherichia coli strain was constructed to 

produce 1-butanol and 1-propanol from glucose and the final strain produced a titer of 2 g/L with 
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nearly 1:1 ratio of butanol and propanol (Shen and Liao 2008). In addition, with ack knockout 

and overexpressing adhE2 of C. tyrobutyricum, the highest butanol titer of 10.0 g/L and butanol 

yield of 27.0% were achieved in glucose medium (Yu et al. 2011).  

2.1.3 Kinetic model development for ABE fermentation 

Kinetic modeling has been reported to be one of the most scientific approaches to 

understand the behaviors of metabolites in the pathway, which can provide crucial information 

for the improvement of microorganisms metabolic capabilities during their cultivation (Bailey 

1991; Shinto et al. 2008; Stephanopoulos and Vallino 1991). There are three principal 

components of a kinetic model for any biochemical process: the characterization of the metabolic 

pathway for the microorganism involved in the biochemical conversions; the rate equations for 

the substrate consumption, product formation and biomass production; mass flux balance for all 

metabolites (Mayank et al. 2013). Besides, the models are composed of various kinetic 

parameters, which are derived from each biochemical/enzymatic reaction in the metabolic 

pathway and the kinetic parameters could be determined by minimizing the average squared 

correlation coefficients (r2) between the experimental and simulated data. Monod kinetics or 

Michaelis–Menten kinetics are widely used for the biomass growth in kinetic model 

development. In addition, Michaelis–Menten kinetics have also been applied in the established 

models for different kinds of inhibitions (competitive, uncompetitive, and noncompetitive) that 

are caused either by substrate or product (Mayank et al. 2013).  

In previous studies,  numerous models were developed for each category of the ABE 

fermentation process: the models established for batch fermentation system (including simple 

batch operation, fed-batch operation or repeated-batch operation), the models for continuous 

systems, and the models developed for downstream processing such as solvent recovery and 
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separation (Honda et al. 1987; Li et al. 2011; Mayank et al. 2013; Papoutsakis 1984; Park et al. 

2010; Pinto et al. 2009; Shinto et al. 2007). Here we mainly focused on discussing the kinetic 

models for the simple batch fermentation. In the early years of studies, ABE fermentation 

equations were derived in stoichiometric models which contributed significantly on predicting 

maximal possible products yield (Desai et al. 1999b; Papoutsakis 1984; Votruba et al. 1986; 

Yerushalmi et al. 2010); however, these stoichiometric models were based on either fermentation 

equations or metabolic flux analysis, and thus, were all essentially steady state models that could 

not provide any time variant or temporal information on various metabolites formation when the 

culture conditions changed (Mayank et al. 2013). Overall, the applicability of the early years 

stoichiometric models were rather limited for design and optimization of bioreactors.  

Recent kinetic simulation models could overcome some shortcomings from the 

stoichiometric models and are able to reveal the dynamic behavior of all the metabolites and 

provide information on the dominant metabolic pathways which have maximum influence on 

ABE production (Mayank et al. 2013). A group of Japan scientists developed two kinetic models 

of ABE fermentation from glucose or xylose by C. saccharoperbutylacetonicum N1-4 based on 

the metabolic pathway of C. acetobutylicum ATCC 824 using Win-BEST Kit (Shinto et al. 2008; 

Shinto et al. 2007). These models were validated by comparing the experimental results with the 

simulated results of metabolites in various batch cultures with a wide range of initial 

glucose/xylose concentrations (both models presented a result as 0.901 of r2 between 

experimental time-course of metabolites and calculated ones). Besides, sensitivity analysis was 

carried out in Shinto’s models to reveal which pathway has the most impact on high butanol 

production and their results demonstrated that when glucose was served as the carbon source, 

increase in reaction of butyrate consumption and decrease in reaction of CoA transferase to 
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butyrate highly contributed to high production of butanol; while xylose was utilized as the 

substrate, slow substrate utilization, increase in reaction of reverse acetate production pathway,  

and decrease from butyrate to acetoacetate production would be effective for higher butanol 

production (Shinto et al. 2008; Shinto et al. 2007). However, these two models did not study 

ATP- and NADH-balances, neither the effect of pH and product inhibition were considered on 

the fermentation process. Later, Li et al. (2011) have proposed a new model with some 

improvements such as introduction of time-dependent enzyme activity coefficient and 

description of net effects of complex ABE regulations according to endogenous enzyme activity 

variations (Li et al. 2011). Besides, the kinetic models of ABE production from various single 

sugar (glucose, xylose, arabinose, fructose, etc.) were developed by Raganati et al. (2015) in a 

biochemical networks, COPASI, and the comparison of kinetic parameters with different sugars 

were conducted to reveal the effect of sugars on the growth and production of metabolites 

(Raganati et al. 2015). The results indicated that the sugar uptake reactions were dependent on 

the sugar types and the glucose fermentation is characterized by the fastest reaction rates 

(Raganati et al. 2015). Comparing with Shinto’s models (2007, 2008), no reactivation of death 

cells (spores) was taken into consideration and a modified set of reaction rates (including sugar 

uptake and butanol production reaction) were used in Raganati’s model to substitute those in 

Shinto’s models; in addition, a specific expression of the reaction rate of CoAT was proposed for 

each substrate in Raganati’s model (Raganati et al. 2015).  

2.1.4 Enhancing butanol production through genetic engineering 

Genetic engineering presents a crucial role in the butanol production. The aims of genetic 

engineering for butanol producing microorganisms include enhancing butanol final 

concentration, butanol productivity, the strains tolerance to solvent (butanol) and extending the 
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substrate utilization range, etc. (Lee et al. 2010). As described previously, several genetically 

modified non-Clostridium strains were established for butanol production and a few studies 

reviewed the characteristics of butanol production by different microorganisms (Jang and Sang 

2015; Liu et al. 2010; Nielsen et al. 2009; Shen and Liao 2008; Steen et al. 2008; Yu et al. 2011; 

Zheng et al. 2015). For instance, metabolic engineering of E. coli with the overexpression of the 

crt, bcd, ctfAB, hbd and adhE2 genes of C. acetobutylicum and elevated the expression of atoB 

gene from E. coli, was reported to produce 552 mg/L butanol using 2% (w/v) glycerol as carbon 

source (Atsumi et al. 2007). Besides, Dupont recently published a patent that Bacillus subtilis 

and S. cerevisiae were able to produce 0.19 mM and 0.01 mM butanol, respectively, by 

overexpressing the thl, hbd, crt, bcd, ald and bdhAB genes of C. acetobutylicum involved in 

butanol biosynthesis (Donaldson et al. 2012). Nonetheless, genetically engineered Clostridium 

species shows its superior ability in high butanol production over the metabolic engineering of 

the non-Clostridium species and thus, we rather focus on metabolic engineering of clostridia in 

this study. 

2.1.4.1 Metabolism of butanol-producing clostridia 

As shown in Figure 2.1, a typical characteristic of butanol production by Clostridium 

species is biphasic fermentation, which comprises an acidogenic phase and a solventogenic 

phase as described previously (Johnson et al. 1931; Zheng et al. 2015). At first, the substrate 

such as xylose or glycose is metabolized to pyruvate via Embden–Meyerhof–Parnas (EMP) 

pathway or pentose phosphate (PP)/glycolic pathway, respectively, and during the sugar 

consumption process, ATP and NADH are produced (Shinto et al. 2007; Thauer et al. 1977). 

Shortly after pyruvate is formed, cells begin to grow exponentially with hydrogen generation and 

acetate and butyrate production, which has been known as acidogenic phase. During the 
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acidogenic phase, acetate is produced from acetyl-coenzyme A by phosphotransacetylase (pta) 

and acetate kinase (ack), meanshile, phosphotransbutyrylase (ptb) and butyrate kinase (buk) are 

the enzymes (genes) responsible for butyrate generation. As a result of butyrate and acetate 

formation, the external pH in the fermentation broth is decreased and consequently, the acids are 

re-assimilated by Clostridium species and solvents, including butanol, ethanol and acetone, are 

produced. During the transition from acidogenic phase to solventogenic phase, thiolase (thl), 3-

hydroxybutyryl-CoA dehydrogenase (hbd), crotonase (crt), butyryl-CoA dehydrogenase (bcd), 

butyraldehyde dehydrogenase (aad), and butanol dehydrogenase (bdh) are essential for 

conversion from acetyl-coenzyme A to butanol, in particular, thiolase (thl) is known to play a 

crucial role in both acidpgenesis and solventogenic phase (Huang et al. 2010). In addition to 

those enzymes, electron and energy flow (ATP/NADPH) in the EMP/PP pathway is also vital 

with respect to the regulation of acids formation, acids re-assimilation and solvents production 

(Ezeji et al. 2007c; Grupe and Gottschalk 1992).  

2.1.4.2 Genetic engineering of Clostridium species 

In the traditional ABE fermentation, butanol production (including final concertation, 

yield and productivity) is limited due to the end product stress on the microorganisms. Although 

some studies have optimized the fermentation parameter to overcome those constraints of 

butanol production, butanol production can be inherently enhanced through metabolic 

engineering of the production strains (Cho et al. 2015a; Jang et al. 2012a; Yusin et al. 2012). 

Table 2.2 presents some recent studies of metabolic engineering of C. acetobutylicum. As shown 

in Table 2.2, the first successful metabolic engineering of C. acetobutylicum was studied by 

Mermelstein et al.(1993), in which acetone formation pathway was amplified by overexpression 

of the acetoacetate decarboxylase (adc) and CoA transferase (ctfAB) genes on the basis of 
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plasmid pFNK6 in C. acetobutylicum (Mermelstein et al. 1993). As described in previous 

section, the acetone producing pathway is playing a vital role for the solventogenic phase in that 

it couples with the formation of the precursor of butanol, butyryl-CoA, from acetate and 

butyrate. Therefore, due to the earlier induction of solventogenic phase, the metabolically 

engineered C. acetobutylicum strain demonstrated an increased final concentrations of acetone, 

butanol, and ethanol by 95%, 37%, and 90%, respectively, compared to its parental strain 

(Mermelstein et al. 1993). Interestingly, although Nair et al. (1994) overexpressed the adhE gene 

in C. acetobutylicum, which encodes the aldehyde dehydrogenase that corresponds with the 

ethanol and butanol production, butanol synthesis was not increased (Nair et al. 1994). One of 

the explanations could be that the effect of adhE overexpression on butanol formation was 

related to the physiological state of C. acetobutylicum. Specifically, when the parent strain 

produces less than 10 g/L butanol, genetic modification with adhE induction in C. 

acetobutylicum could enhance butanol production; while the control strain generates a relative 

high butanol production (higher than 10 g/L), overexpression of adhE could result in a higher 

ethanol production instead of butanol production (Nair et al. 1994; Nair and Papoutsakis 1994). 

Further studies were carried out to improve butanol through inactivation of multiple genes in the 

acidogenic phase. For instance, the buk inactivated C. acetobutylicum PJC4BK strain produced 

10.8 g/L of butanol from glucose in a batch fermentation, which is 10% more butanol than its 

parental strain (Green et al. 1996). With further optimization, C. acetobutylicum PJC4BK was 

able to produce 16.7 g/L butanol (Harris et al. 2000b). In addition to direct manipulating the 

genes that are directly associated with the ABE biosynthetic pathways, modifications of 

regulatory genes (Nair et al. 1999; Xu et al. 2015), stress response genes (Tomas et al. 2003) and 

glycolysis genes (Ventura et al. 2013) could improve butanol production as well. For example, 
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pfkA and pykA genes, which are encoding the ATP and NADH producing enzymes (6- 

phosphofructokinase and pyruvate kinase), were induced in C. acectobutylicum and 

consequently, butanol production was increased to 19.1 g/L with a yield of 0.21 g/g glucose in a 

fed-batch fermentation (Ventura et al. 2013). Besides, the deletion of the cac3319 gene which is 

encoding histidine kinase in C. acetobutylicum HKKO led to a butanol production of 18.2 g/L, 

which is 44.4% higher than the control, indicating that the cac3319 plays an important role in 

regulating solvent production and tolerance in C. acetobutylicum (Xu et al. 2015).  

Table 2.2 Solvent production of genetic engineered C. acetobutylicum (*control means the strain 

harboring the vector only) 

Up-regulated 
Down-

regulated 

Acetone 

(g/L) 
Butanol (g/L) Ethanol (g/L) 

Total solvent 

(g/L) 
References 

Control 4.5 9.5 0.74 14.7 (Mermelstein et 

al. 1993) adc, ctfAB - 8.7 13 1.4 23.1 

Control 3.8 5.5 0.7 10.0 (Nair et al. 

1994) adhE - 4.2 8.7 1.9 14.8 

- pSOL1 0 0 0 0 (Nair and 

Papoutsakis 

1994) 
adhE pSOL1 0 6.2 0.4 6.6 

Control 4.6 9.7 0.5 14.8 
(Green et al. 

1996) 
- pta 4.2 9.9 0.6 14.7 

- buk 2.3 10.8 0.7 13.8 

Control 3.8 5.5 0.7 10.0 
(Harris et al. 

2000a; Nair et 

al. 1999) 

- solR 8.1 17.8 1.0 26.9 

- buk 4.4 16.7 2.6 23.7 

adhE buk 3.8 16.7 4.5 25 

Control 5 11.7 0.73 17.4 
(Harris et al. 

2001) 
- solR 5.6 14.6 4.4 24.6 

adhE solR 8.2 17.6 2.1 27.9 

Control 4.4 10.4 0.2 15 
(Tummala et al. 

2003) 
adhE - 1.4 10 8.8 20.2 

- ctfAB 0.3 1.2 0.2 1.7 

Wild type 3 11 1.1 15.1 
(Tomas et al. 

2003) 
Control 6 13 1.1 20.1 

groESL - 8 17 1.1 26.4 

Wild type 5.4 11.8 0.9 18.1 

(Jang et al. 

2012c) 

- pta 7.7 17.2 1.8 26.7 

- buk 8.0 15.2 1.9 25.1 

- pta, buk 2.1 18.4 3.0 23.5 

Wild type - 12.6 - 21.6 
(Xu et al. 2015) 

cac3319 - - 18.2 - 31.0 
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2.2 Fermentation of lignocellulosic materials 

Feedstock cost is a key factor to impact the economics of butanol production. It has been 

reported that among all the feedstocks used for the energy production, biomass accounts for 

9.8% of the world’s primary energy use, and 30% of the biofuels is used in modern forms, such 

as biofuels and biopower and 70% of them is used traditionally (i.e. combustion for domestic 

heating) (Gapes 2000). Biofuels produced from biomass is extremely environmental friendly. 

First, biofuels production from biomass will eliminate the common problem brought by the 

traditional combustion, such as fly ash disposal and superheater corrosion; secondly, the digested 

materials from the biorefinery can be readily used as an excellent and sustainable fertilizer for 

cultivation and crops; at last, the energy density of the biofuels is much higher than that of 

biomass (Alavandi and Agrawal 2008; Kaparaju et al. 2009; Serranoruiz et al. 2010; Sivakumar 

et al. 2010; Visser et al. 2011). Among all the available biomass, lignocellulosic biomass, such as 

forest residues, agricultural residues and other energy crops is attracting more and more attention 

for ABE fermentation, especially for bio-butanol production (Baral and Shah 2014). 

2.2.1 Degradation of lignocellulosic materials 

Lignocellulosic material is mainly composed of cellulose, hemicellulose, and lignin, 

which are associated with each other. Several pretreatment methods, including ammonia fiber 

explosion, chemical treatment, biological treatment, and steam explosion were studied to alter 

the structure of cellulosic biomass to make cellulose more accessible to hydrolysis for 

conversion to fuels. (Baral et al. 2014; Jurgens et al. 2012; Kumar et al. 2009; Teghammar et al. 

2010; Yang et al. 2013; Yi et al. 2009; Zheng et al. 2009). Among these various pretreatment 

processes, hydrothermal, steam explosion, aqueous ammonia, alkaline pretreatment, and sulfuric 

acid have been widely used by researchers. These pretreatment processes could destroy the lignin 
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barrier, decrease the crystallinity of cellulose, increase the porosity, breaking the shell for 

enzyme to access substrate, and eventually convert partial cellulose and almost all 

hemicelluloses into fermentable sugars such as glucose, xylose, arabinose galactose, and 

mannose (Bharathiraja et al. 2017b). A subsequent enzymatic hydrolysis process could be 

needed to transform any remaining cellulose into fermentable sugars (Huang and Fu 2013). But 

limitations of the enzymes systems are obvious and the enzymatic hydrolysis processes always 

have low efficiency and a high enzyme cost (Salvador et al. 2010). In contrast to the resistance of 

crystalline cellulose, the polymers present in hemicellulose are more sensitive to thermochemical 

pretreatment and easy to be hydrolyzed to monomer sugars such as xylose and arabinose, which 

makes xylose a cost-efficient substrate comparing to glucose in the ABE fermentation process 

(Engel et al. 2010).  

Generally, although the pretreatment processes are essential for biofuel production from 

lignocellulosic biomass, during the pretreatment and hydrolysis of agricultural biomass, some 

inhibitors such as aliphatic acids, furan aldehydes, and aromatic compounds are present in the 

hydrolysate, which could negatively affect the solvent production (Baral and Shah 2014). The 

amount that these inhibitors could be generated during the hydrolysis was determined by 

hydrolysis conditions such as temperature, time and acids concentration. As shown in Figure 2.2, 

lignocellulosic materials can be degraded into hemicellulose such as arabinose and xylose, and 

they might be further degraded to furfural under high temperature and pressure (Dunlop 1948). 

In addition, 5-hydroxymethyl furfural (HMF) could be generated during hexose degradation 

(Ulbricht et al. 1984) and during the degradation of HMF and furfural, formic acid is formed 

(Dunlop 1948; Ulbricht et al. 1984). Levulinic acid is formed by HMF degradation (Ulbrichtet 
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al., 1984). Phenolic compounds are generated from the partial breakdown of lignin and were also 

found with carbohydrate degradation (Palmqvist and Hahnhägerdal 2000). 

 

Figure 2.2 Microbial inhibitors formation during lignocellulosic biomass pretreatment. This 

figure was modified from Baral and Shah (Baral and Shah 2014).  

 

2.2.2 Effects of microbial inhibitors on ABE production 

Weak acids inhibit cell growth and therefore was reported to decrease the product 

concentration (Verduyn et al. 1990). Two mechanisms were proposed to explain the inhibitory 
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effects of weak acids: uncoupling and intracellular anion accumulation (Russell 1992). 

According to the uncoupling theory, the inflow weak acids were neutralized by the plasma 

membrane ATPase, consequently resulted in ATP hydrolysis. In order to maintain the pH level, 

additional ATP must be generated at the expense of biomass formation (Verduyn et al. 1990; 

Viegas and Sácorreia 1991). However, this mechanism cannot explain the effect of acetic, 

propionic and formic acids effect on cell growth when glucose was used as a substrate because 

the anionic formed by those acids cannot pass through the plasma membrane (Casal et al. 1996). 

Alternatively, intracellular anion accumulation was suggested to demonstrate the inhibitory 

effect of weak acids (Palmqvist and Hahnhägerdal 2000). According to the anion accumulation 

theory, the anionic form of the acid is captured in the cell and undissociated acid will diffuse into 

the cell until equilibrium and this process is regulated by the pH gradient over the plasma 

membrane (Russell 1992). When extracellular pH is low, the accumulation ratio increased 

compared with a higher extracellular pH (Casal et al. 1996) 

Furan derivatives have been reported to reduce the specific growth (Navarro 1994), the 

cell mass yield on ATP (Palmqvist et al. 1999), and the specific production rates (Palmqvist et al. 

1999; Taherzadeh et al. 2000) by inhibiting on both glycolytic and non-glycolytic enzymes 

(Modig et al. 2002). Besides, it was reported that furfural and HMF utilized NAD(P)H, which is 

an essential energy source for ABE production, to convert themselves into their corresponding 

alcoholic groups, which as a result, the production of solvents were reduced (Ujor et al. 2014). It 

was also reported by Modig et al. (2002), furfural could significantly inhibit the enzyme activity 

of ALDH (aldehyde dehydrogenase) and PDH (pyruvate dehydrogenase), whereas ADH (alcohol 

dehydrogenase) was less inhibited by furfural than the other two enzymes (Modig et al. 2002). 

Comparing with furfural, HMF has been reported with lower conversion rate due to lower 
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membrane permeability; therefore, longer lag phase in cell growth was reported (Larsson et al. 

1999). However, the mechanisms for HMF and furfural inhibition were similar (Taherzadeh et 

al. 2000).  

Comparing with furan derivatives, phenolic compounds have been reported to be more 

toxic on ABE fermentation, even at a low concentration (Ibraheem and Ndimba 2013). Phenolic 

compounds were able to dissolve into the cell membranes and negatively affect the cell integrity 

and cell respiration, therefore phenolic compounds were believed to negatively affect the 

abilities of cell membrane to serve as selective barriers and enzyme matrices (Fitzgerald et al. 

2004; Heipieper et al. 1994). Moreover, phenolic compounds were studied to inhibit DNA, RNA 

and protein synthesis (Nes and Eklund 1983), glucose uptake rate (Evans and Martin 2000)nand 

enzyme activities (Kreydiyyeh et al. 2000; Ricomunoz et al. 1987; Wendakoon and Sakaguchi 

1995). However, the mechanism of the inhibiting effect has not been elucidated mostly due to 

the lack of comprehensive and quantitative analyses (Palmqvist and Hahnhägerdal 2000). 

Therefore, the overall goal of this project was to understand the metabolic change in the ABE 

fermentation when some potential inhibitors (such as substrate, weak acids, furan derivatives and 

phenolic compound) were present in the medium by developing some corresponding kinetic models 

using COPASI.  
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CHAPTER 3 Kinetic modeling of butyric acid effects on butanol fermentation by 

Clostridium saccharoperbutylacetonicum 

(Under review by New Biotechnology since April, 2018) 

Abstract 

A kinetic model of acetone-butanol-ethanol fermentation taking into account butyric acid 

effects was developed and implemented in COPASI. The model was validated by comparing the 

simulation results with experimental data in batch cultures of Clostridium 

saccharoperbutylacetonicum under various initial glucose (97.1 to 152.6 mM) and butyric acid 

(90.7 to 153.2 mM) concentrations. The modeling results suggested that increasing the 

conversion rates from butyryl-CoA (BCoA) to butanol, from butyrate to BCoA, or from pyruvate 

to lactate would increase butanol synthesis. Similarly, reducing glucose uptake rate or the 

reaction rates from pyruvate to ACoA, from AACoA to BCoA, or from BCoA to butyrate would 

result in better butanol production. Overall, the developed kinetic model can accurately predict 

the dynamic behavior of metabolites in ABE fermentation with butyric acid addition, which may 

consequently be used to identify genetic manipulation strategies for higher bio-butanol 

production. 

Keywords: Butanol; Butyric acid; Kinetic modeling; COPASI; Clostridium 

saccharoperbutylacetonicum 
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3.1 Introduction 

Butanol (C4H10O) is a four-carbon alcohol that has the potential to make an important 

contribution towards the demand for next generation superior biofuels (Dunlop, 2011). Acetone-

butanol-ethanol (ABE) fermentation is a well-known process for bio-butanol production, 

whereas, due to the high substrate cost and low conversion efficiency, bio-butanol produced 

through the ABE process could not compete economically with traditional fuels such as gasoline 

(Tashiro et al., 2004). However, with increasing concerns of the long-term sufficiency of 

petroleum and its negative effects on the environment, biofuels produced from renewable 

resources are still attractive in the world energy market (Demirbas A, 2007; Dürre, 2007). 

Comparing to bio-ethanol, the No. 1 biofuel worldwide, bio-butanol has the potential to serve as 

a superior biofuel in the future for several reasons. Butanol contains higher energy content of 

110,000 BTUs per gallon, compared to ethanol of 84,000 BTUs per gallon (Nigam and Singh, 

2011). Besides, butanol can be blended with any ratio of gasoline in un-modified gasoline 

engines; however, ethanol is limited to 15% (Szybist et al., 2010). Moreover, butanol can be 

transported via existing fuel infrastructures and blended directly at existing refineries; instead, 

ethanol needs a separate transportation pipeline (Dürre, 2007). 

In traditional ABE processes using glucose as the carbon source, two carbons are lost as 

carbon dioxide so the maximum theoretical yield of butanol is only 0.67 C-mol/C-mol of glucose 

(Eq. 1, Chang, 2010). By using butyric acid, which is a four-carbon acid, the carbon loss can be 

reduced in the fermentation process. Theoretically, with butyric acid as the carbon source, 

butanol yield from ABE processes can reach 1 C-mol/C-mol butyric acid (Eq. 2, Hoogewind, 

2006; Papoutsakis, 1984). Moreover, adding butyric acid into the culture medium can stimulate 

the fermentation process to move from the acidogenesis phase to the solventogenesis phase more 
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quickly, which as a result, can increase butanol production rate (Al-Shorgani et al., 2012). For 

example, in a fed-batch fermentation process, the specific butanol productivity increased to 0.42 

g-butanol/g-cells/h with 5 g/L butyric acid addition, comparing to 0.1 g-butanol/g-cells/h with no 

butyric acid added in the glucose medium (Al-Shorgani et al., 2012; Tashiro et al., 2004). 

However, although researchers have experimentally proven that the addition of butyric acid is 

beneficial to butanol synthesis, there is no study reported focusing on the development of kinetic 

models to better understand butyric acid effects on butanol synthesis.  

𝑪𝟔𝑯𝟏𝟐𝑶𝟔 → 𝑪𝟒𝑯𝟏𝟎𝑶 + 𝟐𝑪𝑶𝟐 + 𝑯𝟐𝑶               (𝑬𝒒. 𝟏) 

                𝑪𝟒𝑯𝟖𝑶𝟐 + 𝑨𝒄𝑪𝒐𝑨 + 𝟐𝑵𝑨𝑫𝑯 → 𝑪𝟒𝑯𝟏𝟎𝑶 + 𝑨𝒄𝒆𝒕𝒂𝒕𝒆       (𝑬𝒒. 𝟐)          

Kinetic modeling has long been used to provide crucial information about metabolic 

capabilities of microorganisms during their cultivation (Bailey, 1991; Stephanopoulos and 

Vallino, 1991; Shinto et al. 2007; Shinto et al. 2008). The early work of ABE fermentation 

modeling mainly focused on developing the stoichiometric equations, which described the 

relationships among various products and biomass accumulation in the fermentation process 

(Desai et al., 1999; Papoutsakis, 1984; Vortuba et al., 1986). However, the stoichiometric models 

had very limited capacity to predict the fermentation behaviors when the culture conditions 

changed (Buegler and Mesbah, 2016).  More recent kinetic models relevant to the ABE 

fermentation revealed the importance of some key intermediates and the effect of product 

inhibition as well as substrate inhibition on butanol synthesis. For instance, Shinto et al. (2007, 

2008) reported two kinetic models to describe the dynamic behaviors of metabolites in the ABE 

fermentation process by Clostridium saccharoperbutylacetonicum N1-4 from glucose and xylose 

and the sensitivity analysis results in both models revealed that slow substrate utilization and 

rapid butyryl-coA conversion would be beneficial for higher butanol production. In addition, 
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Raganati et al. (2015) developed a kinetic model of butanol synthesis by C. acetobutylicum DSM 

792 using various sugars (mono-, di-, hexose and pentose sugars) as the main carbon source, in 

which, the kinetic relationships of substrate uptake, butanol production, cell growth and cell 

death were considered. These kinetic models, however, provided no insights into the effects of 

butyric acid on butanol synthesis. 

The objective of this study was to understand the influence of butyric acid addition on 

butanol fermentation by C. saccharoperbutylacetonicum N1-4 (ATCC 27021). A kinetic model 

of ABE fermentation taking into account butyric acid effects was developed and implemented in 

COPASI. The model was validated by experimental data and provided insights into the 

metabolic pathways of glucose to butanol influenced by butyric acid addition. 

3.2 Methods 

3.2.1 Bacterial strain and culture medium 

C. saccharoperbutylacetonicum N1-4 (ATCC 27021) obtained from American Type 

Culture Collection (Manassas, Virginia, USA) was studied. The culture was maintained as spores 

in fresh potato glucose medium (PG medium) at 4ºC. The PG medium contained the following 

compounds per liter of distilled water: 150 g fresh potato, 10 g glucose, 3 g CaCO3, and 0.5 g 

(NH4)2SO4. The tryptone-yeast extract-acetate (TYA) medium was used as the pre-culture 

medium, consisting the following ingredients per liter of distilled water: 20 g glucose, 2 g yeast 

extract, 6 g tryptone, 3 g CH3COONH4, 0.3 g MgSO47H2O, 0.5 g KH2PO4 and 10 mg 

FeSO47H2O (Ishizikli et al., 1999). The phosphate-free nitrogen medium containing glucose 

(concentrations from 17.5 to 27.5 g/L depending on the experimental design), butyric acid 

(concentrations from 8 to 13.5 g/L depending on the experimental design), 0.5 g KH2PO4, and 10 

mg FeSO47H2O in 1 L distilled water (Al-Shorgani et al., 2011) was used as the experimental 
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culture medium. After being pre-cultured in the TYA medium for 24 h, C. 

saccharoperbutylacetonicum was inoculated into the phosphate-free nitrogen medium. In all 

experiments, the initial pH was adjusted to 6.5 using 5 M NaOH prior to sterilization (Zheng et 

al. 2013). The medium was sterilized at 121ºC for 15 min before use. All chemicals used were 

purchased from Sigma–Aldrich (St. Louis, Missouri, U.S.A.). 

3.2.2 Batch culture and analysis 

Pyrex bottles (250 mL) with silicone septa containing 180 mL culture medium and 20 mL 

inoculum were used as fermenters. Batch cultures with three replicates were carried out in 

phosphate-free nitrogen medium at 30ºC under anaerobic condition without pH control. The 

initial glucose concentrations used were 17.5 (97.1 mM), 20 (111.0 mM), 22.5 (124.9 mM), 25 

(138.8 mM), or 27.5 (152.6mM) g/L and the initial butyric acid concentrations were 8 (90.7 

mM), 10 (113.5 mM), 11 (124.8 mM), 12 (136.2 mM), 12.5 (141.9 mM), 13.5 (153.2 mM) or 15 

(170.2 mM) g/L. The concentrations of glucose, acids (lactatic acid, acetic acid, and butyric 

acid), and solvents (acetone, butanol, ethanol) in the fermenter were analyzed every 12 h using a 

high performance liquid chromatography (Prominence Series HPLC with a refractive index 

detector, model RID-10A, Shimadzu Corporation, Kyoto, Japan) using a Rezex RHM - 

Monosaccharide H+ (8%) column (300 × 7.8 mm, Phenomenex, Torrance, CA, USA), at a 

column temperature of 80ºC. The mobile phase used was 0.005 N H2SO4 at a flow rate of 0.6 

mL/min. Detection was accomplished with the RI detector at the oven temperature of 40ºC. Cell 

concentration was determined by measuring the optical density (OD) at 562 nm with a 

microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). An OD value of 1.0 was 

equivalent to 0.301 gram of dry cell weight per liter and the average molecular weight of C. 

saccharoperbutylacetonicum was set to 172 g/mol (Shinto et al., 2007).  
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Butanol production under various initial conditions was statistically analyzed with SAS 

9.1.3 (SAS Institute Inc., Cary, NC, USA). Multiple one-way analysis of variance (ANOVA) 

was conducted to evaluate the effect of initial glucose and butyric acid concentration on butanol 

production by C. saccharoperbutylacetonicum. The concentration of glucose or butyric acid was 

used as the independent variable while butanol production was the dependent variable. Tukey’s 

adjustment was applied to the general linear model for determining the level of significance (P < 

0.05) among various treatments. All experiments were conducted in triplicates and results were 

expressed as mean ± standard deviation.  

3.2.3 Kinetic model development 

Modeling and simulation were conducted using a biochemical network simulator 

software COPASI (Hoops et al., 2006). COPASI establishes the biochemical models based on 

the reactions between each metabolite, then it locates each metabolite on a compartment that is 

directly mapped to the reaction network. The most attractive advantage of COPASI is that it can 

automatically convert the reaction equations into the appropriate mathematical formalism. The 

developed model including substrate utilization, organic acids and solvents production and cell 

growth was established based on the ABE fermentation pathway from glucose (Raganati et al., 

2015). Figure 3.1 shows the metabolic pathways of ABE-producing clostridia which possess two 

distinct phases: acidogenesis and solventogenesis (Jones and Woods, 1986). Initially, during the 

acidogenesis phase, the substrate, i.e. glucose is converted into acid-products (lactate, acetate, 

and butyrate) with exponential cell growth. Then during the solventogenesis phase, the acid-

products are utilized and converted into acetone, butanol, and ethanol (Tashiro et al., 2004). 

Table 3.1 illustrates the rate equation of each metabolic reaction. Comparing to the previous 

model developed by Raganati (Raganati et al., 2015), the metabolic network developed in the 



 45 

 

present study was modified as follows (Figure 3.1, Table 3.1): a reversible pathway (R17 and 

R18, where R denotes reaction, and the number following R denotes the number of reaction in 

Table 1, the same hereafter) from pyruvate to lactate was added and substrate (butyric acid) 

inhibition was considered in R12 and R14.  

  
Figure 3.1 The metabolic pathways of C. acetobutylicum in glucose media. Enzymes are 

abbreviated as follows: TA, transaldolase; TK, transketolase; PTA, phosphotransacetylase; AK, 

acetate kinase; CoAT, CoA transferase; PTB, phosphotransbutyrylase; BK, butyrate kinase; 

BADH, butyraldehyde dehydrogenase; BDH, butanol dehydrogenase; r: reaction rate (Raganati 

et al., 2015). 

 

Two assumptions were made in the developed kinetic model. Firstly, no reactivation of 

dead cells was taken into consideration. As shown in Table 3.1, when butanol concentration 

approaches the critical value (Bmax) in R1, R10, and R15, their reaction rates will be close to 0. 

Therefore, the corresponding reactions and cell growth would be completely inhibited. Secondly, 
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reactions 12 and 14 include a substrate inhibition kinetic. It is believed that an enzyme has two 

binding sites: the catalytic site and non-catalytic site. The catalytic site of the enzyme is defined 

as the binding site that can produce the product at a regular rate and the non-catalytic site is 

expressed as the binding site that produces the product at a reduced rate. Under high substrate 

concentrations, it is assumed that one substrate molecule (butyric acid) binds to the catalytic site 

of the corresponding enzyme, following the other butyric acid molecule binding to the non-

catalytic site of the enzyme. Thus, an unproductive ternary complex could be generated under 

high substrate concentrations and the rate of reaction might decrease consequently (Reed et al., 

2010).  

3.2.4 Determination of model parameters and validation 

Multiple sets of kinetic parameters were estimated by fitting the experimental data 

measured during the batch cultures to the developed model. The maximum reaction rate Vmaxj, 

Kmj of each reaction step and the values of Kisj, Kaj, Kmsj, KmjA, KmjB, Bmaxj, Acetmax, Butyrmax, 

Amax, Emax, nBj, nAcet, nButyr, nA, and nE were estimated by the particle swarm method - an 

optimization algorithm of COPASI (Hoops et al., 2006). The model was validated by the 

assessment of the average squared correlation coefficients (𝑟2) between the simulation results 

and the experimental data. Moreover, parameter scan was carried out to assess the validity of the 

developed model and to reveal which parameters in the pathway had significant impacts on 

achieving high butanol production. This study assessed the impact of each parameter on endpoint 

butanol production by giving a 5% increase in each kinetic parameter in the rate equations.  
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Table 3.1 The reaction steps from glucose to butanol and associated kinetics. 

 
*R: Reaction; r: reaction rate; The reactions in bold font are the reactions that have been modified in the present model. 
a. Raganati et al., 2015   b. Shinto et al., 2007     c. Reed et al., 2010 
3.3 Results and discussion 

Name Reactions Kinetics Refs 

R1 G  F6P 𝑟1= 
𝑉𝑚𝑎𝑥1[𝐺]

𝐾𝑚1+[𝐺]+𝐾𝑚1(
[𝐺]

𝐾𝑖𝑠1
))2

(1 −
[𝐵]

𝐵𝑚𝑎𝑥20
)𝑛𝐵1F a 

R2 F6P→2 G3P 𝑟2= 
𝑉𝑚𝑎𝑥2[𝐹6𝑃]

𝐾𝑚2+[𝐹6𝑃]
𝐹 b 

R3 G3PPyr 𝑟3= 
𝑉𝑚𝑎𝑥3[𝐺3𝑃]

𝐾𝑚3+[𝐺3𝑃]
𝐹 b 

R4 PyrAcoA 𝑟4= 
𝑉𝑚𝑎𝑥4[𝑃𝑦𝑟]

𝐾𝑚4+[𝑃𝑦𝑟]
𝐹 b 

R5 AcoA  Acet 𝑟5= 
𝑉𝑚𝑎𝑥5[𝐴𝑐𝑜𝐴]

𝐾𝑚5+[𝐴𝑐𝑜𝐴]
𝐹 b 

R6 Acet AcoA 𝑟6= 
𝑉𝑚𝑎𝑥6[𝐴𝑐𝑒𝑡]

𝐾𝑚6+[𝐴𝑐𝑒𝑡]
𝐹 b 

R7 ACoAE 𝑟7= 
𝑉𝑚𝑎𝑥7[𝐴𝑐𝑜𝐴]

𝐾𝑚7+[𝐴𝑐𝑜𝐴]
𝐹 b 

R8 ACoA1/2AACoA 𝑟8= 
𝑉𝑚𝑎𝑥8[𝐴𝑐𝑜𝐴]

𝐾𝑚8+[𝐴𝑐𝑜𝐴]
 b 

R9 AACoABCoA 𝑟9= 
𝑉𝑚𝑎𝑥9[𝐴𝐴𝑐𝑜𝐴]

𝐾𝑚9+[𝐴𝐴𝑐𝑜𝐴]
𝐹 b 

R10 BCoAB 𝑟10= 
𝑉𝑚𝑎𝑥10[𝐵𝑐𝑜𝐴]

𝐾𝑚10(1+
𝐾𝑎10

[𝐵𝑢𝑡𝑦𝑟]⁄ )+[𝐺]
(1 −

[𝐵]

𝐵𝑚𝑎𝑥10
)𝑛𝐵10F a 

R11 Acet+AACoAA 

+ACoA 

𝑟11= 𝑉𝑚𝑎𝑥11(
1

1+
𝐾𝑚11𝐴

[𝐴𝑐𝑒𝑡]⁄
)(

1

1+
𝐾𝑚11𝐵

[𝐴𝑐𝑒𝑡]⁄
) b 

R12 Butyr+AACoAA+

BCoA 

𝒓𝟏𝟐= 𝑽𝒎𝒂𝒙𝟏𝟐(
𝟏

𝑲𝒎𝟏𝟐+[𝑩𝒖𝒕𝒚𝒓]+𝑲𝒎𝟏𝟐𝑨([𝑩𝒖𝒕𝒚𝒓]/(𝑲𝒊𝒔𝟏𝟐)𝟐)(

𝟏

𝟏+
𝑲𝒎𝟏𝟐𝑩

[𝑨𝑨𝒄𝒐𝑨]⁄
) 𝑭 

c 

R13 BCoAButyr 𝑟13= 
𝑉𝑚𝑎𝑥13[𝐵𝑐𝑜𝐴]

𝐾𝑚13+[𝐵𝑐𝑜𝐴]
𝐹 b 

R14 ButyrBCoA 𝒓𝟏𝟒= 
𝑽𝒎𝒂𝒙𝟏𝟒[𝑩𝒖𝒕𝒚𝒓]

𝑲𝒎𝟏𝟒+[𝑩𝒖𝒕𝒚𝒓]+𝑲𝒎𝟏𝟒([𝑩𝒖𝒕𝒚𝒓]/(𝑲𝒊𝒔𝟏𝟒)𝟐 𝑭 c 

R15 ACoABiomass   𝑟15= 
𝑉𝑚𝑎𝑥15[𝐴𝑐𝑜𝐴]

𝐾𝑚15+[𝐴𝑐𝑜𝐴]
(1 −

[𝐴𝑐𝑒𝑡]

𝐴𝑐𝑒𝑡𝑚𝑎𝑥
)𝑛𝐴𝑐𝑒𝑡𝑎𝑡𝑒(1 −

[𝐵𝑢𝑡𝑦𝑟]

𝐵𝑢𝑡𝑦𝑟𝑚𝑎𝑥
)𝑛𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒(1 −

[𝐴]

𝐴𝑚𝑎𝑥
)𝑛𝐴(1 −

[𝐸]

𝐸𝑚𝑎𝑥
)𝑛𝐸(1 −

[𝐵]

𝐵𝑚𝑎𝑥15
)𝑛𝐵15 

a 

R16 BiomassInactive 

cells 

𝑟16= 
𝑉𝑚𝑎𝑥16[𝐵𝑖𝑜𝑚𝑎𝑠𝑠][𝐵]

𝐾𝑚𝑠16×𝐾𝑎16+(𝐾𝑚𝑠16+[𝐵𝑖𝑜𝑚𝑎𝑠𝑠])[𝐵]
 b 

R17 LactatePyr 𝒓𝟏𝟕= 
𝑽𝒎𝒂𝒙𝟏𝟕[𝑳𝒂𝒄𝒕𝒂𝒕𝒆]

𝑲𝒎𝟏𝟕+[𝑳𝒂𝒄𝒕𝒂𝒕𝒆]
𝑭 a 

R18 PyrLactate 𝒓𝟏𝟖= 
𝑽𝒎𝒂𝒙𝟐[𝑷𝒚𝒓]

𝑲𝒎𝟐+[𝑷𝒚𝒓]
𝑭 a 
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3.3.1 Batch fermentations 

The highest butanol production (11.6 g/L with 0.52 C-mol/C-mol yield) was obtained at 

the butyric acid concentration of 12.5 g/L with a glucose concentration of 22.5 g/L (Figure 3.2). 

Overall, high concentration of glucose or butyric acid promoted butanol production; however, 

there was a butyric acid tolerance limit for C. saccharoperbutylacetonicum N1-4. With the 

presence of 22.5 g/L glucose (22.5G), when the butyric acid concentration was higher than or 

equal to 13.5 g/L, butanol production was reduced or completely inhibited (Figure 3.2). On the 

other hand, when 20 g/L glucose (20G) was initially added into the medium, 12.5 g/L butyric 

acid was lethal to the cell indicating that under different concentrations of glucose, the cell 

tolerance limit on butyric acid concentration varied. Butyric acid was believed to be a vital factor 

that can be stressful to the solventogenic clostridial survival during ABE fermentations (Luo et 

al., 2017). It was reported that 8 g/L butyric acid was detrimental to C. beijerinckii ATCC 55025; 

meanwhile, no glucose consumption or butanol production were detected (Chang et al., 2010). 

Thus, it can be concluded that substrate inhibition occurred when butyric acid reached the 

threshold level of the microorganisms. Previous studies also revealed that substrate inhibition is 

an widespread phenomenon in enzyme kinetics, and plays critical regulatory roles in many 

metabolic pathways (Kaiser 1980; Kühl 1994; Reed et al. 2010).  

To improve butanol production, several advanced fermentation strategies such as mixed 

culture using different strains, utilization of high cell concentrations in continuous fermentation, 

multi-stage continuous fermentation, adding organic acids and using additional electron carriers 

have been successfully applied (Zheng et al., 2015). For instance, continuous butanol production 

system with cell recycling of C. saccharoperbutylacetonicum was established and the maximum 

butanol productivity was observed to be approximately 6-fold higher than that without cell 
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recycling (Zheng et al., 2013). Based on the results in the present study, it can be found that 

continuous co-feeding of butyric acid and glucose at an appropriate ratio into the culture medium 

and cell recycling of C. saccharoperbutylacetonicum to reduce cell degeneration can be used for 

more efficient bio-butanol production in the future.  

 
Figure 3.2 The effect of glucose and butyric acid initial concentrations on butanol production. 

The error bars indicate standard deviation; significant differences are marked with different 

letters (P≤0.05). 20G: 20 g/L glucose; 22.5G: 22.5 g/L glucose; 25G: 25 g/L glucose. 

 

3.3.2 Comparison of simulation results and experimental time-course data 

The estimated kinetic parameters with initial glucose concentration of 22.5 g/L (124.9 

mM) and butyric acid concentration of 8 g/L (90.7 mM) in the developed model are presented in 

Table 3.2 as an example. Based on these parameters, the simulation results were obtained from 

the developed model and are compared to the experimental data in Figure 3.3A-3.3C. It can be 
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seen from Figure 3.3A-3.3C that the dynamic behaviors of target metabolites qualitatively 

matched the corresponding experimental time-course data from the batch culture.  

The correlation coefficient (r2) between simulation results and experimental data of each 

metabolite under different glucose and butyric acid concentrations was calculated from both the 

developed model and Raganati’s model (Table 3.3). Higher correlation coefficients (r2) of 

butyrate and butanol was obtained in the developed model, suggesting that the developed model 

can better simulate butyric acid consumption and butanol synthesis compared to Raganati’s 

simulation when butyric acid was added into the medium.  

 
 

 
Figure 3.3 The comparison between model simulation and experimental time-course data of target 

metabolites with 124.9 mM (22.5 g/L) of initial glucose concentrations and 90.7 mM (8 g/L) of 

butyric acid concentrations. (A) time-resolved concentration of butyric acid and butanol; (B) 

glucose and acetone; (C) biomass and acetate.  

A B 

C

  
A  
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Table 3.2 The estimated kinetic parameters of the model for the case of initial glucose concentration of 124.9 mM (22.5 g/L) and butyric 

acid of 90.7 mM (8 g/L). 

R Vmaxj Kmj Kisj Kaj Kmsj KmjA KmjB Amax Bmaxj Emax Acetmax Butyrmax nA nBj nE nAcet nButyr 

 (h-1) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM)      
R1 0.83 1.00E-06 1321.66   0.018 2.96  299.99     2.12E-

06 

   

R2 198.57 1.38E-03                

R3 200.00 3.67                

R4 181.38 62.37                

R5 1.74 45.65                

R6 4.53E-

04 

1.35E+01                

R7 12.41 2.76E-06                

R8 0.47 8.10E-02                

R9 0.1 181.01                

R10 6.99 6.67E-03  1.00E-

06 

    153.42     1.05E-

06 

   

R11 3.91     199.11 28.12           

R12 127.48  0.09   0.022 4.46E-

05 

          

R13 112.53 839.99                

R14 990.93 0.1 0.12               

R15 17.09 10.5      993.39 198 819.1 345.26 156.11 1.29 1.01 0.24 0.27 0.0076 

R16 7.59   7.05E-

02 

91.4             

R17 340 464.931                

R18 32.14 12.13                
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Table 3.3 The average squared correlation coefficients (r2) between the simulation results and 

experimental data.  

Glucose 
(mM) 

Butyrate 
(mM) 

Glucose Butyrate Acetate Acetone Butanol Biomass 

A B A B A B A B A B A B 

124.9 90.7 0.982 0.989 0.951 0.889 0.764 0.77 0.937 0.943 0.98 0.971 0.978 0.967 

124.9 113.5 0.952 0.943 0.966 0.891 0.872 0.866 0.93 0.878 0.973 0.96 0.983 0.981 

124.9 124.8 0.968 0.952 0.964 0.867 0.852 0.852 0.884 0.899 0.952 0.93 0.985 0.983 

124.9 141.9 0.915 0.919 0.907 0.882 0.859 0.859 0.919 0.839 0.949 0.905 0.96 0.96 

124.9 153.2 0.992 0.99 0.97 0.901 0.852 0.865 0.917 0.841 0.968 0.774 0.979 0.978 

97.1 90.7 0.979 0.957 0.973 0.931 0.71 0.674 0.938 0.929 0.965 0.976 0.987 0.986 

111 90.7 0.943 0.927 0.972 0.887 0.905 0.905 0.936 0.867 0.969 0.92 0.983 0.981 

138.8 90.7 0.98 0.981 0.98 0.888 0.92 0.931 0.924 0.894 0.97 0.967 0.962 0.981 

152.6 90.7 0.958 0.931 0.953 0.886 0.931 0.823 0.818 0.867 0.978 0.968 0.936 0.936 

A: r2 from the present model; B: r2 from Raganati’s model (Raganati et al., 2015).  

 

3.3.3 Parameter scan 

One of the most significant aims of using kinetic models to study biochemical networks 

is to find out how parameters would affect the system (Hoops et al., 2006). Parameter scan, 

which is a function imbedded in COPASI, can create a flexible scheme for changing parameter 

values with relevant simulations. The percentage change in the calculated butanol production by 

giving a 5% increase in each parameter is presented in Table 3.4. The parameters were obtained 

from batch culture with 22.5 g/L glucose and 12.5 g/L butyric acid. As shown in Table 3.4, the 

reactions that had recognizable impact on endpoint butanol concentration were R1, R4, R9, R10, 

R13, R14 and R18. Specifically, in R1, the decrease in Vmax1, Kis1, nB1, Bmax1 and increase 

in Km1 caused increasing endpoint butanol concentration. Seen from Table 3.1, the decrease in 

Vmax1, Kis1, nB1, Bmax1 and increase in Km1 would result in decreased r1, which indicated 

that decreasing r1 resulted in increased butanol production. Therefore, R1 presented negative 

effects on butanol production when butyric acid was extrogenously added into the glucose 

medium. Similarly, Shinto’s model (Shinto et al., 2007) revealed that R1 had a great negative 

impact on butanol fermentation with glucose as the sole carbon source. Besides, Bäcklund 
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developed an E. coli mutant which could reduce the glucose uptake rate and by using the mutants 

in batch cultivations, ten times higher cell density was reached (Bäcklund, 2011). Similar to the 

negative effect of R1 on butanol synthesis, R4, R9, and R13 presented negative effects on 

butanol production with butyric acid addition as well. As shown in Figure 3.1, R1, R4, R9 and 

R13 were all involved in the pathway from glucose to butyrate. Therefore, the conversion from 

glucose to butyrate had unfavorable effects on butanol production. In contrast, R10, R14 and 

R18 had positive effects on butanol production. Taking R14 as an example, the increase in 

Vmax14, Kis14 or the decrease in Km14 and Km14A resulted in enhanced butanol production. 

Seen from Table 3.1, the increase in Vmax14, Kis14 and the decrease in Km14 and Km14A 

would result in higher value of r14. It indicated that increasing the value of r14 could lead to 

increased butanol production. When butyric acid was added into the glucose medium, a large 

carbon feedstock pool was provided by the additional butyric acid, resulting in a metabolism 

pathway shift towards butanol production (Wang et al., 2013). Even though the conversion from 

butyrate to BCoA consumes 1 net ATP and enhancing butyrate assimilation rate (r14) could 

result in more ATP consumption, C. saccharoperbutylacetonicum can compensate the ATP loss 

by enhancing acetate formation pathway (r5), in which 1 mol ATP can be generated with 1 mol 

acetate formation. Indeed, the experimental results confirmed that acetic acid formation was 

increased by 20-fold in the group with butyric acid addition comparing with the control group. A 

positive effect of R18 means that faster conversion rate of pyruvate to lactate could improve 

butanol synthesis. The conversion of pyruvate to lactic acid is a fast way of regenerating NAD+ 

which can help maintain glycolysis. While, some studies reported that at certain concentrations, 

lactic acid may result in inhibitory effect on product metabolism (Narendranath et al. 2001; Sakai 

et al. 2007). However, the process is reversible which means some of the lactic acid can be 
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converted back to pyruvate later. The authors’ other studies (not published yet) has also proven 

that adding small amounts of lactic acid (less than 5 g/L) could improve butanol production, 

indicating that lactic acid is not always “toxic” to the bacteria.  

Compared with the previous model developed by Shinto et al. (2007), the present study 

revealed similar effects of R1, R10, R13, and R14 on endpoint butanol production. Whereas, the 

effect of conversion from acetoacetyl-CoA (AACoA) to butyryl-CoA (BCoA) (R9) was negative 

on butanol production in the present model but positive in Shinto’s model, and the effect of 

conversion from acetate and AACoA to acetone and acetyl-CoA (AcoA) (R11) was not 

recognizable in the present model but negative in Shinto’s model. Moreover, the effect of R4 and 

R18 in Shinto’s model was not noticeable, but they were found negative and positive, 

respectively, in the present model, it can be concluded that with the addition of butyric acid, the 

significance of some reactions (R4, R9, R11, and R18) on butanol production was altered.  

Overall, the model can be used to elucidate the metabolic networks of butanol 

fermentation by C. saccharoperbutylacetonicum, and consequently to identify genetic 

manipulation strategies for higher bio-butanol production in the future. The manipulation 

strategies for high butanol production when butyric acid was added into the glucose medium 

could include increasing the conversion rates from BCoA to butanol, from butyrate to BCoA, 

from pyruvate to lactate, and decreasing the rates of glucose uptake, conversion from pyruvate to 

ACoA, from AACoA to BCoA and from BCoA to butyrate (Table 3.5). Optimal genetic controls 

can be implemented on C. saccharoperbutylacetonicum to maximize butanol production with 

butyric acid addition. For instance, glucose uptake rate was successfully reduced with E. coli 

lacking carbohydrate phosphotransferase system (PTS) (Mitchell, 2015; Picon et al., 2005). 

Thus, with similar genetic engineering, C. saccharoperbutylacetonicum can also be mutated into 
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Glc-PTS defective phenotype, hence the glucose uptake rate can be reduced and the butanol 

production would be increased consequently. In addition, some metabolic engineering strategies 

for ACoA and BCoA metabolism such as modulation of ACoA and BCoA generation enzymes 

and construction of synthetic ACoA and BCoA consuming pathways would be beneficial 

(Krivoruchko et al., 2015; Zhang et al., 2013). Moreover, the genes that are responsible for 

conversion from butyrate to BCoA can be upregulated in future studies to obtain higher butanol 

production.  

Table 3.4 Percentage change in endpoint butanol concentration in response to a 5% increase in 

each parameter. (*: The reactions that had negative effects on butanol production #: the reactions 

that had positive effects on butanol production). 

Reaction Parameter Percentage Reaction Parameter Percentage 

R1* 

Vmax1 -0.18 

R12 

Vmax12 0.12 

Km1 0.12 Km12A 0.01 

Kis1 -0.13 Km12B 0.08 

nB1 -0.14 Kis12 0.02 

Bmax1 -0.03 
R13* 

Vmax13 -0.55 

R2 
Vmax2 -0.19 Km13 0.42 

Km2 -0.26 

R14# 

Vmax14 0.48 

R3 
Vmax3 0.05 Km14 -0.13 

Km3 -0.18 Kis14 0.26 

R4* 
Vmax4 -0.76 

R15 

Vmax15 0.38 

Km4 1.47 Km15 -0.25 

R5 
Vmax5 0.38 Acetmax 0.35 

Km5 -0.05 Amax -0.03 

R6 
Vmax6 0.08 Bmax15 0.11 

Km6 -0.19 Butyrmax 0.05 

R7 
Vmax7 0.19 Emax -0.05 

Km7 0.38 nA -0.34 

R8 
Vmax8 -0.20 nAcetate -0.19 

Km8 -0.05 nB15 -0.05 

R9* 
Vmax9 -0.15 nButyrate -0.15 

Km9 0.98 nE 0.01 

R10# 

Vmax10 0.41 

R16 

Vmax16 0.34 

Km10 -0.37 Kms16 -1.1 

Ka10 -0.22 Ka16 0.24 

nB10 0.17 
R17 

Vmax17 0.37 

Bmax10 0.2 Km77 0.10 

R11 

Vmax11 0.01 
R18# 

Vmax18 0.4 

Km11A 0.02 Km18 -0.39 

Km11B -0.11    
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Table 3.5 Manipulation strategies for higher butanol production with butyric acid addition. 

Reaction Kinetic parameter Increase Decrease 

R1 

Vmax1   

Km1   

Kis1   

nB1   

Bmax1   

R4 

Vmax4   

Km4   

R9 

Vmax9   

Km9   

R10 

Vmax10   

Km10   

Ka10   

nB10   

Bmax10   

R14 Vmax14   

 Km14   

 Kis14   

R18 

Vmax18   

Km18   
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To further verify their effects on butanol production, the reaction rates of R4, R9, R10, 

and R14 were calculated by taking the estimated parameters into the corresponding equations 

(Table 3.1) under various initial glucose and butyric acid concentrations. Comparison between 

the calculated reaction rates and the experimental results of endpoint butanol concentration 

revealed that the changing tendency of r4, r9, r10 and r14 was qualitatively consistent with the 

changing trend of experimental butanol endpoint concentration under various substrate 

conditions. Specifically, as can be seen from Figure 3.4, when glucose concentration was kept at 

22.5 g/L, reaction rates of R10 and R14 (with positive effects on butanol production) varied 

depending on the butyric acid concentration and the preference scale to achieve higher reaction 

rates (r10 and r14) was 12.5BA>13.5BA>11BA/10BA>8BA (BA represents butyric acid 

concentration, g/L), which was in agreement with the experimental results. In contrast, the 

preference scale of butyric acid concentration for lower r4 and r9 (with negative effects on 

butanol production) was 12.5BA>13.5BA>11BA/10BA>8BA, which was also consistent with 

the experimental results. When butyric acid concentration increased from 12.5 g/L to 13.5 g/L, 

the reaction rates of R10 and R14 decreased and reaction rates of R4 and R9 increased; which 

indicated that substrate inhibition led to a decreased butanol synthesis.   
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Figure 3.4 The comparison between calculated reaction rates (r4, r9, r10, r14) and the 

experimental butanol concentration. Glucose concentration = 22.5 g/L; butyric acid 

concentration varied from 8 to 13.5 g/L. 

 

Figure 3.5 shows the comparison between simulation and experimental results of butanol 

production when butyric acid was kept at 8 g/L. It can be seen that the reaction rates of R4, R9, 

R10, and R14 were affected by various glucose concentrations; however, glucose effect on 

butanol was not as significant as butyric acid. The tendency of glucose concentration to obtain 

higher reaction rates of R10 and R14 or higher butanol concentration was 

22.5G/25G/27.5G>17.5G/20G (G represents glucose concentration, g/L). Similarly, the 

preference scale of glucose concentration to obtain lower reaction rates of R4 and R9 or higher 

butanol concentration was 22.5G/25G/27.5G>17.5G/20G. All the above-mentioned simulation 

results were consistent with the experimental data.   
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Figure 3.5 The comparison between calculated reaction rates (r4, r9, r10, r14) and the 

experimental butanol concentration. Butyric acid concentration = 8 g/L; glucose concentration 

varied from 17.5 to 27.5 g/L. 

 

3.4 Conclusions 

A kinetic simulation model was developed to accurately predict the dynamic behavior of 

metabolites in ABE fermentation by C. saccharoperbutylacetonicum in butyric acid 

supplemented glucose medium. The modeling results revealed that the significance of some 

metabolic reactions for butanol synthesis was altered when butyric acid was added to the culture 

medium. Specifically, increasing the conversion rates from BCoA to butanol, from butyrate to 

BCoA, or from pyruvate to lactate, or decreasing the rates of glucose uptake step, from pyruvate 

to ACoA, from AACoA to BCoA or from BCoA to butyrate would increase butanol synthesis. 

This model can be used to elucidate the metabolic networks of butanol fermentation by C. 
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saccharoperbutylacetonicum, and consequently to identify genetic manipulation strategies for 

higher bio-butanol production in the future.  
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CHAPTER 4 Kinetic modeling of lactic acid and acetic acid effects on butanol 

fermentation by Clostridium saccharoperbutylacetonicum 

(Published at Fuel 226:181–189 (2018)) 

Abstract 

Kinetic models of acetone-butanol-ethanol fermentation with lactic acid or acetic acid 

addition were developed and implemented in COPASI for metabolic analysis of acid effects on 

butanol synthesis. The models were validated by comparing the simulation results with 

experimental data in batch cultures of Clostridium saccharoperbutylacetonicum under various 

initial lactic acid or acetic acid concentrations. High average correlation coefficients (r2) of over 

0.92 between simulation and experimental results were obtained in both models. According to 

parameter scan in both models, reducing glucose uptake rate, increasing the conversion rate from 

glyceraldehyde 3-phosphate (G3P) to pyruvate or from butyryl-CoA (BCoA) to butanol would 

enhance butanol production. On the other hand, increasing consumption rate of supplemented 

lactic acid or acetic acid could also contribute to improved butanol synthesis. Overall, the 

developed kinetic models can accurately predict the dynamic behavior of metabolites in ABE 

fermentation with lactic acid or acetic acid addition and consequently identify genetic 

manipulation strategies for higher bio-butanol production in the future.  

Keywords: Butanol; Lactic acid; Acetic acid; Kinetic modeling; Clostridium 

saccharoperbutylacetonicum 
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4.1 Introduction 

Using petroleum products as today’s main energy source has brought numerous issues 

such as uphill depletion of natural resources, environmental pollutions and energy price 

fluctuations (Agarwal 2007; Bharathiraja et al. 2017a). Comparing with petroleum, bio-fuels 

extracted from biomass such as grains, grass, wood, and agricultural residues can help lessen the 

issues brought by petroleum (Demain 2009; Oshiro et al. 2010; Thang et al. 2010). Among the 

biofuels available in the energy market, bio-ethanol has been recognized as the most widely used 

liquid biofuel for motor vehicles (Demirbas 2007). However, butanol, a versatile four carbon 

alcohol (C4H9OH) has been considered as a superior alternative biofuel to bio-ethanol for its 

remarkable features, such as higher energy density, hydrophobicity, and compatibility with 

today’s unmodified internal combustion engines (Durre 2007). 

In traditional acetone-butanol-ethanol (ABE) fermentation processes, the metabolism of 

ABE-producing clostridia can be divided into two distinct phases: acidogenesis and 

solventogenesis. During acidogenesis, the carbon source is converted into acids including butyric 

acid, lactic acid, and acetic acid. In the following solventogenesis, the acids are assimilated to 

produce acetone, butanol, and ethanol (Jones and Woods 1986a). Considering the acid 

assimilation mechanism in solventogenesis, butyric acid, acetic acid and lactic acid have been 

recognized as potential substrates to improve butanol production (Gao et al. 2015). To date, the 

mechanism of butyric acid addition on butanol production has been broadly studied (Al-Shorgani 

et al. 2012; Tashiro et al. 2007; Tashiro et al. 2004; Wang et al. 2013). However, rare research 

was conducted regarding the mechanism of lactic acid or acetic acid effects on butanol 

fermentation.  
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It has been experimentally proven that lactic acid could contribute to enhanced butanol 

production. For instance, lactic acid could be utilized along with glycerol to produce butanol by 

Clostridium pasteurianum DSM 525, enhancing butanol production from 6.5 g/L to 8.7 g/L with 

0 and 16 g/L lactic acid, respectively (Ahn et al. 2011). In addition, when 5 g/L lactic acid was 

added into the glucose medium, butanol production by C. saccharoperbutylacetonicum increased 

to 5.98 g/L comparing with 4.95 g/L in the absence of lactic acid. Moreover, lactic acid addition 

resulted in a higher yield of 0.531 C-mol butanol/C-mol glucose comparing with 0.467 C-mol/C-

mol in the control group (Oshiro et al. 2010). On the other hand, researchers observed mixed 

results of acetate influence on ABE fermentation using various microorganisms. It was reported 

that acetic acid led to significant inhibition on cell growth and ethanol production of 

Saccharomyces cerevisiae (Almeida et al. 2007; Klinke et al. 2004). Whereas, Alsaker et al. 

demonstrated that the acetate-supplemented medium exhibited significant inhibition on the 

growth of C. acetobutylicum ATCC 824 but similar amounts of butanol and slightly higher levels 

of acetone were produced as compared to the control (Alsaker et al. 2010); also, supplementation 

of 4 g/L acetate in glucose containing media increased butanol concentration by 48.3% as well as 

acetone concentration by 90.5%, suggesting that acetate addition altered the metabolic flux of C. 

saccharoperbutylacetonicum N1-4 (Gao et al. 2015). However, although researchers have 

experimentally studied the influence of exogenous lactic acid and acetic acid on butanol 

synthesis (Al-Shorgani et al. 2011; Pfaffl 2001; Zhao et al. 2017), there is no reported effort on 

the development of kinetic models to better understand lactic acid/acetic acid effects on ABE 

fermentation in a systematic way. 

Kinetic modeling has long been used to provide crucial information about metabolic 

capabilities of microorganisms during their cultivation (Schmitt et al. 2016; Shinto et al. 2008; 
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Shinto et al. 2007). The early work of ABE fermentation modeling mainly focused on the 

development of stoichiometric equations, which only described the relationships among various 

products and biomass accumulation in the fermentation process (Desai et al. 1999a; Papoutsakis 

1984; Votruba et al. 1986), but had very limited capacity to predict the fermentation behaviors 

when the culture conditions changed (Buehler and Mesbah 2016; Desai et al. 1999a). In contrast, 

recent kinetic models integrated with biochemical information are more efficient in reflecting 

system dynamics (Li et al. 2011). To date, two kinetic models reported by Shinto et al. (2007, 

2008) described the dynamic behaviors of metabolites in the ABE fermentation by C. 

saccharoperbutylacetonicum N1-4 using glucose and xylose, respectively. The sensitivity 

analysis results in both models revealed that slow substrate utilization would be beneficial for 

higher butanol production. Also, another kinetic model was developed by Raganati et al. (2015) 

to investigate the effect of various sugars (mono-, di-, hexose and pentose sugars) on butanol 

synthesis by C. acetobutylicum DSM 792. These kinetic models, however, provided no insights 

into the effects of lactic acid or acetic acid on butanol synthesis. 

The objective of this study was to understand the influence of lactic acid and acetic acid 

addition on butanol fermentation by C. saccharoperbutylacetonicum N1-4 (ATCC 27021). 

Kinetic models of ABE fermentation taking into account lactic acid/acetic acid effects were 

developed and implemented in COPASI (Liu et al. ; Yao et al. 2017). The models were validated 

by experimental data and provided insights into the metabolic pathways of glucose to butanol 

influenced by lactic acid/acetic acid addition. 
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4.2 Materials and methods 

4.2.1 Bacterial strain and culture medium 

C. saccharoperbutylacetonicum N1-4 (ATCC 27021) was obtained from American Type 

Culture Collection (Manassas, Virginia, USA). The culture was maintained in the form of spores 

at 4ºC in fresh potato glucose medium (PG medium) containing 150 g fresh potato, 10 g glucose, 

3 g CaCO3, and 0.5 g (NH4)2SO4 per liter of distilled water. The tryptone-yeast extract-acetate 

(TYA) medium was used as the pre-culture medium, which consisted the following ingredients 

per liter of distilled water: 20 g glucose, 2 g yeast extract, 6 g tryptone, 3 g CH3COONH4, 0.3 g 

MgSO47H2O, 0.5 g KH2PO4 and 10 mg FeSO47H2O (Ishizaki et al. 1999). The phosphate-free 

nitrogen medium containing 22.5 g/L glucose, 0.5 g KH2PO4, and 10 mg FeSO47H2O in 1 L 

distilled water (Al-Shorgani et al. 2012) was used as the experimental culture medium. Lactic 

acid or acetic acid was added into the experimental culture medium at concentrations from 0 to 

12.5 g/L depending on the experimental design. Pre-culture was inoculated in TYA medium for 

24 h, later C. saccharoperbutylacetonicum was transferred into the phosphate-free nitrogen 

medium for main culture. In all experiments, the initial pH was adjusted to 6.5 using 5 M NaOH 

prior to sterilization (Zheng et al. 2013). The medium was sterilized at 121ºC for 15 min before 

use. All chemicals were purchased from Sigma–Aldrich (St. Louis, Missouri, USA) unless 

specified otherwise. 

4.2.2 Batch culture and analysis 

Batch cultures were carried out with three replications in phosphate-free nitrogen 

medium at 30ºC under anaerobic condition without pH control. Pyrex bottles (250 mL) with 

silicone septa containing 180 mL culture medium and 20 mL inoculum were used as fermenters. 

To investigate lactic acid effects on butanol production, the initial lactic acid concentrations were 
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set to 2.5 (27.8 mM), 5 (55.5 mM), 7.5 (83.3 mM), or 10 (111.0 mM) g/L. Acetic acid with 

initial concentration of 2.5 (41.6 mM), 5 (83.3 mM), 7.5 (124.9 mM), 10 (166.5 mM) or 12.5 

(208.2 mM) g/L was added into medium to investigate the effect of acetic acid on butanol 

production. The concentrations of glucose, acids (lactic acid, acetic acid, and butyric acid), and 

solvents (acetone, butanol, ethanol) in the fermenter were analyzed every 12 h by a high 

performance liquid chromatography (Prominence Series HPLC with a refractive index detector, 

model RID-10A, Shimadzu Corporation, Kyoto, Japan) using a Rezex RHM - Monosaccharide 

H+ (8%) column (300 × 7.8 mm, Phenomenex, Torrance, CA, USA), at a column temperature of 

80ºC. And 0.005 N H2SO4 was used as the mobile phase at a flow rate of 0.6 mL/min. Detection 

was accomplished with the RI detector at the oven temperature of 40ºC. Cell concentration was 

determined by measuring the optical density (OD) at 562 nm with a microplate reader (BioTek 

Instruments, Inc., Winooski, VT, USA). An OD value of 1.0 was equivalent to 0.301 gram of dry 

cell weight per liter and the average molecular weight of C. saccharoperbutylacetonicum was set 

to 172 g/mol (Shinto et al. 2007).  

Data was statistically analyzed with SAS 9.1.3 (SAS Institute Inc., Cary, NC, USA). 

Multiple one-way analysis of variance (ANOVA) was conducted to evaluate the effect of lactic 

acid and acetic acid concentration on butanol production by C. saccharoperbutylacetonicum. The 

concentration of lactic acid or acetic acid was used as the independent variable while butanol 

production was the dependent variable. Tukey’s adjustment was applied to the general linear 

model for determining the level of significance (P<0.05) among various treatments. All 

experiments were conducted in triplicates and results were expressed as mean ± standard 

deviation.  
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4.2.3 Kinetic model development 

Kinetic models were developed using a biochemical network simulator software 

COPASI, which can convert the biochemical reaction equations into the appropriate 

mathematical formalism automatically (Hoops et al. 2006). The developed models were 

established based on the ABE fermentation pathway from glucose as shown in Figure 4.1 

(Raganati et al. 2015). Table 4.1 shows the rate equations of each metabolic reaction with lactic 

acid/acetic acid addition. Compared to the previous model developed by Raganati et al. 

(Raganati et al. 2015), the metabolic network developed in the present study was modified as 

follows (Figure 4.1, Table 4.1): a reversible pathway (R17 and R18, where R denotes reaction, 

and the number following R denotes the number of reaction in Table 4.1, the same hereafter) 

from pyruvate to lactate was added in both models and substrate (lactic acid) inhibition was 

considered in R17 when lactic acid was added to the fermenter (denoted as LA model); similarly, 

acetic acid (substrate) inhibition was also considered in R6' and R11' when acetic acid was 

exogenously added into the medium (denoted as AA model).  

 
Figure 4.1 The metabolic pathways of C. acetobutylicum in glucose media.  
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Table 4.1 The reaction steps from glucose to butanol and associated kinetics considering lactic 

acid/acetic acid effects. 

*R: Reaction; r: reaction rate; The reactions in bold font are the reactions that have been modified in LA modeling. 
The reactions in bold and marked with ' are the reactions that have been modified in AA modeling. a. Raganati et al., 
2015   b. Shinto et al., 2007     c. Reed et al., 2010 

 

Name Reactions Kinetics Refs 

R1 G  F6P 𝑟1= 
𝑉𝑚𝑎𝑥1[𝐺]

𝐾𝑚1+[𝐺]+𝐾𝑚1(
[𝐺]

𝐾𝑖𝑠1
))2

(1 −
[𝐵]

𝐵𝑚𝑎𝑥20
)𝑛𝐵1F a 

R2 F6P→2 G3P 𝑟2= 
𝑉𝑚𝑎𝑥2[𝐹6𝑃]

𝐾𝑚2+[𝐹6𝑃]
𝐹 b 

R3 G3PPyr 𝑟3= 
𝑉𝑚𝑎𝑥3[𝐺3𝑃]

𝐾𝑚3+[𝐺3𝑃]
𝐹 b 

R4 PyrAcoA 𝑟4= 
𝑉𝑚𝑎𝑥4[𝑃𝑦𝑟]

𝐾𝑚4+[𝑃𝑦𝑟]
𝐹 b 

R5 AcoA  Acet 𝑟5= 
𝑉𝑚𝑎𝑥5[𝐴𝑐𝑜𝐴]

𝐾𝑚5+[𝐴𝑐𝑜𝐴]
𝐹 b 

R6 Acet AcoA 𝑟6= 
𝑉𝑚𝑎𝑥6[𝐴𝑐𝑒𝑡]

𝐾𝑚6+[𝐴𝑐𝑒𝑡]
𝐹 b 

R6' Acet AcoA 𝒓𝟔= 
𝑽𝒎𝒂𝒙𝟔[𝑨𝒄𝒆𝒕]

𝑲𝒎𝟔+[𝑨𝒄𝒆𝒕]+𝑲𝒎𝟔(
𝑨𝒄𝒆𝒕

𝑲𝒊𝒔𝟔
)

𝟐 𝑭 b, c 

R7 ACoAE 𝑟7= 
𝑉𝑚𝑎𝑥7[𝐴𝑐𝑜𝐴]

𝐾𝑚7+[𝐴𝑐𝑜𝐴]
𝐹 b 

R8 ACoA1/2AACoA 𝑟8= 
𝑉𝑚𝑎𝑥8[𝐴𝑐𝑜𝐴]

𝐾𝑚8+[𝐴𝑐𝑜𝐴]
 b 

R9 AACoABCoA 𝑟9= 
𝑉𝑚𝑎𝑥9[𝐴𝐴𝑐𝑜𝐴]

𝐾𝑚9+[𝐴𝐴𝑐𝑜𝐴]
𝐹 b 

R10 BCoAB 𝑟10= 
𝑉𝑚𝑎𝑥10[𝐵𝑐𝑜𝐴]

𝐾𝑚10(1+
𝐾𝑎10

[𝐵𝑢𝑡𝑦𝑟]⁄ )+[𝐺]
(1 −

[𝐵]

𝐵𝑚𝑎𝑥10
)𝑛𝐵10F a 

R11 Acet+AACoAA 

+ACoA 

𝑟11= 𝑉𝑚𝑎𝑥11(
1

1+
𝐾𝑚11𝐴

[𝐴𝑐𝑒𝑡]⁄
)(

1

1+
𝐾𝑚11𝐵

[𝐴𝑐𝑒𝑡]⁄
) b 

R11' Acet+AACoAA 

+ACoA 

𝒓𝟏𝟏== 𝑽𝒎𝒂𝒙𝟏𝟏(
𝟏

𝟏+
𝑲𝒎𝟏𝟏𝑨

[𝑨𝒄𝒆𝒕]⁄ +𝑲𝒎𝟏𝟏𝑨(
𝑨𝒄𝒆𝒕

𝑲𝒊𝒔𝟏𝟏
)

𝟐)(
𝟏

𝟏+
𝑲𝒎𝟏𝟏𝑩

[𝑨𝑨𝑪𝒐𝑨]⁄
) a, c 

R12 Butyr+AACoAA+BC

oA 

𝑟12= 𝑉𝑚𝑎𝑥12(
1

1+
𝐾𝑚12𝐴

[𝐵𝑢𝑡𝑦𝑟]⁄
)(

1

1+
𝐾𝑚12𝐵

[𝐴𝐴𝑐𝑜𝐴]⁄
) a 

R13 BCoAButyr 𝑟13= 
𝑉𝑚𝑎𝑥13[𝐵𝑐𝑜𝐴]

𝐾𝑚13+[𝐵𝑐𝑜𝐴]
𝐹 b 

R14 ButyrBCoA 𝑟14= 
𝑉𝑚𝑎𝑥14[𝐵𝑢𝑡𝑦𝑟]

𝐾𝑚14+[𝐵𝑢𝑡𝑦𝑟]
𝐹 a 

R15 ACoABiomass   𝑟15 =  
𝑉𝑚𝑎𝑥15[𝐴𝑐𝑜𝐴]

𝐾𝑚15+[𝐴𝑐𝑜𝐴]
(1 −

[𝐴𝑐𝑒𝑡]

𝐴𝑐𝑒𝑡𝑚𝑎𝑥
)𝑛𝐴𝑐𝑒𝑡𝑎𝑡𝑒(1 −

[𝐵𝑢𝑡𝑦𝑟]

𝐵𝑢𝑡𝑦𝑟𝑚𝑎𝑥
)𝑛𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒(1 −

[𝐴]

𝐴𝑚𝑎𝑥
)𝑛𝐴(1 −

[𝐸]

𝐸𝑚𝑎𝑥
)𝑛𝐸(1 −

[𝐵]

𝐵𝑚𝑎𝑥15
)𝑛𝐵15 

a 

R16 BiomassInactive cells 𝑟16= 
𝑉𝑚𝑎𝑥16[𝐵𝑖𝑜𝑚𝑎𝑠𝑠][𝐵]

𝐾𝑚𝑠16×𝐾𝑎16+(𝐾𝑚𝑠16+[𝐵𝑖𝑜𝑚𝑎𝑠𝑠])[𝐵]
 b 

R17 LactatePyr 𝒓𝟏𝟕= 
𝑽𝒎𝒂𝒙𝟏𝟕[𝑳𝒂𝒄𝒕𝒂𝒕𝒆]

𝑲𝒎𝟏𝟕+[𝑳𝒂𝒄𝒕𝒂𝒕𝒆]+𝑲𝒎𝟏𝟕(
𝑳𝒂𝒄𝒕𝒂𝒕𝒆

𝑲𝒊𝒔𝟏𝟕
)

𝟐 𝑭 b, c 

R17' LactatePyr 𝒓𝟏𝟕= 
𝑽𝒎𝒂𝒙𝟏𝟕[𝑳𝒂𝒄𝒕𝒂𝒕𝒆]

𝑲𝒎𝟏𝟕+[𝑳𝒂𝒄𝒕𝒂𝒕𝒆]
𝑭 b 

R18/R

18' 

PyrLactate 𝒓𝟏𝟖= 
𝑽𝒎𝒂𝒙𝟏𝟖[𝑷𝒚𝒓]

𝑲𝒎𝟏𝟖+[𝑷𝒚𝒓]
𝑭 b 
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Two assumptions were made in the developed kinetic models. Firstly, no reactivation of 

dead cells was taken into consideration. As shown in Table 4.1, when butanol concentration 

approaches the critical value (Bmax) in R1, R10, and R15, their reaction rates tend to be 0. 

Therefore, complete inhibition of cell growth and fermentation occurred as butanol reached the 

critical value (Bmax). Secondly, reaction 17 in the lactic acid model or reaction 6' and 11' in the 

acetic acid model include a substrate inhibition kinetic. It is believed that an enzyme has two 

binding sites: the catalytic site and non-catalytic site. The catalytic site of the enzyme is defined 

as the binding site where the product is produced at a regular rate and the non-catalytic site is 

expressed as the binding site where the product was produced at a reduced rate. Under high 

substrate concentrations, it is assumed that one substrate molecule (lactic acid/acetic acid) binds 

to the catalytic site of the corresponding enzyme, following the other acid molecule binding to 

the non-catalytic site of the enzyme. Thus, an unproductive ternary complex could be generated 

under high substrate concentrations and the rate of reaction might decrease consequently (Reed 

et al. 2010).  

4.2.4 Determination of model parameters and validation 

The values of multiple sets of kinetic parameters were estimated by fitting the 

experimental data measured during the batch cultures of C. saccharoperbutylacetonicum in the 

media with lactic acid initial concentrations of 0 to 10 g/L (153.2 mM) or acetic acid 

concentrations of 0 to 12.5 g/L (208.2 mM). The maximum reaction rate Vmaxj and Kmj of each 

reaction step and the values of Kisj, Kaj, Kmsj, KmjA, KmjB, Bmaxj, Acetmax, Butyrmax, Amax, Emax, nBj, 

nAcet, nButyr, nA, and nE were assessed. The particle swarm method – an optimization algorithm of 

COPASI – was used for the parameter estimation (Hoops et al. 2006).  
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The models were validated according to the assessment of the average squared 

correlation coefficients (𝑟2) between the simulation results and the experimental data. Moreover, 

parameter scan was carried out to reveal which reactions had potential impacts on achieving high 

butanol production. The impact of each parameter on endpoint butanol production was assessed 

by given a 5% increase in each kinetic parameter in the rate equations with lactic acid 

concentration of 5 g/L (55.5 mM) in LA model or with acetic acid concentration of 5 g/L (83.3 

mM) in AA model as an example.  

4.3 Results and discussion 

4.3.1 Batch fermentation with lactic acid addition 

With varying lactic acid concentrations (0 g/L to 10 g/L) in the glucose medium, the 

highest butanol production (7.03 g/L with 0.40 C-mol/C-mol yield) was achieved when 5 g/L 

lactic acid was added (Figure 4.2). In general, a higher concentration of lactic acid improved 

butanol production; however, there was a lactic acid tolerance limit for C. 

saccharoperbutylacetonicum N1-4. Comparing with the control group without lactic acid 

addition, 2.5 g/L and 5 g/L lactic acid addition increased final butanol concentration by 71.54% 

and 112.55%, respectively. Besides, the C-mol yield of butanol to substrates increased 18.43% 

(with 2.5 g/L lactic acid) and 31.81% (with 5 g/L lactic acid) compared to the control group. 

However, when 7.5 g/L or higher concentration of lactic acid (data not shown in Figure 4.2) was 

present in the medium, no butanol production or substrates consumption was observed, 

indicating that higher than 7.5 g/L lactic acid would be lethal to the cells of C. 

saccharoperbutylacetonicum N1-4. Similar results reported by Oshiro et al. (2010) showed that 5 

g/L lactic acid addition in the glucose medium increased butanol concentration from 4.95 g/L to 

5.98 g/L by C. saccharoperbutylacetonicum N1-4; however, addition of over 10 g/L lactic acid 
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sharply reduced not only butanol concentration but also the lactic acid and glucose consumption. 

Thus, it can be concluded that substrate inhibition occurred when lactic acid reached a threshold 

level. 

 

 

Figure 4.2 The effect of lactic acid addition on ABE fermentation. (A) glucose consumption 

profile; (B) lactic acid consumption profile; (C) butanol production profile. 0 L: 0 g/L lactic acid; 

2.5 L: 2.5 g/L lactic acid; 5L: 5 g/L lactic acid; 7.5L: 7.5 g/L lactic acid. 

 

On the other hand, a higher concentration of lactic acid resulted in longer lag phase; 

whereas once the cells adapted to the environment, it took less time in the acid treated groups to 

reach the maximum butanol production than the control group. Specifically, when 2.5 g/L of 

lactic acid was present in the medium, butanol production increased its maximum level within 

120 h (from 36 h to 156 h). Additionally, with 5 g/L lactic acid addition, butanol concentration 
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reached its highest value within 84 h (from 120 h to 204 h), which was much shorter than 192 h 

taken in the control group.  

4.3.2 Batch fermentation with acetic acid addition 

The addition of acetic acid increased butanol concentration compared with the control 

group (Figure 4.3). The highest butanol concentrations of 4.4 g/L to 4.6 g/L (comparing with 3.3 

g/L in the control group) were achieved under different concentrations of acetic acid, and there 

was no significant difference in butanol production among 2.5, 5 or 7.5 g/L of acetic acid 

additions (Figure 4.3C). As reported by previous studies, the increase in butanol production with 

acetate addition could be attributed to the fact that acetate served as not only a buffering agent 

but also a carbon source (Gao et al. 2016; Gao et al. 2015; Lee et al. 2016b). Gao et al. also 

reported that the enzyme activities involved in acetate uptake (phosphate acetyltransferase and 

CoA transferase), acetone formation (acetoacetate decarboxylase) and butanol formation 

(butanol dehydrogenase) in C. saccharoperbutylacetonicum were increased dramatically with 

acetate addition, resulting in a significative increase in ABE production. Nevertheless, butanol 

production was totally inhibited when acetic acid concentration exceeded 10 g/L (data not 

shown), suggesting that substrate inhibition occurred when the concentration of acetic acid was 

higher than the tolerance capacity of C. saccharoperbutylacetonicum.  

In all the tested groups, acetic acid was not fully utilized that only 28%-54% of acetic 

acid was consumed (Figure 4.3B). In contrast, glucose was used completely after 96-132 hours 

of fermentation (Figure 4.3A), moreover, glucose consumption rate (denoted as total glucose 

consumption over time) increased with acetic acid addition. After 48h, glucose was consumed at 

a higher rate in the acetic acid addition groups comparing with the control group. Similarly, Luo 

et al. (2016) reported that total glucose consumption increased by 40% with exogenous acetate 
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addition. Therefore, both the glucose consumption and ABE production could be enhanced by 

exogenous acetate addition. 

C. saccharoperbutylacetonicum N1-4 has a boarder tolerance range to acetic acid than to 

lactic acid that cells grew well under 10 g/L acetic acid but were totally inhibited under 7.5 g/L 

of lactic acid. However, comparing with the effects of lactic acid, butanol production and yield 

were stimulated at a less extent by acetic acid addition. Specifically, when 2.5 g/L lactic acid was 

added exogenously into the medium, butanol endpoint concentration increased by 72% 

comparing with 39% increment in 2.5 g/L acetic acid addition medium. Also, the butanol yield 

(C-mol/C-mol) was enhanced by 15% in lactic acid addition fermentation, whereas, only 2% 

increment was observed in acetic acid addition fermentation. Moreover, lactic acid was 

considered as a more beneficial co-substrate with glucose for butanol production, because only 2 

mol NADH are required for conversion from 2 mol lactate to 1 mol butanol comparing with the 

requirement of 4 mol NADH for the conversion from acetate to butanol (Gao et al. 2015).  

Figure 4.3 The effect of acetic acid addition on ABE fermentation. (A) glucose consumption 

profile; (B) acetic acid consumption profile; (C) butanol production profile. 0 A: 0 g/L acetic acid; 

2.5 A: 2.5 g/L acetic acid; 5A: 5 g/L acetic acid; 7.5A: 7.5 g/L acetic acid; 10A: 10 g/L acetic acid. 
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4.3.3 Comparison between simulation results and experimental time-course data 

The estimated kinetic parameters with lactic acid concentration of 5 g/L (55.5 mM)  and 

with acetic acid concentration of 5 g/L (83.3 mM) are presented in Table S1 and Table S2 (In 

Appendix), respectively. Based on these parameters, the simulation results were obtained from 

the developed model and were compared with the experimental data (Figure 4.4). It can be seen 

from Figure 4.4 that the dynamic behaviors of target metabolites qualitatively matched the 

corresponding experimental time-course data from the batch cultures in both model. 

 

 

Figure 4.4 The comparison between model simulation and experimental time-course data of target 

metabolites with 124.9 mM (22.5 g/L) of initial glucose concentrations with the addition of 5 g/L 

(55.5 mM) lactic acid or 5 g/L (83.3 mM) acetic acid. (A) time-resolved concentration of glucose 

and acetone in lactic acid treatment group; (B) time-resolved concentration of lactate and butanol 

in lactic acid treatment group; (C) time-resolved concentration of glucose and acetone in acetic 

acid treatment group; (D) time-resolved concentration of acetate and butanol in acetic acid 

treatment group. 
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The correlation coefficient (r2) between simulation results and experimental data of each 

metabolite under varying acetic acid or lactic acid concentrations were calculated from the 

developed model (Table 4.2). An average correlation coefficient (r2) of 0.92 and 0.95 of was 

obtained in the lactic acid model and acetic acid model, respectively, suggesting that the 

predictions were consistent with the experimental data.  

Table 4.2 Average squared correlation coefficients (r2) between simulation results and 

experimental data. 

Lactate 

(g/L) 

Acetate 

(g/L) 
Glucose Lactate Acetate Acetone Butanol Biomass 

0 0 0.9697 0.958 0.949 0.8242 0.9681 0.906 

2.5 0 0.9925 0.9761 0.9316 0.968 0.951 0.815 

5 0 0.9892 0.9068 0.8864 0.8216 0.9151 0.896 

7.5 0 0.9064 0.962 0.9913 0.845 0.9747 0.889 

10 0 0.9015 0.8647 0.8366 0.954 0.9425 0.875 

0 2.5 0.9949 0.9247 0.913 0.979 0.9804 0.9197 

0 5 0.9956 0.9574 0.9016 0.8961 0.9824 0.927 

0 7.5 0.9963 0.9619 0.9446 0.9028 0.9767 0.9239 

0 10 0.9921 0.9551 0.8575 0.9357 0.9716 0.9047 

 

4.3.4 Parameter scan 

The parameter scan results of the lactic acid model are shown in Table 4.3. The reactions 

that had recognizable impacts on endpoint butanol concentration were R1, R3, R10, R16, and 

R17. Specifically, in R1, the decrease in Vmax1, Kis1, nB1, Bmax1 and increase in Km1 caused 

increasing endpoint butanol concentration. Seen from Table 4.1, the decrease in Vmax1, Kis1, nB1, 

Bmax1 and increase of Km1 would result in decreased r1, indicating that reducing r1 could result in 

higher butanol production. Therefore, slower utilization of glucose could be beneficial for high 

butanol production. Similarly, R16 also had a negative effect on butanol production. In contrast, 

R3, R10, and R17 showed positive effects on butanol production. Taking R10 as an example, the 

increase in Vmax10, nB10, Bmax10 and the decrease in Km10 and Ka10 resulted in enhanced butanol 
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production. Observed from Table 4.1, the increase in Vmax10, nB10, Bmax10 and the decrease in 

Km10 and Ka10 would result in a higher value of r10, suggesting that increasing the value of r10 

resulted in increased butanol production. Compared with the previous model studied by Shinto et 

al. (2008) with glucose as the sole carbon source, the lactic acid model in this study revealed 

similar effects of R1 and R10 on endpoint butanol production. Whereas, the effects of conversion 

from glyceraldehyde 3-P (G3P) to pyruvate (R3) and the conversion from lactate to pyruvate 

(R17) were not substantial on butanol production in Shinto’s model but positive in the present 

model; and the effect of conversion from biomass to inactive cells (R16) was negative in this 

model but not substantial in the Shinto’s model. Therefore, it can be concluded that with the 

addition of lactic acid, the significance of some reactions on butanol synthesis were altered. 

Previous researchers demonstrated that co-factors and energy contents such as NADH, acetyl-

CoA, and ATP were needed for the conversion of organic acids to solvents production (Gao et al. 

2015; Oshiro et al. 2010; Tashiro et al. 2004). In the present study with lactic acid addition, 

increasing the rate of R17 and R3 could produce more NADH and ATP (Figure 4.1), which can 

support acids conversions and consequently, butanol synthesis could be enhanced.  
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Table 4.3 Percentage change in endpoint butanol production in response to a 5% increase in each 

parameter in the lactic acid model. 

Reaction Parameter Percentage Reaction Parameter Percentage 

R1* 

Vmax1 -0.11 

R11 

Vmax11 -0.34 

Km1 0.16 Km11A 0.17 

Kis1 -0.41 Km11B -0.61 

nB1 -0.05 

R12 

Vmax12 0.16 

Bmax1 -0.08 Km12A 0.34 

R2 
Vmax2 0.06 Km12B 0.23 

Km2 0.47 
R13 

Vmax13 -0.11 

R3# 
Vmax3 0.35 Km13 -0.16 

Km -0.20 
R14 

Vmax14 0.32 

R4 
Vmax4 0.13 Km14 0.14 

Km4 0.30 

R15 

Vmax15 -0.34 

R5 
Vmax5 0.36 Km15 0.18 

Km5 0.43 Acetmax -0.16 

R6 
Vmax6 -0.25 Amax -0.11 

Km6 -0.00 Bmax15 -0.11 

R7 
Vmax7 0.21 Butyrmax -0.1 

Km7 0.15 Emax -0.25 

R8 
Vmax8 0.15 nA -0.11 

Km8 -0.01 nAcetate -0.09 

R9 
Vmax9 0.18 nB15 -0.11 

Km9 0.5 nButyrate -0.12 

R10# 

Vmax10 0.48 nE 0.41 

Km10 -0.08 

R16* 

Vmax16 -0.09 

Ka10 -0.21 Kms16 0.52 

nB10 0.47 Ka16 0.24 

Bmax10 0.65 

R17# 

Vmax17 0.59 

 

 

R18 

 

Vmax18 -0.02 Km17 -0.33 

 

 

Km18 -0.23 

 

 

 

 

 

 

Kis17 0.09 

 
*: the reactions that had negative effects on butanol production 
#: the reactions that had positive effects on butanol production 

 



 81 

 

Table 4.4 presents the parameter scan results in the acetic acid model. The reactions that 

had recognizable impact on endpoint butanol concentration were R1, R3, R6, R10, and R11. 

Specifically, in R11, the decrease in Vmax11 and increase in Km11A and Km11B, and Kis11 caused 

increasing endpoint butanol concentration, indicating that reducing r11 resulted in increased 

butanol production. Therefore, R11 and R1 had negative effects on butanol production. In 

contrast, R3, R6, and R10 showed positive effects. Compared with the previous model by Shinto 

et al. (2008) with glucose as sole carbon source, the acetic acid model revealed similar effects of 

R1 and R10 on endpoint butanol synthesis. Whereas, the effect of conversion from G3P to 

pyruvate (R3) and the conversion from acetate to acetyl-CoA (R6) was not substantial on butanol 

production in Shinto’s model but they were positive in the present model. The conversion from 

acetate and acetoacetyl-CoA (AACoA) to acetyl-CoA (ACoA) and acetone had negative effects 

on butanol synthesis in the present model, which was not influential in the Shinto’s model. 

Parameter scan results in the acetic acid model revealed that: firstly, increasing the 

reaction rate of G3P to pyruvate can offset the ATP loss caused by lessened metabolic flux to 

acetate formation. Specifically, since 1 ATP is spent for every acetate consumption, increasing 

the acetate utilization rate (r6) may increase ATP consumption and result in energy deficiency 

for ABE production; however, 4 ATP can be generated from the conversion of G3P to pyruvate, 

therefore, increasing the reaction rate from G3P to pyruvate (r3) could compensate the ATP loss 

and eventually, butanol synthesis can be improved. Secondly, reducing the glucose uptake rate 

(r1) may alleviate the ‘acid crush’ effect. With abundant acids in the medium, no significant 

switch to the solventogenic phase would be observed (this phenomenon is called “acid crush”), 

resulting in the termination of ABE fermentation (Maddox et al. 2000). Whereas, ‘acid crush’ 

can be eliminated by reducing the glucose uptake rate and controlling the culture pH (Maddox et 



 82 

 

al. 2000). In the present study, when acetic acid was added exogenously into the medium, 

dampening the glucose uptake rate (R1) can result in higher butanol production, probably by 

reducing the “acid crash” under high acid concentrations. Thirdly, less acetate conversion to 

acetone may result in higher butanol production. Gao et al. (2016) reported that exogenously 

added acetate was mainly consumed by the CoA transferase (CoA-T) pathway (R11) rather than 

by the reverse pathways of acetate formation (R6), leading a higher acetone formation. It was 

demonstrated in the current research that reducing the rection rate of R11 and increasing the 

reaction rate of R6 may increase butanol synthesis, suggesting that less acetate conversion to 

acetone and more acetate conversion to ACoA could be beneficial for butanol formation.  

Comparing with the parameter scan result in the lactic acid model, the acetic acid model 

revealed similar negative effects of R1 and positive effect of R3 and R10 on endpoint butanol 

production; indicating that reducing the glucose uptake rate (r1), enhancing ATP production rate 

(r3) and butanol formation rate (r10) could result in higher butanol production in despite of acid 

types. On the other hand, when lactic acid or acetic acid was extrogenously added into the 

medium, increasing lactic acid or acetic acid consumption rate could enhance butanol synthesis, 

which suggested that the supplemented acids could shift ABE metabolism to solvents production 

by acids assimilation. Overall, the model can be used to elucidate the metabolic networks of 

butanol fermentation by C. saccharoperbutylacetonicum. 

Additionally, optimal genetic manipulation strategies for higher butanol production by C. 

saccharoperbutylacetonicum can be identified based on the parameter scan results with lactic 

acid/acetic acid addition. For instance, glucose uptake rate can be reduced by mutating C. 

saccharoperbutylacetonicum into carbohydrate phosphotransferase system (PTS) defective 

phenotype (Mitchell 2015; Picon et al. 2005) to increase butanol production. In addition, the rate 
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from BCoA to butanol can be enhanced by increasing the expression level of the solventogenic 

adhE1 gene encoding butanol dehydrogenase of C. saccharoperbutylacetonicum, which may 

result in elaborated butanol production consequently (Jang et al. 2012b).  

Table 4.4 Percentage change in endpoint butanol production in response to a 5% increase in each 

parameter in the acetic acid model. 

Reaction Parameter Percentage Reaction Parameter Percentage 

R1* 

Vmax1 -0.25 

R11* 

Vmax11 -0.03 

Km1 0.06 Km11A 0.06 

Kis1 -0.37 Km11B 0.64 

nB1 -0.29 Kis11 0.44 

Bmax1 -0.12 

R12 

Vmax12 0.23 

R2 
Vmax2 0.85 Km12A 0.29 

Km2 0.11 Km12B -0.19 

R3# 
Vmax3 0.57 

R13 
Vmax13 0.28 

Km3 -0.28 Km13 0.24 

R4 
Vmax4 0.64 

R14 
Vmax14 0.21 

Km4 0.08 Km14 0.59 

R5 
Vmax5 -0.29 

R15 

Vmax15 1.80E-03 

Km5 0.11 Km15 0.01 

R6# 

Vmax6 0.16 Acetmax 0.46 

Km6 -3.46E-03 Amax 0.7 

Kis6 0.06 Bmax15 0.22 

R7 
Vmax7 5.10E-03 Butyrmax 0.61 

Km7 0.05 Emax 0.29 

R8 
Vmax8 1.41E-02 nA 0.61 

Km8 0.18 nAcetate -0.06 

R9 
Vmax9 0.47 nB15 0.66 

Km9 0.36 nButyrate 0.28 

R10# 

Vmax10 0.18 nE -1.1 

Km10 -1.82 

R16 

Vmax16 0.35 

Ka10 -0.14 Kms16 0.87 

nB10 0.69 Ka16 -0.01 

Bmax10 0.43 

R17 

Vmax17 0.04 

R18 
Vmax18 0.62 Km17 0.46 

Km18 0.14 Kis17 0.09 
*: The reactions that had negative effects on butanol production 
#: the reactions that had positive effects on butanol production 
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4.4 Conclusion 

Kinetic simulation models were developed to accurately predict the dynamic behavior of 

metabolites in ABE fermentation by C. saccharoperbutylacetonicum in lactic acid/acetic acid 

supplemented media. Increasing lactic acid or acetic acid consumption rate, ATP production rate, 

butanol formation rate and reducing the glucose uptake rate could enhance butanol synthesis. 

Overall, the developed models can be used to elucidate the metabolic networks of butanol 

fermentation with lactic acid/acetic acid addition, and consequently to identify genetic 

manipulation strategies for higher bio-butanol production in the future. While the developed 

models cannot predict the behavior of the system under different conditions if the specific 

fermentation experimental data was not provided, it is definitely an interesting and promising 

topic that we would love to do in our future work to improve the modeling system and 

eventually, the model could be used to predict the outcome of fermentation behaviors under 

various conditions without any supplied experimental data.   
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CHAPTER 5 Modeling butanol synthesis in xylose by Clostridium 

saccharoperbutylacetonicum 

(Published at BioResources 13(4): 7270-7280 (2018)) 

Abstract 

To examine the effect of xylose concentration on butanol synthesis by Clostridium 

saccharoperbutylacetonicum, a kinetic model of acetone-butanol-ethanol fermentation in the 

media with various xylose concentrations (40 g/L to 60 g/L) was developed and implemented in 

COPASI. Batch fermentation experiments were conducted to feed and validate the model, and 

the highest butanol production was achieved in 45 g/L xylose medium. Strong correlations (r2 > 

0.91) between model simulation and experimental results were obtained. The modeling results 

suggested that the reaction rates in R6 (from acetate to acetyl-CoA), R8 (from acetyl-CoA to 

acetoacetyl-CoA), R9 (from acetoacetyl-CoA to butyryl-CoA), R10 (from butyryl-CoA to 

butanol), R14 (from butyrate to butyryl-CoA), and R20 (xylose consumption) were higher in 

groups with an initial xylose of 45 g/L, 50 g/L, or 55 g/L than those in groups with 40 g/L or 60 

g/L xylose. In contrast, the reaction rates in R13 (from butyryl-CoA to butyrate) and R16 (from 

biomass to inactive cells) were lower in groups with initial xylose of 45 g/L, 50 g/L, or 55 g/L 

than those in groups with 40 g/L or 60 g/L xylose, which indicated that when initial xylose 

concentration changed, those reactions were affected, which resulted in different butanol 

syntheses. 

Keywords: Butanol; Xylose; Kinetic modeling; Copasi; Clostridium 

saccharoperbutylacetonicum 
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5.1 Introduction 

It has been reported that by 2035 global energy consumption will grow by 32%, and the 

demand for liquid fuels will increase by 18% (Administrator and Ieo 2000). To meet the growing 

demand for energy and to minimize the negative effects of petroleum consumption on the 

environment, biofuels produced from lignocellulosic biomass are promising alternatives 

(Tantayotai et al. 2017). Compared with bio-ethanol, which is widely used as the top biofuel in 

the U.S. market, bio-butanol yields more energy per volume or mass, and it can be blended with 

gasoline at higher concentrations than ethanol to fuel today’s unmodified internal combustion 

engines (Dürre 2007). 

In the traditional acetone-butanol-ethanol (ABE) fermentation process, glucose is widely 

used as the carbon source. Nevertheless, glucose is obtained mostly from cereal grains or 

sugarcane, which are food or feed sources. Compared with glucose, xylose is the second most 

abundant sugar in lignocellulosic biomass on earth, and it can be derived easily from agricultural 

residues (Li et al. 2015). Batch cultures using xylose have been reported successful in butanol 

production by Clostridium saccharoperbutylacetonicum (Shinto et al. 2008; Yao et al. 2017); 

however, the influence of xylose concentration on butanol production and associated reaction 

kinetics has not been systematically elucidated. 

Kinetic modeling is a successful scientific approach for improving the metabolic 

capabilities of microorganisms due to its ability to help researchers understand, predict, and 

evaluate effects of adding, removing, or modifying molecular components of a cell factory, and 

for supporting the design of the bioreactor or fermentation process (Bailey 1991; Stephanopoulos 

and Vallino 1991; Almquist et al. 2014). Most recent studies relevant to ABE fermentation 

revealed the importance of some key intermediates and the effect of product inhibition as well as 
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substrate inhibition on butanol synthesis. Two kinetic models of ABE fermentation have been 

developed by Shinto et al. (2007; 2008) to describe the dynamic behaviors of metabolites in the 

ABE fermentation by C. saccharoperbutylacetonicum N1-4 using glucose and xylose as the 

carbon source, respectively (Shinto et al. 2008; Shinto et al. 2007). Sensitivity analysis 

demonstrates that slow substrate utilization is beneficial for higher butanol production. Another 

kinetic model has been used to investigate the effect of various sugars on butanol synthesis by C. 

acetobutylicum DSM 792 (Raganati et al. 2015). Modeling results show that the uptake rate of 

pentose sugars is lower than that of hexose sugars. These kinetic models, however, provide no 

insights into the effects of xylose concentration on butanol synthesis. 

The objective of this study was to understand the influence of initial xylose concentration 

on butanol synthesis by C. saccharoperbutylacetonicum N1-4. A kinetic model of ABE 

fermentation using xylose as the substrate was developed and implemented in the open-source 

software COPASI. The model was validated by experimental data and provided insights into the 

metabolic pathways of xylose to butanol influenced by substrate concentration. 

5.2 Experimental 

5.2.1 Materials 

C. saccharoperbutylacetonicum N1-4 (ATCC 27021) was obtained from American Type 

Culture Collection (Manassas, USA). The media and procedures used for seed culture and 

activation were the same as in a previous study (Zhou et al. 2018). Tryptone-yeast extract (TY) 

medium used as the pre-culture and main culture media, which consisted the following 

ingredients per L of distilled water: 20 g xylose (for pre-culture) or 40 g to 60 g xylose (for main 

culture), 2 g yeast, 6 g tryptone, 2.57 g (NH4)2SO4, 0.3 g MgSO4.7H2O, 0.5 g KH2PO4, and 10 

mg FeSO4.7H2O. In all experiments, the initial pH was adjusted to 6.5 by 5 M NaOH prior to 
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sterilization (at 121 °C for 15 min), and during fermentation pH was measured and adjusted 

every 12 h to be roughly 5.5.  

5.2.2 Methods 

5.2.2.1 Batch culture and analysis 

Pyrex bottles (250 mL) containing 180 mL of medium and 20 mL of inoculum were used 

as fermenters. Batch cultures with three replicates were carried out in TY medium with varying 

xylose concentrations (40 g/L, 45 g/L, 50 g/L, 55 g/L, or 60 g/L) at 30 °C under anaerobic 

conditions. Samples were taken every 12 h to determine the concentration of xylose, acids 

(lactatic acid, acetic acid, and butyric acid), and solvents (acetone, butanol, ethanol) using a high 

performance liquid chromatography (Prominence Series HPLC with a refractive index detector, 

model RID-10A, Shimadzu Corporation, Kyoto, Japan) as described in a previous study (Zhou et 

al. 2018). An OD value of 1.0 was equivalent to 0.301 g of dry cell weight per L, and the average 

molecular weight of C. saccharoperbutylacetonicum was assumed to be 172 g/mol (Shinto et al. 

2007).  

Butanol production was statistically analyzed with SAS 9.1.3 (SAS Institute Inc., Cary, 

USA). Multiple one-way analysis of variance was conducted to evaluate the effect of initial 

xylose concentration on product formation (acetone, butanol, ethanol, lactic acid, acetic acid, 

butyric acid, and biomass) by C. saccharoperbutylacetonicum. The concentration of xylose was 

used as the independent variable while product (butanol) concentration was the dependent 

variable. Tukey’s adjustment was applied to the general linear model for determining the level of 

significance (P < 0.05) among various treatments.  
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5.2.2.2 Kinetic model development 

Modeling was conducted using the biochemical network simulator software COPASI 

(Hoops et al. 2006). COPASI establishes biochemical models based on the reactions between 

each species, and then it locates each species on a compartment that is mapped directly to the 

reaction network. The most attractive feature of COPASI is that it automatically converts the 

reactions into differential equations. The developed model, which included substrate utilization, 

organic acids and solvents formation, and cell growth, was established based on the ABE 

fermentation pathway of xylose (Figure 5.1). Table 5.1 reports the rate equations of the 

metabolic reactions in the xylose utilization pathway (R20-R25). All the other reactions (R2-R18) 

in the present model were the same as in our previous study (Zhou et al. 2018).  

Figure 5.1 The metabolic pathway of C. acetobutylicum using xylose as the carbon source 

(Raganati et al. 2015). Enzymes are abbreviated as follows: TA, transaldolase; TK, transketolase; 

PTA, phosphotransacetylase; AK, acetate kinase; CoAT, CoA transferase; PTB, 

phosphotransbutyrylase; BK, butyrate kinase; BADH, butyraldehyde dehydrogenase; BDH, 

butanol dehydrogenase. 
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Table 5.1 The reaction steps of the kinetic model and associated parameters (Raganati et al. 2015)    

Name Reactions Kinetics 

R20 X  X5P 𝑟20= 
𝑉𝑚𝑎𝑥20[𝑆]

𝐾𝑚20+[𝑆]+𝐾𝑚20(
[𝑆]

𝐾𝑖𝑠20
)

(1 −
[𝐵]

𝐵𝑚𝑎𝑥20
)𝑛𝐵20F 

R21 X5PR5P 𝑟21= 
𝑉𝑚𝑎𝑥21[𝑋5𝑃]

𝐾𝑚21+[𝑋5𝑃]
 

R22 R5PX5P 𝑟22= 
𝑉𝑚𝑎𝑥22[𝑅5𝑃]

𝐾𝑚22+[𝑅5𝑃]
 

R23 R5P+X5PG3P+S7P 𝑟23= 𝑉𝑚𝑎𝑥23(
1

1+
𝐾𝑚23𝐴

[𝑅5𝑃]⁄
)(

1

1+
𝐾𝑚23𝐵

[𝑋5𝑃]⁄
) 

R24 G3P+S7PE4P+F6P 𝑟24= 𝑉𝑚𝑎𝑥24(
1

1+
𝐾𝑚24𝐴

[𝑆7𝑃]⁄
)(

1

1+
𝐾𝑚24𝐵

[𝐺3𝑃]⁄
) 

R25 E4P+F5PF6P+G3P 𝑟25= 𝑉𝑚𝑎𝑥25(
1

1+
𝐾𝑚25𝐴

[𝑅5𝑃]⁄
)(

1

1+
𝐾𝑚25𝐵

[𝐸4𝑃]⁄
) 

 

5.2.2.3 Determination of model parameters and validation 

Multiple sets of kinetic parameters for the ABE fermentation under varying xylose 

concentrations were assessed by fitting the experimental data into the developed model. The 

parameters included the Vmaxj and Kmj of each reaction, and the values of Kisj, Kaj, Kmsj, KmjA, 

KmjB, BMAXj, AcetMAX, ButyrMAX, AMAX, EMAX, nBJ, nAcet, nButyr, nA, and nE were estimated. The 

particle swarm method—an optimization algorithm of COPASI—was used for parameter 

estimation (Hoops et al. 2006). The models were validated according to the assessment of the 

average squared correlation coefficients (r2) between the simulation results and the experimental 

data. 

5.2.2.4 Parameter scan 

A parameter scan was carried out to reveal which parameter in the pathway had a 

recognizable impact on butanol synthesis. By giving a 5% increase in each estimated kinetic 

parameter in the developed model, the percentage change in butanol could be found through 

parameter scan in COPASI. The impact of parameter on butanol synthesis was defined as 

recognizable when the 5% change in each parameter caused butanol concentration to change by 

at least 5%. Moreover, the reactions rates for the reactions that had recognizable impacts on 
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butanol synthesis were calculated by taking the estimated parameters into the corresponding 

equations and then compared under various culture conditions. 

5.3 Results and discussion 

5.3.1 Batch fermentations 

Table 5.2 shows that as the initial xylose concentration increased from 40 g/L to 45 g/L 

in the medium, butanol endpoint concentration increased from 12.78 g/L to 13.45 g/L; however, 

no significant differences in butanol concentrations were observed among the groups of 45X, 

50X, and 55X (X denotes the initial concentration of xylose in the medium, with g/L as its unit). 

Moreover, butanol concentration dropped to 12.37 g/L in the 60X group. With higher xylose 

concentration in the medium, a longer time was needed for C. saccharoperbutylacetonicum N1-4 

to reach the exponential phase of butanol production. As shown in Figure 5.2, the fermentation 

progressed rapidly after 24 h in the groups of 40X and 45X, but the consumption rate of xylose 

and generation of butanol were slow in the first 48 h in the groups of 50X, 55X, and 60X. 

Additionally, the amount of xylose that was utilized by C. saccharoperbutylacetonicum N1-4 

was not significantly different among all tested groups, which resulted in a higher butanol yield 

in the groups of 45X, 50X, and 55X than in the 40X group. When xylose concentration exceeded 

55 g/L, butanol production showed no significant difference compared to the 40X group, which 

indicated that substrate saturation occurred when xylose reached 60 g/L. Previous studies have 

also revealed that substrate saturation is a widespread phenomenon in enzyme kinetics that plays 

critical regulatory roles in many metabolic pathways (Bisswanger 2017; Park et al. 2017; Kumar 

et al. 2018). To the best knowledge of the authors, this was the first study that demonstrated the 

threshold level of xylose concentration (55 g/L) on butanol synthesis by C. 

saccharoperbutylacetonicum N1-4.  
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Table 5.2 Statistical analysis of fermentation results under various concentrations of xylose 

Xylose Concentration 

(g/L) 

Butanol Concentration 

(g/L) 

Xylose Utilization 

(g/L) 

Butanol Yield 

(C-mol/C-mol) 

40 12.77b 37.83a 0.55b 

45 13.45a 36.94a 0.59a 

50 13.31a 37.02a 0.58a 

55 12.91a 36.23a 0.58a 

60 12.37b 36.70a 0.53b 

Note: Mean values sharing the same superscript are not significantly different from each other. 

 

 

Figure 5.2 The effect of xylose concentration on ABE fermentation. (A) xylose consumption 

profile; (B) butanol production profile. X represents g/L xylose in the medium.  

 

5.3.2 Comparison between simulation results and experimental time-course data  

The estimated kinetic parameters with the initial xylose concentration of 45 g/L (299.4 

mM) in the developed model are presented in Table S3 (Appendix) as an example. Based on the 

estimated parameters, the simulation results were obtained from the model and compared to the 

experimental results in Figure 5.3. The dynamic behaviors of the important target metabolites 

qualitatively matched the corresponding experimental time-course data from the batch culture. 

The average correlation coefficient (r2) of 0.91 was obtained between the simulation results and 
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experimental data (Table 5.3), which confirmed the close agreement between simulation and 

experimental results. 

 
Figure 5.3 The comparison between model simulation and experimental time-course data of 

target metabolites with 299.4 mM (45 g/L) of initial xylose concentrations: (A) time-resolved 

concentration of xylose and butanol; (B) time-resolved concentration of acetone and biomass. 

 

Table 5.3 Average squared correlation coefficients (r2) between simulation results and 

experimental data 

Initial Xylose 

Concentration (g/L) 
Xylose Acetate Acetone Butyrate Butanol Biomass 

40 0.996 0.975 0.723 0.911 0.934 0.988 

45 0.923 0.967 0.711 0.913 0.916 0.934 

50 0.998 0.945 0.725 0.754 0.823 0.996 

55 0.987 0.991 0.967 0.956 0.923 0.823 

60 0.905 0.872 0.959 0.977 0.910 0.798 

 

5.3.3 Parameter Scan 

Kinetic models of biochemical networks elucidate how kinetic parameters affect the 

system/process (Hoops et al. 2006). In the present study, a parameter scan was used to assess the 

validity of the developed model and to reveal which pathway had the most significant impact on 

butanol synthesis. The percentage changes in predicted butanol production by giving a 5% 

increase in each parameter of 45X are summarized in Table 5.4. The reactions that had 

recognizable impact on endpoint butanol concentration were R6, R8, R9, R10, R13, R14, R16, and 
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R20. R6, R8, R9, R10, R14 and R20 showed positive effects on butanol production. Specifically, in 

R20, the increase in Vmax20, Kis20, nB20, and Bmax20, as well as the decrease in Km20, caused 

increasing endpoint butanol concentration. Calculating from Table 5.1, the increase in Vmax20, 

Kis20, nB20, and Bmax20 with the decrease in Km20 would result in increased r20, which indicated 

that increased r20 could result in increased butanol production. Therefore, R20 was considered to 

have positive effects on butanol production when xylose was utilized as the sole carbon source in 

the medium. Besides, as shown in Figure 5.1, R6, R8, R9, R10, and R14 were all involved in the 

pathway from acetate/butyrate to butanol. Therefore, the transition from acidogenesis phase to 

solventogenesis phase had favorable effects on butanol production.   

Table 5.4. Percentage change in endpoint butanol concentration in response to a 5% increase in 

each parameter (only the reactions that had recognizable effects are listed) 

Reaction Parameter 
Percentage 

change 

R20
# 

Vmax20 10.66 

nB20 12.37 

Bmax20 3.11 

Kis20 4.03 

Km20 -4.16 

R6
# 

Vmax6 2.12 

Km7 -7.13 

R8
# 

Vmax8 4.74 

Km8 -6.94 

R9
# 

Vmax9 4.46 

Km9 -7.51 

R10
# 

Vmax10 10.56 

Km10 -6.04 

Bmax10 4.26 

Ka10 -7.21 

nB10 3.86 

R14
# 

Vmax14 3.56 

Km14 -9.63 

R13* 
Vmax13 -10.10 

Km13 3.95 

R16* 

Vmax16 -5.65 

Ka16 4.13 

Kms16 -5.96 

* Reactions that had negative effects on butanol production 
# Reactions that had positive effects on butanol production   
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R13 and R16 had negative effects on butanol production. Taking R13 as an example, the 

increase in Vmax13 and decrease in Km13 caused increasing endpoint butanol concentration. 

Observed from Table 5.1, the increase in Vmax13 and the decrease in Km13 would result in a lower 

value of r13, which suggested that increasing the value of r13 might result in lower butanol 

production, which suggested that R13 had negative effects on butanol production. 

Compared with the sensitivity analysis results in the model by Shinto et al. (2008), the 

present study revealed similar effects of R6, R8, R9, R10, R13, and R14 on butanol synthesis; 

however, the effect of xylose utilization was positive in the current study but negative in the 

model by Shinto et al. (2008). Moreover, the effects of R12 and R15 in Shinto’s model were 

negative, but they were found not noticeable in the present study. One of the possible 

explanations was that the formation of products from the corresponding branch metabolites in 

Shinto’s model was all represented by single conversion, and that no regulatory effects of 

butyrate or butanol on butyrate re-assimilation and butanol formation were considered in 

Shinto’s version. In the present model, a critical butanol concentration (Bmax) that constrained 

butanol-inhibited substrate uptake, cell growth, and self-inhibitory butanol generation, was 

introduced. Critical concentrations were also introduced for acetate, butyrate, acetone, and 

ethanol in the biomass equation, leading the present model to be an improved dynamic model 

that considered inhibitory effects of all liquid fermentation products (Millat and Winzer 2017). 

To verify their effects on butanol production, the reaction rates of R6, R8, R9, R10, R13, 

R14, R16, and R20 were calculated by taking the estimated parameters into the corresponding 

equations (Table 5.1) under various initial xylose concentrations. Comparison between the 

calculated reaction rates and the experimental results of endpoint butanol concentration revealed 

that the changing tendency of r6, r8, r9, r10, r13, r14, r16, and r20 was qualitatively consistent with 
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the changing trend of experimental butanol endpoint concentration under various substrate 

conditions. Specifically, as shown in Figure 5.4, reaction rates of R6, R8, R9, R10, R14, and R20 

(with positive effects on butanol production) varied depending on the xylose concentration, and 

the preference scale to achieve higher reaction rates (r6, r8, r9, r10, r14, and r20) was 45X/50X/55X 

> 40X/60X, which was in agreement with the experimental results. In contrast, the preference 

scale of xylose concentration for lower r13 and r16 (with negative effects on butanol production) 

was 45X/50X/55X > 40X/60X, which was also consistent with the experimental results.  

The model could be used to elucidate the metabolic networks of butanol fermentation by 

C. saccharoperbutylacetonicum, and consequently to identify genetic manipulation strategies for 

higher bio-butanol production. When xylose was utilized as the sole carbon source in the 

medium, such strategies might include increasing the rate of xylose consumption or the 

conversion rates from acidogenesis phase to solventogenesis phase, or reducing the rates of 

biomass inactivation or conversion rate from BCoA to butyrate. For instance, xylose 

consumption has been successfully increased in recombinant Saccharomyces cerevisiae by 

expressing two heterologous transporters from Arabidopsis thaliana or by harboring the Pichia 

stipitis genes XYL1 and XYL2 (xylose reductase and xylitol dehydrogenase, respectively) and the 

endogenous XKS1 (xylulokinase) (Jeppsson et al. 2003; Hector et al. 2008). Thus, with similar 

genetic engineering techniques, C. saccharoperbutylacetonicum might also be mutated to 

enhance xylose utilization rate, and butanol production could be increased consequently. In 

addition, some metabolic engineering strategies for ACoA and BCoA metabolism such as 

modulation of ACoA and BCoA generation enzymes and construction of synthetic ACoA and 

BCoA consuming pathways will be beneficial (Zhang et al. 2013; Krivoruchko et al. 2015).  
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Figure 5.4 The comparison between calculated reaction rates (r6, r8, r9, r10, r13, r14, r16, and r20) 

and the experimental butanol concentration. 
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5.4 Conclusions 

A kinetic model based on xylose metabolic pathways and COPASI was developed to 

simulate xylose fermentation to butanol by C. saccharoperbutylacetonicum. An average 

correlation coefficient of 0.91 was obtained between the experimental and simulation results, 

indicating the accuracy of the model in predicting butanol synthesis. Moreover, the effects of 

xylose concentration on butanol synthesis were elucidated by assessing the model under varying 

initial xylose concentrations. When xylose concentration changed, the reaction rates of R6 

(acetate to acetyl-CoA), R8 (acetyl-CoA to acetoacetyl-CoA), R9 (acetoacetyl-CoA to butyryl-

CoA), R10 (butyryl-CoA to butanol), R14 (butyrate to butyryl-CoA), and R20 (xylose 

consumption) also changed, which consequently resulted in different butanol syntheses. This 

model could be used to identify genetic manipulation strategies for improving bio-butanol 

production by C. saccharoperbutylacetonicum when xylose is present in the medium as the sole 

carbon source. The strategies might include increasing the rate of xylose consumption or the 

conversion rates from acidogenesis phase to solventogenesis phase, or reducing the rates of 

biomass inactivation or conversion rate from BCoA to butyrate. 
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CHAPTER 6 Kinetic modeling and transcriptional analysis of mixed sugar effects on 

butanol fermentation by Clostridium saccharoperbutylacetonicum 

(To be submitted to Biotechnology and Bioengineering) 

Abstract 

Kinetic models of acetone-butanol-ethanol (ABE) fermentation in xylose media with 

glucose or arabinose supplementation were developed and implemented in COPASI. The models 

were validated by comparing the simulation results with experimental fermentation data and 

quantitative transcription analyses of Clostridium saccharoperbutylacetonicum. Computational 

simulation revealed that the change in the reaction rate of sugar consumption, energy/electron 

generation, acetate formation, and acetone and butanol syntheses could be responsible for the 

reduced butanol production when glucose or arabinose was added into the culture medium, which 

was consistent with transcriptional analysis that the expression of the corresponding genes, 

including xylA and xylB for substrate consumption, ackA for acetate formation, ctfA and ctfB for 

acetone generation, and adhE and bdh for butanol synthesis were regulated. Overall, the developed 

kinetic models can accurately predict the dynamic behavior of metabolites in ABE fermentation 

with glucose or arabinose addition in xylose medium, which provided a better understanding for 

the metabolism in the ABE fermentation while mixed sugars were served as carbon source.  

Keywords: Butanol; Xylose; Glucose; Arabinose; Kinetic modeling; Real time qPCR; 

Clostridium saccharoperbutylacetonicum 
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6.1 Introduction 

Among various options of biofuels, bio-ethanol is the most widely used in gasoline engines 

in the world (Bai et al. 2008; Krylova et al. 2008). Comparing to bio-ethanol, bio-butanol has the 

advantages of possessing higher energy content, less corrosive properties, better hydrophobicity 

and compatibility with today’s unmodified internal combustion engines (Dürre 2007).  In spite of 

these driving factors, the production of bio-butanol still faces some key challenges and the 

substrate cost is still a major factor influencing the economic viability of fermentative butanol 

production (Qureshi and Blaschek 2000). 

Traditionally, butanol is produced through the fermentation of starch (e.g., corn, wheat, 

cassava, potato) and cane molasses, which are food or feed sources (Jones and Woods 1986b). To 

avoid the direct fuel-versus-food competition, commercial production of butanol requires the 

development of inedible renewable resources as the feedstock (Ezeji et al. 2014). Lignocellulosic 

materials, the most abundant renewable resources on the planet, are attracting more and more 

attention for Acetone-Butanol-Ethanol (ABE) production by Clostridium species worldwide 

(Wyman et al. 2005; Yoshida et al. 2008).  Nonetheless, when the lignocellulosic hydrolysates 

containing mixed sugars (hexose and pentose) are used as substrates for ABE production, glucose 

may suppress the utilization of other sugars, which is commonly observed in wild-type ABE-

producing clostridia as the carbon catabolite repression (CCR) phenomenon (Tracy et al. 2012; 

Xiao et al. 2011). Besides, previous studies have shown that most of the butanol-producing 

microorganisms have limited capability to utilize pentose sugars, with fermentation of xylose 

being most limited (Ezeji et al. 2014; Qureshi et al. 2008a), but Clostridium 

saccharoperbutylacetonicum N1-4 demonstrated its superior ability to utilize various 

lignocellulosic sugars including xylose, glucose, mannose, arabinose, galactose, xylan and 
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cellobiose (Noguchi et al. 2013; Yao et al. 2017). For instance, Noguchi et al. (2013) successfully 

established an efficient butanol production process without CCR in C. 

saccharoperbutylacetonicum N1-4  fermentation by using cellobiose and xylose as the substrates 

in batch fermentation, still the fermentation with glucose and xylose exhibited apparent CCR 

(Noguchi et al. 2013). Additionally, fermentations were carried out with six mixed sugars 

including glucose, mannose, xylose, arabinose, galactose and cellobiose by C. 

saccharoperbutylacetonicum N1-4. Results showed that all the sugars could be concurrently 

utilized but the utilization rate was dependent on the sugar composition, in terms of both sugar 

type and concentration (Yao et al. 2017). Although researchers have experimentally proven the 

ability of C. saccharoperbutylacetonicum N1-4 to utilize various/mixed sugars for butanol 

production, no study has been reported focusing on the development of kinetic models to better 

understand mixed sugar effects on butanol synthesis in a more theoretical and systematical manner.  

Kinetic modeling has long been used to provide crucial information about metabolic 

capabilities of microorganisms (Shinto et al. 2008; Shinto et al. 2007; Zhao et al. 2017). The early 

efforts of ABE fermentation modeling were mainly focused on developing the stoichiometric 

equations, which had limited capacity to predict the fermentation behaviors when the culture 

conditions change (Buehler and Mesbah 2016; Desai et al. 1999a; Papoutsakis 1984; Votruba et 

al. 1986). More recent kinetic models relevant to ABE fermentation revealed the importance of 

some key intermediates and the effect of product inhibition as well as substrate inhibition on 

butanol synthesis. For instance, Shinto et al. (2007, 2008) developed two kinetic models of ABE 

fermentation by C. saccharoperbutylacetonicum N1-4, using glucose or xylose as the substrate, 

and the sensitivity analysis revealed that when glucose was used as the carbon source, increase in 

butyrate consumption rate and decrease in the reaction rate of CoA transferase to butyrate 
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contributed to higher production of butanol. When xylose was utilized as the substrate, slower 

substrate utilization, increase in the reaction rate of reverse acetate production pathway, and 

decrease in butyrate conversion to acetoacetate would be effective for better butanol production 

(Shinto et al. 2008; Shinto et al. 2007). Raganati et al. (2015) developed the kinetic models of ABE 

production from individual sugars (glucose, xylose, arabinose, fructose, etc.) and found that the 

sugar uptake reactions strongly depended on the sugar type. Nevertheless, the reported models 

were not developed to reveal mixed sugars effects. 

The objective of this study was to understand the behaviors of metabolites in butanol 

synthesis by C. saccharoperbutylacetonicum N1-4 (ATCC 27021) when glucose or arabinose was 

supplemented in xylose culture media. Kinetic models of ABE fermentation from xylose taking 

into account glucose/arabinose effects were developed and implemented in COPASI. The model 

was validated by batch experimental data, which provided insights into the metabolic pathways of 

xylose to butanol influenced by glucose/arabinose addition. Moreover, the responses of C. 

saccharoperbutylacetonicum N1-4 to the exposure of mixed sugars were examined at the mRNA 

level via transcriptional analysis.  

6.2 Methods 

6.2.1 Bacterial culture and fermentation experiments 

C. saccharoperbutylacetonicum N1-4 (ATCC 27021) was obtained from American Type 

Culture Collection (Manassas, Virginia, USA) and was used in all experiments. The culture was 

maintained as spores in fresh potato glucose medium (PG medium) at 4ºC and inoculated in the 

tryptone-yeast extract-acetate (TYA) medium for pre-inoculation as described in the previous 

study (Ishizaki et al. 1999; Zhou et al. 2018a). The tryptone-yeast extract (TY) medium containing 

45 g/L xylose with glucose or arabinose (concentrations from 0 to 20 g/L depending on the 
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experimental design), 2.57 g/L (NH4)2SO4, 2 g/L yeast extract, 6 g/L tryptone, 0.3 g/L 

MgSO4⋅7H2O, 0.5 g/L KH2PO4 and 10 mg/L FeSO4⋅7H2O was used for main culture. After being 

pre-cultured in the TYA medium for 48 h, C. saccharoperbutylacetonicum was transferred into 

the TY medium. In all experiments, media were sterilized at 121ºC for 15 min before use, and the 

initial pH was adjusted to 6.5 using 5 M NaOH prior to sterilization. In addition, during 

fermentation pH was measured and adjusted every 12 hours to keep at 5.5 or above. All chemicals 

used were purchased from Sigma–Aldrich (St. Louis, Missouri, U.S.A.). Pyrex bottles (250 mL) 

with silicone septa containing 180 mL culture medium and 20 mL inoculum were used as 

fermenters. Batch cultures with three replicates were carried out in at 30ºC under anaerobic 

condition. The initial xylose concentration was 45 g/L and the initial glucose or arabinose 

concentrations were 0, 5, 10, 15, or 20 g/L. The concentrations of sugars (xylose, glucose and 

arabinose), acids (lactatic acid, acetic acid, and butyric acid), and solvents (acetone, butanol, 

ethanol) in the fermenter were analyzed every 12 h using a high performance liquid 

chromatography (Prominence Series HPLC, model RID-10A, Shimadzu Corporation, Kyoto, 

Japan) using an Aminex HPX-87H column (300×7.8 mm, Bio-Rad, CA, USA) at a column 

temperature of 80ºC. The mobile phase used was 0.005 N H2SO4 at a flow rate of 0.6 mL/min. 

Detection was accomplished with a refractive index detector at the oven temperature of 40ºC. Cell 

concentration was determined by measuring the optical density (OD) at 562 nm with a microplate 

reader (BioTek Instruments, Inc., Winooski, VT, USA). An OD value of 1.0 was equivalent to 0.3 

gram of dry cell weight per liter and the average molecular weight of C. 

saccharoperbutylacetonicum was set to 172 g/mol (Shinto et al. 2007).  

Butanol production under various initial conditions was statistically analyzed with SAS 

9.1.3 (SAS Institute Inc., Cary, NC, USA). Multiple one-way analysis of variance (ANOVA) was 
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conducted to evaluate the effect of initial glucose/arabinose concentration on product production 

(acetone, butanol, ethanol, lactic acid, acetic acid, butyric acid and biomass) by C. 

saccharoperbutylacetonicum. The concentration of glucose or arabinose was used as the 

independent variables while product generation was the dependent variable. Tukey’s adjustment 

was applied to the general linear model for determining the level of significance (P < 0.05) among 

various treatments. All experiments were conducted in triplicates and results were expressed as 

mean ± standard deviation.  

6.2.2 Kinetic model development 

Modeling and simulation were conducted using a biochemical network simulator software 

COPASI, which can automatically convert the reaction equations into the appropriate 

mathematical formalism (Hoops et al. 2006). The developed model including substrate utilization, 

organic acids and solvents production and cell growth was established based on the ABE 

fermentation pathway from xylose (Raganati et al. 2015). Figure 6.1 shows the metabolic pathways 

of ABE-producing clostridia from xylose, glucose, or arabinose (Jones and Woods 1986b). 

Initially, xylose and glucose/arabinose are converted into acid-products (lactate, acetate, and 

butyrate) with exponential cell growth, which is known as acidogenesis. Then during the 

solventogenesis phase, the acid-products are utilized and converted into acetone, butanol, and 

ethanol (Tashiro et al. 2004). Table 6.1 illustrates the rate equation of each metabolic reaction. 

Comparing to the previous model developed by Raganati (Raganati et al., 2015), the metabolic 

network developed in the present study was modified as follows (Figure 6.1, Table 6.1): a 

reversible pathway (R17 and R18, where R denotes reaction, and the number following R denotes 

the number of reaction in Table 1, the same hereafter) from pyruvate to lactate was added. Besides, 
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when glucose/arabinose was present in the fermentation with xylose, a corresponding sugar 

consumption pathway, R1 or R26, was added into the model structure, respectively. 

 

 

 

Figure 6.1 The metabolic pathways of C. acetobutylicum in xylose media with glucose or 

arabinose addition. Enzymes are abbreviated as follows: TA, transaldolase; TK, transketolase; 

PTA, phosphotransacetylase; AK, acetate kinase; CoAT, CoA transferase; PTB, 

phosphotransbutyrylase; BK, butyrate kinase; BADH, butyraldehyde dehydrogenase; BDH, 

butanol dehydrogenase; r: reaction rate (Raganati et al. 2015). 
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Table 6.1 The reaction steps from xylose with glucose/arabinose to butanol and associated 

kinetics. 
 Reactions Kinetics Refs 

R1 G  F6P 𝒓𝟏= 
𝑽𝒎𝒂𝒙𝟏[𝑮]

𝑲𝒎𝟏+[𝑮]+𝑲𝒎𝟏(
[𝑮]

𝑲𝒊𝒔𝟏
))𝟐

(𝟏 −
[𝑩]

𝑩𝒎𝒂𝒙𝟐𝟎
)𝒏𝑩𝟏F a 

R2 F6P→2 G3P 𝑟2= 
𝑉𝑚𝑎𝑥2[𝐹6𝑃]

𝐾𝑚2+[𝐹6𝑃]
𝐹 b 

R3 G3PPyr 𝑟3= 
𝑉𝑚𝑎𝑥3[𝐺3𝑃]

𝐾𝑚3+[𝐺3𝑃]
𝐹 b 

R4 PyrAcoA 𝑟4= 
𝑉𝑚𝑎𝑥4[𝑃𝑦𝑟]

𝐾𝑚4+[𝑃𝑦𝑟]
𝐹 b 

R5 AcoA  Acet 𝑟5= 
𝑉𝑚𝑎𝑥5[𝐴𝑐𝑜𝐴]

𝐾𝑚5+[𝐴𝑐𝑜𝐴]
𝐹 b 

R6 Acet AcoA 𝑟6= 
𝑉𝑚𝑎𝑥6[𝐴𝑐𝑒𝑡]

𝐾𝑚6+[𝐴𝑐𝑒𝑡]
𝐹 b 

R7 ACoAE 𝑟7= 
𝑉𝑚𝑎𝑥7[𝐴𝑐𝑜𝐴]

𝐾𝑚7+[𝐴𝑐𝑜𝐴]
𝐹 b 

R8 ACoA1/2AACoA 𝑟8= 
𝑉𝑚𝑎𝑥8[𝐴𝑐𝑜𝐴]

𝐾𝑚8+[𝐴𝑐𝑜𝐴]
 b 

R9 AACoABCoA 𝑟9= 
𝑉𝑚𝑎𝑥9[𝐴𝐴𝑐𝑜𝐴]

𝐾𝑚9+[𝐴𝐴𝑐𝑜𝐴]
𝐹 b 

R10 BCoAB 𝑟10= 
𝑉𝑚𝑎𝑥10[𝐵𝑐𝑜𝐴]

𝐾𝑚10(1+
𝐾𝑎10

[𝐵𝑢𝑡𝑦𝑟]⁄ )+[𝐺]
(1 −

[𝐵]

𝐵𝑚𝑎𝑥10
)𝑛𝐵10F a 

R11 Acet+AACoAA 

+ACoA 

𝑟11= 𝑉𝑚𝑎𝑥11(
1

1+
𝐾𝑚11𝐴

[𝐴𝑐𝑒𝑡]⁄
)(

1

1+
𝐾𝑚11𝐵

[𝐴𝑐𝑒𝑡]⁄
) b 

R12 Butyr+AACoAA+BCoA 𝑟12= 𝑉𝑚𝑎𝑥12(
1

1+
𝐾𝑚12𝐴

[𝐵𝑢𝑡𝑦𝑟]⁄
)(

1

1+
𝐾𝑚12𝐵

[𝐴𝐴𝑐𝑜𝐴]⁄
) a 

R13 BCoAButyr 𝑟13= 
𝑉𝑚𝑎𝑥13[𝐵𝑐𝑜𝐴]

𝐾𝑚13+[𝐵𝑐𝑜𝐴]
𝐹 b 

R14 ButyrBCoA 𝑟14= 
𝑉𝑚𝑎𝑥14[𝐵𝑢𝑡𝑦𝑟]

𝐾𝑚14+[𝐵𝑢𝑡𝑦𝑟]
𝐹 a 

R15 ACoABiomass   𝑟15 =  
𝑉𝑚𝑎𝑥15[𝐴𝑐𝑜𝐴]

𝐾𝑚15+[𝐴𝑐𝑜𝐴]
(1 −

[𝐴𝑐𝑒𝑡]

𝐴𝑐𝑒𝑡𝑚𝑎𝑥
)𝑛𝐴𝑐𝑒𝑡𝑎𝑡𝑒(1 −

[𝐵𝑢𝑡𝑦𝑟]

𝐵𝑢𝑡𝑦𝑟𝑚𝑎𝑥
)𝑛𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒(1 −

[𝐴]

𝐴𝑚𝑎𝑥
)𝑛𝐴(1 −

[𝐸]

𝐸𝑚𝑎𝑥
)𝑛𝐸(1 −

[𝐵]

𝐵𝑚𝑎𝑥15
)𝑛𝐵15 

a 

R16 BiomassInactive cells 𝑟16= 
𝑉𝑚𝑎𝑥16[𝐵𝑖𝑜𝑚𝑎𝑠𝑠][𝐵]

𝐾𝑚𝑠16×𝐾𝑎16+(𝐾𝑚𝑠16+[𝐵𝑖𝑜𝑚𝑎𝑠𝑠])[𝐵]
 b 

R17 LactatePyr 𝒓𝟏𝟕= 
𝑽𝒎𝒂𝒙𝟏𝟕[𝑳𝒂𝒄𝒕𝒂𝒕𝒆]

𝑲𝒎𝟏𝟕+[𝑳𝒂𝒄𝒕𝒂𝒕𝒆]
𝑭 b 

R18 PyrLactate 𝒓𝟏𝟖= 
𝑽𝒎𝒂𝒙𝟏𝟖[𝑷𝒚𝒓]

𝑲𝒎𝟏𝟖+[𝑷𝒚𝒓]
𝑭 b 

R20 X  X5P 𝑟20= 
𝑉𝑚𝑎𝑥20[𝑋]

𝐾𝑚20+[𝑋]+𝐾𝑚20(
[𝑋]

𝐾𝑖𝑠20
)

(1 −
[𝐵]

𝐵𝑚𝑎𝑥20
)𝑛𝐵20F a 

R21 X5PR5P 𝑟21= 
𝑉𝑚𝑎𝑥21[𝑋5𝑃]

𝐾𝑚21+[𝑋5𝑃]
 F a 

R22 R5PX5P 𝑟22= 
𝑉𝑚𝑎𝑥22[𝑅5𝑃]

𝐾𝑚22+[𝑅5𝑃]
 F a 
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Table 6.1 (continued). 

 
*R: Reaction; r: reaction rate; The reactions in bold font are the reactions that have been modified.  
a. Raganati et al., 2015   b. Shinto et al., 2007      

 

6.2.3 Determination of model parameters and validation 

Multiple sets of kinetic parameters were estimated by fitting the experimental data 

measured during the batch cultures to the developed model. All the parameters including the 

maximum reaction rate Vmaxj, Kmj of each reaction step and the values of Kisj, Kaj, Kmsj, KmjA, KmjB, 

Bmaxj, Acetmax, Butyrmax, Amax, Emax, nBj, nAcet, nButyr, nA, and nE were estimated by the particle 

swarm method - an optimization algorithm of COPASI (Hoops et al., 2006). The models were 

validated by the assessment of the average squared correlation coefficients (𝑟2) between the 

simulation results and the experimental data. Moreover, parameter scan was carried out to reveal 

which pathway had significant impacts on achieving high butanol production. This study assessed 

the impact of each parameter on endpoint butanol production by giving a 5% increase in each 

kinetic parameter in the rate equations shown in Table 6.1.  

6.2.4 Real-time quantitative reverse transcription PCR (Q-RT-PCR) 

According to parameter scan results, the reactions that were considered as important to 

butanol production were identified and subsequently, the genes which are responsible to the 

enzymes in those corresponding steps were selected for further transcriptional analysis using Q-

RT-PCR. The total cellular RNA was purified from 200 ml C. saccharoperbutylacetonicum culture 

under different treatments (xylose only, xylose with 5 g/L glucose, xylose with 5 g/L arabinose) 

R23 R5P+X5PG3P+S7P 𝑟23= 𝑉𝑚𝑎𝑥23(
1

1+
𝐾𝑚23𝐴

[𝑅5𝑃]⁄
)(

1

1+
𝐾𝑚23𝐵

[𝑋5𝑃]⁄
) F a 

R24 G3P+S7PE4P+F6P 𝑟24= 𝑉𝑚𝑎𝑥24(
1

1+
𝐾𝑚24𝐴

[𝑆7𝑃]⁄
)(

1

1+
𝐾𝑚24𝐵

[𝐺3𝑃]⁄
) F a 

R25 E4P+F5PF6P+G3P 𝑟25= 𝑉𝑚𝑎𝑥25(
1

1+
𝐾𝑚25𝐴

[𝑅5𝑃]⁄
)(

1

1+
𝐾𝑚25𝐵

[𝐸4𝑃]⁄
) F a 

R26 Ara  X5P 𝒓𝟐𝟔= 
𝑽𝒎𝒂𝒙𝟐𝟔[𝑺]

𝑲𝒎𝟐𝟔+[𝑺]+𝑲𝒎𝟐𝟔(
[𝑺]

𝑲𝒊𝒔𝟐𝟔
)

(𝟏 −
[𝑩]

𝑩𝒎𝒂𝒙𝟐𝟔
)𝒏𝑩𝟐𝟔F a 
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in the middle of the exponential phase. Briefly, the cells were first freeze-thawed using the bath of 

dry ice and ethanol and then were centrifuged at 6000 rpm for 10 min at 4ºC. Total RNA was 

extracted from the cell pellets using Trizol reagent based on the manufacturer’s protocol 

(Invitrogen, Carlsbad, CA) and further purified using RNeasy mini kit (Qiagen, Valencia, CA). 

DNA was removed using a TURBO DNA-free™ Kit (Thermo Fisher Scientific, Waltham, MA). 

RNA quality was checked on agarose gel and RNA concentration was determined with NanoDrop 

One (Thermo Fisher Scientific, Waltham, MA).  

Later on, the total RNA was reverse transcribed to form cDNA using iScript™ cDNA 

Synthesis Kit (Bio-Rad, Hercules, CA). For Q-RT-PCR, cDNA, specific primers and SsoFast™ 

EvaGreen® Supermix with Low ROX containing EvaGreen dye (Bio-Rad, Hercules, CA) were 

proportionally mixed following manufacture’s protocol. The forward and reverse gene-specific 

primers used for amplification of specific genes were designed by Primer3Plus. The mRNA levels 

of genes of interest were quantified by subjecting cDNA to Q-RT-PCR analysis in triplicate 

samples using a Bio-Rad CFX96 Real Time PCR Detection System (Bio-Rad, Hercules, CA). The 

Q-RT-PCR reaction conditions were as follows: step 1, 95°C for 30 s (hot-start activation); step 2, 

95°C for 5 s (denaturation); step 3, 60°C for 10 s (annealing and extension), 40 cycles of step 2 

and 3; step 4, heat from 65°C to 95°C with a ramp speed of 0.5°C per 5 s, resulting in melting 

curves. The real-time PCR data was analyzed with SAS 9.1.3 (SAS Institute Inc., Cary, NC, USA). 

Also, the rho gene was used as the reference gene and the relative quantification was carried out 

by using the ΔΔCT method (Pfaffl 2001) and normalized to the abundance of the reference gene. 
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6.3 Results and discussion 

6.3.1 Kinetic fitting to the experimental batch fermentation 

First, fermentations were carried out with 45 g/L xylose and varied glucose or arabinose 

concentrations, then the kinetic parameters in the models with glucose or arabinose addition were 

estimated by fitting the batch fermentation results into the two models, which are shown in Table 

S4 and Table S5 (Appendix) as examples. Based on these parameters, the simulation results were 

obtained from the developed models and were further compared with the experimental data as 

shown in Figure 6.2A-6.2B. It was shown that the dynamic behaviors of key target metabolites 

qualitatively matched the corresponding experimental time-course data from the batch cultures.  

 

Figure 6.2 The comparison between model simulation and experimental time-course data of target 

metabolites with 45 g/L (124.9 mM) and sugar addition. (A) time-resolved concentration of xylose, 

glucose, acetone and butanol with initial glucose concentration of 5 g/L (27.8 mM); (B) time-

resolved concentration of xylose, arabinose, acetone and butanol with initial arabinose 

concentration of 5 g/L (33.3mM).  

 

The correlation coefficients (r2) between simulation results and experimental data for 

important metabolites are summarized in Table 6.2. An average correlation coefficient (r2) of 0.93 

and 0.94 of was obtained in the model with glucose addition and the one with arabinose addition, 

respectively, suggesting that the predictions were in close agreement with the batch fermentation 

results.  
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Table 6.2 Average squared correlation coefficients (r2) between simulation results and 

experimental data 

Glucose 

(g/L) 

Arabinose 

(g/L) 
Xylose Glucose Arabinose Lactate Acetate Acetone Butanol Biomass 

0 0 0.9697 N/A N/A 0.958 0.949 0.8242 0.9681 0.906 

5 0 0.9833 0.9825 N/A 0.9491 0.9523 0.9165 0.9458 0.8596 

10 0 0.9856 0.9869 N/A 0.9704 0.8555 0.807 0.9698 0.896 

15 0 0.984 0.9889 N/A 0.9344 0.8677 0.8847 0.9782 0.8596 

20 0 0.976 0.9759 N/A 0.8801 0.8625 0.9037 0.9667 0.8596 

0 5 0.9894 N/A 0.9567 0.9475 0.9615 0.8983 0.9132 0.922 

0 10 0.9814 N/A 0.9836 0.9393 0.9775 0.8603 0.964 0.8342 

0 15 0.9718 N/A 0.9867 0.9815 0.9818 0.7523 0.9541 0.9218 

0 20 0.9876 N/A 0.968 0.9318 0.9155 0.9532 0.9381 0.8292 

 

6.3.2 Parameter scan 

The percentage change in endpoint butanol by giving a 5% increase in each kinetic 

parameter in the developed models with 5 g/L glucose addition (denoted as ModelG) or 5 g/L 

arabinose addition (which was denoted as ModelA) are presented in Table 6.3 and Table 6.4, 

respectively.  Similar to a previous study (Zhou et al. 2018a), R3 and R10 showed positive effects 

on butanol production in both models, indicating that increasing ATP production (R3) and 

conversion from butyryl-CoA to butanol (R10) were beneficial to butanol synthesis in both 

models. Besides, in both ModelG and ModelA, R20 revealed positive effect on endpoint butanol 

production, suggesting that elevated xylose utilization would enhance butanol production.  
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Table 6.3 Percentage change in the endpoint butanol production in response to a 5% increase in 

each parameter in ModelG (*: The reactions that had negative effects on butanol production. #: The 

reactions that had positive effects on butanol production).  

Reaction Parameter Percentage Reaction Parameter Percentage 

R1* 

Vmax1 -0.05 

R15* 

Vmax15 -0.05 

Km1 0.03 Km15 0.42 

Kis1 -0.03 Acetmax -0.04 

nB1 -0.02 Amax -0.01 

Bmax1 -0.04 Bmax15 -0.02 

R2 
Vmax2 -0.08 Butyrmax -0.12 

Km2 -0.03 Emax -0.06 

R3# 
Vmax3 0.35 nA -0.09 

Km -0.2 nAcetate -0.04 

R4 
Vmax4 -0.13 nB15 -0.17 

Km4 -0.15 nButyrate -15.3 

R5* 
Vmax5 -15.5 nE -0.05 

Km5 0.1 

R16* 

Vmax16 -0.09 

R6 
Vmax6 -0.2 Kms16 0.52 

Km6 -0.01 Ka16 0.24 

R7 
Vmax7 -0.19 

R17 
Vmax17 -0.07 

Km7 -0.2 Km17 -0.06 

R8 
Vmax8 0 

R18 
Vmax18 -0.05 

Km8 0.08 Km18 -0.05 

R9 
Vmax9 -0.09 

R20# 

Bmax20 0.05 

Km9 -0.01 Kis20 -0.06 

R10# 

Vmax10 0.18 Km20 -15.86 

Km10 -0.02 Vmax20 0.06 

Ka10 -0.06 nB20: -0.15 

nB10 0.01 R21 Vmax21 0.21 

Bmax10 0.02  Km21 -0.15 

R11* 

Vmax11 -0.05 R22 Vmax22 -0.04 

Km11A 0.01  Km22 -0.07 

Km11B 15.1 

R23 

Vmax23 -0.17 

R12 

Vmax12 -0.01 Km23A -0.04 

Km12A -0.15 Km23B -0.05 

Km12B -0.05 

R24# 

Vmax24 0.02 

R13 Vmax13 -0.07 Km24A -0.07 
 Km13 -0.06 Km24B -0.06 

R14* Vmax14 0.08 

R25 

Vmax25 -0.16 
 Km14 -0.05 Km25A -0.11 
   Km25B 0.05 
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Table 6.4 Percentage change in the endpoint butanol production in response to a 5% increase in 

each parameter in arabinose modeling. (*: The reactions that had negative effects on butanol 

production. #: The reactions that had positive effects on butanol production). 

Reaction Parameter Percentage Reaction Parameter Percentage 

R20# 

Bmax20 0.25 

R15* 

Vmax15 -0.36 

Kis20 0.56 Km15 0.09 

Km20 -0.9 Acetmax -0.14 

Vmax20 0.89 Amax -0.69 

nB20 0.15 Bmax15 -0.11 

R2 
Vmax2 0.16 Butyrmax -0.79 

Km2 0.43 Emax -0.68 

R3# 
Vmax3 0.31 nA -0.69 

Km -0.69 nAcetate -0.08 

R4 
Vmax4 0.11 nB15 -0.1 

Km4 0.29 nButyrate -0.18 

R5 
Vmax5 -0.83 nE -1.5 

Km5 -0.84 R16 Vmax16 0.06 

R6# 
Vmax6 0.11   Kms16 2.21 

Km6 -0.86   Ka16 0.31 

R7* 
Vmax7 -0.7 R17 Vmax17 0.05 

Km7 0.001   Km17 0.06 

R8# 
Vmax8 0.09 R18* Vmax18 -0.76 

Km8 -0.78   Km18 0.35 

R9 
Vmax9 -0.15 R21 Vmax21 0.61 

Km9 -0.03   Km21 0.36 

R10# 

Vmax10 0.98 
R22* 

Vmax22 -1.5 

Km10 -0.03 Km22 0.21 

Ka10 -0.04 

R23 

Vmax23 -0.23 

nB10 1.43 Km23A 0.1 

Bmax10 0.54 Km23B -0.2 

R11* 

Vmax11 -0.18 R24 Vmax24 -0.31 

Km11A 0.01   Km24A -0.02 

Km11B 0.04   Km24B 0.38 

R12 

Vmax12 0.27 R25 Vmax25 0.07 

Km12A 0.06   Km25A 0.31 

Km12B 0.25   Km25B -0.1 

R13 
Vmax13 0.45 

R26# 

Bmax26 0.28 

Km13 0.27 Kis26 0.28 

R14 Vmax14 0.87 Km26 -0.73 

  Km14 0.29 nB26 0.25 
      Vmax26 0.32 
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Parameter scan results were in agreement with the batch fermentation results. Specifically, 

as shown in Figure 6.3A, in the batch fermentation with various glucose supplementation, xylose 

consumption rate was the highest in the control group without glucose addition (Figure 6.3A) and 

concurrently, butanol production was the highest in the control group (shown as Figure 6.3D and 

Table 6.5), confirming that the increased xylose utilization rate (R20) could contribute to higher 

butanol production. Moreover, glucose was fully consumed by C. saccharoperbutylacetonicum 

N1-4 in all the glucose-supplemented groups, whereas, the amount that xylose could be utilized 

decreased significantly and the lag phase for xylose consumption was prolonged when glucose 

was present in the medium (Figure 6.3A-B), indicating that the CCR effect occurred when xylose 

and glucose were both served as the carbon source for N1-4. Correspondingly, R1 (glucose 

consumption) presented negative effects on butanol production in ModelG, demonstrating that 

when glucose was co-present with xylose in the fermentation media, slower utilization of glucose 

would be beneficial for butanol synthesis by alleviation of the CCR influence and eventually, the 

efficiency of butanol synthesis would be improved. In addition, increased acetone (R11) and acetic 

acid (R5) formation rates and butyrate consumption rate (R14) could negatively affect butanol 

production in ModelG (Table 6.3), which were consistent with the experimental results as well. 

Specifically, acetone and acetic acid yields (Table 6.5) were the lowest and butyrate production 

(Figure 6.3C and Table 6.5) was the highest in the control group without glucose addition, and 

accordingly, butanol production was the best in the control group. 
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Figure 6.3 The effect of glucose concentration on ABE fermentation in xylose medium. (A) xylose 

consumption profile (B) glucose consumption profile (C) butyric acid production profile (D) 

butanol production profile. 45X: 45 g/L xylose; 45X+5G: 45 g/L xylose with 5 g/L glucose; 

45X+10G: 45 g/L xylose with 10 g/L glucose; 45X+15G: 45 g/L xylose with 15 g/L glucose; 

45X+20G: 45 g/L xylose with 20 g/L glucose. 
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Table 6.5 Product yields of C. saccharoperbutylacetonicum N1-4 with various glucose additions 

in xylose fermentation media. 

Yield* (C-mol/C-mol) 

 

Glucose concentration 

Butanol Acetone Ethanol 
Lactic 

Acid  

Acetic 

Acid 

Butyric 

Acid 

0 0.580a 0.051b 0.020c 0.002a 0.011b 0.036a 

5 g/L 0.535ab 0.073ab 0.041ab 0.001a 0.017ab 0.002b 

10 g/L 0.554ab 0.064ab 0.050a 0.003a 0.026a 0.002b 

15 g/L 0.468ab 0.085ab 0.030bc 0.018a 0.026a 0.006b 

20 g/L 0.399b 0.112a 0.019c 0.023a 0.023a 0.007b 

*Means sharing the same superscript are not significantly different from each other. 

 

Similar to glucose effects on ABE fermentation, arabinose showed unfavorable effects on 

butanol synthesis when co-fermented with xylose. As shown in Figure 6.4D, butanol endpoint 

concentration decreased by 17.8% - 36.4% in the 5A-20A (A denotes g/L arabinose) groups 

comparing to the control, while there was no significant difference in butanol yield among various 

arabinose treated groups (Table 6.6). Moreover, in the first 60 h of fermentation, there was no 

significant difference in xylose utilization among all the treatments (Figure 6.4A); however, the 

rate of xylose utilization sharply decreased and followed by a full cease of substrates utilization 

and/or butanol production at 96 h in the groups of 5A, 10A, 15A and 108 h in the group of 20A 

(Figure 6.4A, 6.4B and 6.4D). It was reported that when a mixture of arabinose and xylose was 

used as the carbon source in ABE fermentation by E. Coli, arabinose reduced the transcriptions of 

both xyl and rbs operons and as a consequence, xylose metabolic pathway was repressed (Desai 

and Rao 2010; Hernández-Montalvo et al. 2001; Kang et al. 1998). It was likely that the 
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transcriptional regulation of xylose utilization was also suppressed in C. 

saccharoperbutylacetonicum N1-4, especially in the late exponential phase of ABE fermentation 

while arabinose was present in the media, and correspondingly, xylose utilization was repressed 

and butanol synthesis was inhibited. But being different from the previous studies that E. coli 

utilized arabinose prior to xylose when these two pentose were both present in the fermentation 

(Hernández-Montalvo et al. 2001; Kang et al. 1998), in the present study, xylose and arabinose 

could be utilized co-currently and their trends of utilization were similar, indicating that the 

preference of pentose utilization is microorganism-dependent. In addition, when arabinose 

concentration was at or above 10 g/L, not all the arabinose could be fully consumed (Figure 6.4B), 

suggesting that there is a threshold of arabinose utilization by C. saccharoperbutylacetonicum N1-

4 and when arabinose concentration reached the threshold level (which is 10 g/L in the present 

study), the microorganism cannot fully utilize the arabinose. It has been studied that comparing to 

the glycolysis process, several more steps are required to convert pentose (such as xylose and 

arabinose) sugar into glyceraldehyde 3-phosphate (G3P), therefore, slower utilization and 

incomplete consumption of pentose was expected in ABE fermentation by using clostridial strains 

(Ounine et al. 1985; Xiao et al. 2011).  

 

 

 

 

 

 

 



 123 

 

 
 

 
 

Figure 6.4 The effect of arabinose concentration on ABE fermentation in xylose medium. (A) 

xylose consumption profile (B) arabinose consumption profile (C) acetone production profile (D) 

butanol production profile. 45X: 45 g/L xylose; 45X+5A: 45 g/L xylose with 5 g/L arabinose; 

45X+10G: 45 g/L xylose with 10 g/L arabinose; 45X+15G: 45 g/L xylose with 15 g/L arabinose; 

45X+20G: 45 g/L xylose with 20 g/L arabinose. 

 

The parameter scan results of ModelA suggested that increasing xylose and arabinose 

consuming rates (R20 and R26) would increase the end point butanol concentration when 

arabinose was exogenously added into the xylose media (as shown in Table 6.4), which concurred 

with the batch fermentation result. In the batch fermentation with arabinose addition, when 

xylose/arabinose consumption rate was remaining relative high (before 60 h), butanol production 

trend in those groups was similar with that in the control group. However, once the utilization rate 

of those sugars began to slow down, butanol synthesis decreased and eventually terminated (Figure 
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6.4A, 6.4B and 6.4D), which was in agreement with the parameter scan result that higher xylose 

and arabinose utilization rates could result in higher butanol production. In addition, similar to 

Zhou’s model of xylose being the sole carbon source (Zhou et al. 2018b), R6 (conversion from 

acetate to acetyl-CoA) and R8 (conversion from acetyl-CoA to acetoacetyl-CoA) showed positive 

effects, indicating that more acetate conversion to acetoacetyl-CoA (the crucial intermediate for 

butanol fermentation) could be beneficial for butanol formation. On contrary, R11 (acetone 

conversion from acetate) exhibited negative effects in ModelA, which suggested that less acetone 

generation would be favorable for high butanol production. This was consistent with the 

fermentation result that acetone endpoint concentration/yield was the lowest in the control group 

(as seen in Figure 6.4C and Table 6.6), while the butanol endpoint concentration was the highest 

in the control group (Figure 6.4C).  

 

Table 6.6 Fermentation results for C. saccharoperbutylacetonicum N1-4 with various arabinose 

additions in xylose fermentation medium. 

 

Yield* (C-

mol/C-mol) 

Arabinose 

concentration 

Butanol Acetone Ethanol 
Lactic 

Acid  

Acetic 

Acid 

Butyric 

Acid 

0 0.536a 0.051b 0.020a 0.002a 0.014a 0.047a 

5 g/L 0.534a 0.080a 0.022a 0.002a 0.013a 0.000b 

10 g/L 0.537a 0.085a 0.023a 0.003a 0.017a 0.000b 

15 g/L 0.527a 0.092a 0.020a 0.002a 0.014a 0.001b 

20 g/L 0.541a 0.089a 0.020a 0.003a 0.019a 0.002b 

*Means sharing the same superscript are not significantly different from each other. 
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6.3.3 Transcriptional analysis of key genes in mixed sugar fermentation 

According to the parameter scan results, the reactions that had recognizable impacts on 

endpoint butanol concentration in ModelG were R1, R3, R5, R10, R11, R16, R20 and R24; and on 

the other hand, R3, R6, R7, R8, R10, R11, R15, R18, R20 and R26 presented influential effects 

on butanol synthesis in ModelG. Therefore, the expression levels of the corresponding enzymes, 

such as xylose isomerase (R20), arabinose isomerase (R26), glucose-6-phosphate isomerase (R1), 

butyrate-acetoacetate CoA-transferase (R11/R12), acetate kinase (R5/R6), glyceraldehyde-3-

phosphate dehydrogenase (R3), butyrate kinase (R13/R14), acetyl-CoA acetyltransferase (R8), 

lactate dehydrogenase (R17/R18), aldehyde-alcohol dehydrogenase (R7/R10) and butanol 

dehydrogenase (R10) were evaluated by transcriptional analysis of the corresponding genes with 

Q-RT-PCR to confirm those change at mRNA level. The genes of interest and the forward and 

reverse gene-specific primers are listed in Table 6.7.  As shown in Figure 6.5A, when glucose was 

induced in the xylose media for ABE fermentation, the expression of ctfA, ctfB (R11/R12) and 

ackA (R5/R6) were up-regulated by 478%, 159%, and 434%, respectively which was in agreement 

with both the fermentation behavior and the parameter scan results in ModelG. Specifically, the 

model suggested that the increased reaction rates of R11 and R5 could result in less butanol 

production, and in the transcriptional analysis, the expression level of those genes that were 

corresponding with R11 (ctfA and ctfB) and R5  (ackA)  were induced in the glucose-treated group, 

and as a consequence, the yield of their corresponding fermentation products, acetone and acetic 

acid also increased comparing to the control group (Table 6.5), which led to a reduced butanol 

formation. In addition, xylA was downregulated by 57%, which agreed with the fermentation and 

parameter scan as well. ModelG presented that increased the reaction rate of R20 (xylose 

consumption) could result in higher butanol production and in transcriptional analysis, xylA was 
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repressed and as a result, xylose consumption was repressed (Figure 6.3A) and butanol 

fermentation was decreased correspondingly (Figure 6.3D and Table 6.5).   

Table 6.7 List of genes and sequences of primers used in Q-RT-PCR. 

 

 

 

 

 

 

 

 

 

 

Gene 

Category 

Gene 

name 

Corresponding enzyme 

and reaction step 

Forward primer sequence 

(5’-3’) 

Reverse primer sequence 

(5’-3’) 

Reference 

gene 
rho  

GAAGCCCCAGAAAAG

GCTAT 

CCTCTTTGCCCCTTA

CCAAT 

Sugar 

utilization 

genes 

xylA 

xylose isomerase (R20) 

AAATGGTGGACTTGC

TCCAG 

TCCTTCGCTAAAGCT

TGCAT 

xylB 
TCCAGTAGTTGGTGG

TGCAG 

CCCATTACATGCCAT

TTTCC 

araA 
arabinose isomerase 

(R26) 

CAATTCGTGAAC 

AAGCCAAA 

TCCTTCAGCACC 

AAATCCAT 

pgi 
glucose-6-phosphate 

isomerase (R1) 

TGGTGGAGTTCC 

AAACATGA 

GGTTTTCCTAAA 

AGCGCAAA 

Acidogensis 

genes 

ctfA butyrate-acetoacetate 

CoA-transferase (R11, 

R12) 

AACAGGAGCCATTTT

AGCAA 

GTTGTAAATCCCCTA

CCTTGAC 

ctfB 
GCATAGGGGAAT 

CTGATCCA 

GTCCATTGCACC 

TCCCATAC 

ackA acetate kinase (R5, R6) 
AGAAGCATTGGC 

ACAAGGAC 

ATTACGCCATGC 

TTTTCGTC 

gap 

glyceraldehyde-3-

phosphate 

dehydrogenase (R3) 

ACGTGGTTGCAA 

TCAATGAC 

TTTCTGGCTTAG 

CATCAGCA 

buk 
butyrate kinase (R13, 

R14) 

GGAGTTCAAGGA 

CCACATGC 

TTGGAAGTTCTG 

GCACTCCT 

thlA 
acetyl-CoA 

acetyltransferase (R8) 

CCTAAAGACGGGGAC

ATA 

ACAGCAACTCATAC

CACTACTA 

lldD 
lactate dehydrogenase 

(R17, R18) 

TAAAGGGTGTTGGAG

GAA 

CCAGATACACCTGCT

GATTT 

Solventoge-

nesis genes 

adhE 

aldehyde-alcohol 

dehydrogenase (R7, 

R10) 

ACCACAGGCATACGA

GGAAG 

GCAACACCGTGA 

GGTATGTG 

bdh butanol dehydrogenase 
GTGGGGGATCAAYGA

AGAAA 

ATCAGGGCCAAACT

CTCTCA 



 127 

 

 
Figure 6.5 Relative expression level of tested genes under variant conditions by quantitative 

reverse transcription PCR. (A). With glucose addition (B). With arabinose addition. Among all the 

tested genes, only the genes that are significantly different with the control group are presented in 

the figure.  

 

In addition, the expression level of lldD (R17/R18) and bdh (R10) increased by 149% and 

61%, but buk (R13/R14) was downregulated by 332% when glucose was added. Lactate 

dehydrogenase (lldD) is known to catalyze the conversion from lactate to pyruvic acid and back, 

as it converts NAD+ to NADH and back. Previous study stated that the induction of lldD could 

contribute to efficient electron transfer for energy generation and result in better substrate 

utilization (Nishimura et al. 2011). Besides, it has been reported that overexpression of the bdh 

and inactivation of buk gene could enhance the butanol production as well (Cho et al. 2015b; Green 

et al. 1996; Harris et al. 2000a; Kang et al. 2015). Similarly, ModelG suggested that increase the 

reaction rate of R10 (bdh) and decreased the reaction rate of R14 (buk) could be beneficial for 

butanol synthesis. However, even though bdh and lldD was upregulated and buk was 

downregulated in C. saccharoperbutylacetonicum, butanol concentration was decreased when 

glucose was introduced into the ABE fermentation from xylose. It can be inferred that other 

reactions (such as acetate and acetone formation, sugar consumption) in the ABE fermentation 

metabolism affected the butanol production severally that even the cells attempted to produce more 
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butanol by upregulating bdh, overexpression of lldD for providing more electrons and depression 

of the buk genes, they did not increase the butanol production eventually.  

When arabinose was added into the medium, the expression level of adhE and bdh (the 

genes that are responsible for butanol production) were induced by 145% and 356%, and the 

expression of xylA and xylB (xylose consumption) were downregulated by 49% and 488%, 

respectively (Figure 6.5B). Similar to glucose effect on ABE fermentation in xylose medium, when 

arabinose was added into the fermentation, even though cells upregulated butanol-producing genes 

(adhE and bdh) and struggled to produce more butanol, the xylose consumption step was extremely 

inhibited.  

Table 6.8 summarizes the transcriptional analysis, parameter scan and the fermentation 

results. From Table 6.8, it can be seen that most of the parameter scan results were in agreement 

with the fermentation result and the gene expression analysis result. Overall, when 

glucose/arabinose was co-present with xylose as carbon sources for butanol synthesis, the reaction 

rate of some ABE fermentation steps (i.e., acetate formation/consumption (R5/R6), acetone 

production (R8), butanol production (R10), sugar utilization (R1, R20, R26)) were changed, which 

was confirmed by the expression level change of their corresponding genes and correspondingly, 

decreased butanol production was observed in the glucose/arabinose treated groups. Therefore, in 

the future, some genetic manipulation strategies while using mixed sugars as carbon source for 

higher bio-butanol production can be proposed, for example, overexpression of the xylA, xylB and 

repression of the ctfA, ctfB and ackA genes would be helpful.  
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Table 6.8 Summary of the fermentation, modeling and transcriptional analysis result. 

Glucose/ 

arabinose 

treatment 

Reaction
a 

changes in the expression 

levels of the corresponding 

geneb 

Relative 

fermentation 

behaviorc 

Butanol 

productiond 

Agreement with 

modeling resulte 

Glucose 

R5 ↑ ↑ ↓ ○ 

R10 ↑ ↓ ↓ × 

R11 ↑ ↑ ↓ ○ 

R14 ↓ ↓ ↓ × 

R20 ↓ ↓ ↓ ○ 

Arabinose 

R7 ↑ - ↓ ○ 

R10 ↑ ↓ ↓ × 

R11 - ↑ ↓ ○ 

R18 - ↑ ↓ ○ 

R20 ↓ ↓ ↓ ○ 

R26 - ↓ ↓ ○ 

aReactions that have been recognized as important for high butanol production from ModelG and ModelA, respectively. 
b ↑ and ↓ represented the corresponding genes were upregulated or down-regulated, respectively comparing to the one 

in the control group and - indicated that the expression level of the gene was not significantly different from the one 

in the control group. c ↑ and ↓ indicated either the substrate utilization/product generation that are related to the 

corresponding reactions were increased or decreased, respectively comparing to the control one. d ↓ presented that the 

butanol production was reduced under the glucose/arabinose treatment. e This column referred that whether the 

transcriptional analysis result and the batch fermentation result are in agreement with the parameter scan result. ○ 

indicated that they are in agreement with each other and × indicated that they are not. For example, when glucose was 

added into the fermentation medium, the gene expression level of ackA (R5) was increased (Figure 6.5A), which 

caused a increase in its relative product concentraton (acetate) and concurrently, lower butanol production was 

observed (Table 6.5). Parameter scan presented that increased reaction rate of R5 could result in lower butanol 

production, which coincided with both the fermentation results and the transcriptional analysis.  

 

6.4 Conclusions 

A kinetic simulation model was developed to accurately predict the dynamic behavior of 

metabolites in ABE fermentation by C. saccharoperbutylacetonicum in glucose or arabinose 

supplemented xylose media. According to parameter scan results in both models, increasing the 

conversion rate from glyceraldehyde 3-phosphate (G3P) to pyruvate or from butyryl-CoA (BCoA) 
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to butanol would enhance butanol production. On the other hand, increasing consumption rate of 

xylose and decreasing the supplemented glucose utilization rate could also contribute to improved 

butanol synthesis when glucose was added exogenously into the xylose medium; increasing both 

xylose and arabinose consumption rate would result in higher butanol concentration when 

arabinose was present in the medium. Later on, transcriptional analysis was conducted to evaluate 

the expression level of the corresponind genes in those reactions that were recognized as important 

for higher butanol producrion, and most of the transcriptional analysis results were consistent with 

the parameter scan result. Therefore, we are confident to state that the reaction rate in some 

metabolism steps (such as sugar comsupmtion, G3P generation, acetate formation, acetone and 

butanol production) in the ABE fermentation pathway were regulated while glucose/arabinose was 

introduced into the fermentation with xylose, which could be responsible for the reduced butanol 

production. Moreover, our study provided a better understanding for the metabolism in the ABE 

fermentation while mixed sugars were served as carbon source.  

6.5 Acknowledgement 

This work was supported by the USDA National Institute of Food and Agriculture, Hatch 

Project NC02613. We would also like to show our gratitude to Dr. Robert M. Kelly, Benjamin M 

Zeldes, Karl Widney for their assistance of the real-time qPCR techniques and sharing their 

pearls of wisdom with us during the course of this research. 

 

 

 

 

 



 131 

 

6.6 References 

Bai FW, Anderson WA, Moo-Young M. 2008. Ethanol fermentation technologies from sugar 

and starch feedstocks. Biotechnology Advances 26(1):89-105. 

 

Bakhtiari N, Mirshahi M, Babaeipour V, Maghsoudi N, Tahzibi A. 2014. Down Regulation of 

ackA-pta Pathway in Escherichia coli BL21 (DE3): A Step Toward Optimized 

Recombinant Protein Expression System. Jundishapur J Microbiol 7(2):e8990. 

 

Buehler EA, Mesbah A. 2016. Kinetic Study of Acetone-Butanol-Ethanol Fermentation in 

Continuous Culture. PLoS One 11(8):e0158243. 

 

Cho C, Jang YS, Moon HG, Lee J, Lee SY. 2015. Metabolic engineering of clostridia for the 

production of chemicals. Biofuels, Bioproducts and Biorefining 9(2):211-225. 

 

Desai RP, Harris LM, Welker NE, Papoutsakis ET. 1999. Metabolic flux analysis elucidates the 

importance of the acid-formation pathways in regulating solvent production by 

Clostridium acetobutylicum. Metabolic Engineering 1(3):206-213. 

 

Desai TA, Rao CV. 2010. Regulation of arabinose and xylose metabolism in Escherichia coli. 

Applied & Environmental Microbiology 76(5):1524-32. 

 

Dürre P. 2007. Biobutanol: an attractive biofuel. Biotechnol J 2(12):1525-1534. 

 

Ezeji TC, Liu S, Qureshi N. 2014. Mixed sugar fermentation by Clostridia and metabolic 

engineering for butanol production. Biorefineries: Integrated biochemical processes for 

liquid biofuels. Elsevier BV:191-204. 

 

Green EM, Boynton ZL, Harris LM, Rudolph FB, Papoutsakis ET, Bennett GN. 1996. Genetic 

manipulation of acid formation pathways by gene inactivation in Clostridium 

acetobutylicum ATCC 824. Microbiology 142(8):2079-2086. 

 

Harris LM, Desai RP, Welker NE, Papoutsakis ET. 2000. Characterization of recombinant 

strains of the Clostridium acetobutylicum butyrate kinase inactivation mutant: need for 

new phenomenological models for solventogenesis and butanol inhibition? 

Biotechnology and Bioengineering 67(1):1-11. 

 

Hernández-Montalvo V, Valle F, Bolivar F, Gosset G. 2001. Characterization of sugar mixtures 

utilization by an Escherichia coli mutant devoid of the phosphotransferase system. 

Applied Microbiology & Biotechnology 57(1-2):186-191. 

 

Hoops S, Sahle S, Gauges R, Lee C, Pahle J, Simus N, Singhal M, Xu L, Mendes P, Kummer U. 

2006. COPASI- A Complex Pathway Simulator. Bioinformatics 22(24):3067-3074. 

 

Ishizaki A, Michiwaki S, Crabbe E, Kobayashi G, Sonomoto K, Yoshino S. 1999. Extractive 

acetone-butanol-ethanol fermentation using methylated crude palm oil as extractant in 



 132 

 

batch culture of Clostridium saccharoperbutylacetonicum N1-4 (ATCC 13564). Journal 

of Bioscience and Bioengineering 87(3):352-356. 

 

Jones DT, Woods DR. 1986. Acetone-butanol fermentation revisited. Microbiological reviews 

50(4):484-524. 

 

Kang HY, Song S, Park C. 1998. Priority of pentose utilization at the level of transcription: 

arabinose, xylose, and ribose operons. Molecules & Cells 8(3):318-23. 

 

Kang IY, Park JM, Hong W-K, Kim YS, Jung YR, Kim S-B, Heo S-Y, Lee S-M, Kang JY, Oh 

B-R. 2015. Enhanced production of 2, 3-butanediol by a genetically engineered Bacillus 

sp. BRC1 using a hydrolysate of empty palm fruit bunches. Bioprocess and Biosystems 

Engineering 38(2):299-305. 

 

Krylova AY, Kozyukov E, Lapidus A. 2008. Ethanol and diesel fuel from plant raw materials: a 

review. Solid Fuel Chemistry 42(6):358-364. 

 

Mitchell WJ. 1997. Physiology of carbohydrate to solvent conversion by clostridia. Advances in 

Microbial Physiology 39:31-130. 

 

Nishimura T, Teramoto H, Inui M, Yukawa H. 2011. Gene expression profiling of 

Corynebacterium glutamicum during anaerobic nitrate respiration: induction of the SOS 

response for cell survival. Journal of Bacteriology. 

 

Noguchi T, Tashiro Y, Yoshida T, Zheng J, Sakai K, Sonomoto K. 2013. Efficient butanol 

production without carbon catabolite repression from mixed sugars with Clostridium 

saccharoperbutylacetonicum N1-4. Journal of Bioscience and Bioengineering 

116(6):716-721. 

Ounine K, Petitdemange H, Raval G, Gay. 1985. Regulation and butanol inhibition of D-xylose 

and D-glucose uptake in Clostridium acetobutylicum. Applied & Environmental 

Microbiology 49(4):874-8. 

 

Papoutsakis ET. 1984. Equations and Calculations for Fermentations of Butyric-Acid Bacteria. 

Biotechnology and Bioengineering 26(2):174-187. 

 

Pfaffl MW. 2001. A new mathematical model for relative quantification in real-time RT-PCR. 

Nucleic Acids Research 29(9):e45. 

 

Qureshi N, Blaschek H. 2000. Economics of butanol fermentation using hyper-butanol producing 

Clostridium beijerinckii BA101. Food and Bioproducts Processing 78(3):139-144. 

 

Qureshi N, Saha BC, Cotta MA. 2008. Butanol production from wheat straw by simultaneous 

saccharification and fermentation using Clostridium beijerinckii: Part II - Fed-batch 

fermentation. Biomass & Bioenergy 32(2):176-183. 

 



 133 

 

Raganati F, Procentese A, Olivieri G, Gotz P, Salatino P, Marzocchella A. 2015. Kinetic study of 

butanol production from various sugars by Clostridium acetobutylicum using a dynamic 

model. Biochemical Engineering Journal 99:156-166. 

 

Servinsky MD, Kiel JT, Dupuy NF, Sund CJ. 2010. Transcriptional analysis of differential 

carbohydrate utilization by Clostridium acetobutylicum. Microbiology 156(Pt 11):3478-

3491. 

Shinto H, Tashiro Y, Kobayashi G, Sekiguchi T, Hanai T, Kuriya Y, Okamoto M, Sonomoto K. 

2008. Kinetic study of substrate dependency for higher butanol production in acetone-

butanol-ethanol fermentation. Process Biochemistry 43(12):1452-1461. 

 

Shinto H, Tashiro Y, Yamashita M, Kobayashi G, Sekiguchi T, Hanai T, Kuriya Y, Okamoto M, 

Sonomoto K. 2007. Kinetic modeling and sensitivity analysis of acetone-butanol-ethanol 

production. Journal of Biotechnology 131(1):45-56. 

 

Tashiro Y, Takeda K, Kobayashi G, Sonomoto K, Ishizaki A, Yoshino S. 2004. High butanol 

production by Clostridium saccharoperbutylacetonicum N1-4 in fed-batch culture with 

pH-stat continuous butyric acid and glucose feeding method. Journal of Bioscience and 

Bioengineering 98(4):263-268. 

 

Tracy BP, Jones SW, Fast AG, Indurthi DC, Papoutsakis ET. 2012. Clostridia: the importance of 

their exceptional substrate and metabolite diversity for biofuel and biorefinery 

applications. Current Opinion in Biotechnology 23(3):364-381. 

 

Tummala SB, Junne SG, Papoutsakis ET. 2003. Antisense RNA downregulation of coenzyme A 

transferase combined with alcohol-aldehyde dehydrogenase overexpression leads to 

predominantly alcohologenic Clostridium acetobutylicum fermentations. Journal of 

Bacteriology 185(12):3644-53. 

 

Votruba J, Volesky B, Yerushalmi L. 1986. Mathematical-Model of a Batch Acetone Butanol 

Fermentation. Biotechnology and Bioengineering 28(2):247-255. 

 

Wyman CE, Decker SR, Himmel ME, Brady JW, Skopec CE, Viikari L. 2005. Hydrolysis of 

cellulose and hemicellulose. Polysaccharides: Structural diversity and functional 

versatility 1:1023-1062. 

 

Xiao H, Gu Y, Ning Y, Yang Y, Mitchell WJ, Jiang W, Yang S. 2011. Confirmation and 

elimination of xylose metabolism bottlenecks in glucose phosphoenolpyruvate-dependent 

phosphotransferase system-deficient Clostridium acetobutylicum for simultaneous 

utilization of glucose, xylose, and arabinose. Applied and Environmental Microbiology 

77(22):7886-7895. 

 

Yao D, Dong S, Wang P, Chen T, Wang J, Yue Z-B, Wang Y. 2017. Robustness of Clostridium 

saccharoperbutylacetonicum for acetone-butanol-ethanol production: Effects of 

lignocellulosic sugars and inhibitors. Fuel 208:549-557. 

 



 134 

 

Yoshida M, Liu Y, Uchida S, Kawarada K, Ukagami Y, Ichinose H, Kaneko S, Fukuda K. 2008. 

Effects of cellulose crystallinity, hemicellulose, and lignin on the enzymatic hydrolysis of 

Miscanthus sinensis to monosaccharides. Bioscience, Biotechnology, and Biochemistry 

72(3):805-810. 

 

Zhao X, Kasbi M, Chen J, Peres S, Jolicoeur M. 2017. A dynamic metabolic flux analysis of 

ABE (acetone‐butanol‐ethanol) fermentation by Clostridium acetobutylicum ATCC 

824, with riboflavin as a by‐product. Biotechnology and Bioengineering 114(12):2907-

2919. 

 

Zhou Q, Liu Y, Yuan W. 2018a. Kinetic modeling of lactic acid and acetic acid effects on 

butanol fermentation by Clostridium saccharoperbutylacetonicum. Fuel 226:181-189. 

 

Zhou Q, Zheng H, Yuan W. 2018b. Modeling Butanol Synthesis in Xylose by Clostridium 

saccharoperbutylacetonicum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 135 

 

CHAPTER 7 Model-directed transcriptional analysis of furfural and syringaldehyde stress 

on butanol synthesis in Clostridium saccharoperbutylacetonicum  

(To be submitted on Biotechnology and Bioengineering) 

 

Abstract 

To discern their influence on acetone-butanol-ethanol (ABE) producing Clostridium 

saccharoperbutylacetonicum, kinetic models of acetone-butanol-ethanol fermentation from xylose 

medium considering furfural or syringaldehyde effects were developed and implemented in 

COPASI. High average correlation coefficients (r2) of over 0.92 between simulation and 

experimental results were obtained in both models. The modeling results revealed that some 

metabolic reactions, such as xylose consumption, butyryl-CoA generation and NADH/ATP 

formation steps, were vital for reducing the furfural/syringaldehyde stress on butanol synthesis. 

Directed by the kinetic models, the corresponding genes for those reactions were selected for 

further transcriptional analysis using real time qPCR to better understand the 

furfural/syringaldehyde effect on butanol synthesis at an mRNA level. The transcriptional analysis 

results indicated that when furfural/syringaldehyde was supplemented, the expression of the ctfA, 

hbd, bcd gene were induced and the adhE gene was down-regulated, indicating that some of the 

genes were regulated in C. saccharoperbutylacetonicum to reduce the toxicity of the inhibitors and 

strived for higher butanol production. Overall, the developed kinetic models can accurately predict 

the dynamic behavior of metabolites in ABE fermentation with furfural or syringaldehyde addition 

in xylose media and future genetic manipulation strategies were proposed to reduce the stress in 

ABE fermentation process.  

Keywords: Butanol; Xylose; Furfural; Syringaldehyde; Kinetic modeling; Real time qPCR; 

Clostridium saccharoperbutylacetonicum 
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7.1 Introduction 

Biofuels are converted predominantly from biomass. The substrates used for producing the 

first generation biofuels include starch, grains, seeds, vegetable oils, sugars etc., which could cause 

high competence with food production and as a result, the cost of food and crops may increase 

(Agarwal 2007). Comparing with the first generation biofuel, the second generation biofuels are 

produced from more sustainable substrates such as lignocellulosic biomass or agricultural residues 

(Bharathiraja et al. 2017b). Among all the available biofuels, bio-butanol has been considered as 

a supplement for gasoline, diesel, and kerosene, which is superior than bio-ethanol (Antoni et al. 

2007). One of the most viable routes for bio-butanol production is through acetone-butanol-ethanol 

(ABE) fermentation by Clostridia species. Nonetheless, high substrate and separation cost and low 

butanol yield hinder economical ABE production (Lan and Chen 2011). Therefore, bio-butanaol 

production from lignocellulosic biomass is receiving more and more attention due to the low cost 

and abundant supply of lignocellulosic biomass (Baral and Shah 2014; Cao et al. 2016). 

Nonetheless, considering the uniqueness of chemical compositions in lignocellulosic biomass 

(composed of cellulose, hemicellulose and lignin, which are associated with each other) and the 

recalcitrance of lignocellulosic biomass to degradation, some pretreatment and hydrolysis of raw 

materials are needed for bioconversion from lignocellulosic biomass to butanol (García et al. 

2011). It has been acknowledged that the lignin barrier can be destroyed and cellulose and 

hemicellulose could be partially converted  into fermentable sugars such as glucose, xylose and 

arabinose through the pretreatment processes such as dilute acid hydrolysis, steam explosion, 

alkaline hydrolysis or some other biological decomposition (Baral et al. 2014). However, a major 

setback in the pretreatment process is the formation of other compounds such as weak acids (i.e., 

acetic, formic and levulinic acids), furan derivatives (furfural and hydroxymethyfurfural (HMF)) 
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and phenolic compounds (i.e., syringaldehyde, ferulic acid and hydroxybenzoic acid) which could 

inhibit the ABE fermentation (Baral and Shah 2014). For instance, a previous study reported that 

the increased furfural concentration led to a delay in sugar uptake by Pichia stipites and 

consequently a reduction in ethanol productivity (Bellido et al. 2011). Besides, both the cell growth 

rate of Clostridium acetobutylicum and butanol production were strongly inhibited by the presence 

of furfural (Wang et al. 2015). Cho et al. (2009) studied the effect of six phenolic compounds 

(including ρ-coumaric acid, ferulic acid, syringaldehyde, HMF, vanillic acid and vanillin) on ABE 

fermentation and the results suggested that the phenolic compounds inhibited the cell growth by 

64-74% and completely ceased butanol production (Cho et al. 2009). Although previous studies 

have experimentally studied the effect of various inhibitors on ABE fermentation, no study was 

focused on the development of  kinetic models to better understand the inhibitors effects on butanol 

synthesis in a more theoretical and systematical way.  

One major element in studying ABE fermentation process is to develop the kinetic models. 

Kinetic models could reveal some important factors for obtaining a higher yield of target products 

and they are known to provide insights toward optimization of the corresponding operation 

strategies and cultivation processes (Li et al. 2011; Mayank et al. 2013). Several kinetic models 

have been developed in the previous studies for ABE fermentations (Buehler and Mesbah 2016; 

Díaz and Willis 2018; Mayank et al. 2013; Raganati et al. 2015; Shinto et al. 2008; Shinto et al. 

2007; Zhou et al. 2018b). Among these researches, Raganati et al. (2015) and Díaz and Willis 

(2018) have considered a mixture of substrates effects on butanol fermentation (Díaz and Willis 

2018; Raganati et al. 2015); Besides, Zhou et al. (2018) developed two kinetic models of ABE 

fermentation with lactic acid or acetic acid addition for metabolic analysis of acid effects on 

butanol synthesis (Zhou et al. 2018a). However, no effort has been deployed to develop a kinetic 
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model considering the effect of process inhibitors (such as furan derivatives and phenolic 

compounds) that are formed during lignocellulosic biomass pretreatment and hydrolysis processes.  

Additionally, to better understand the physiological change inside the microorganism, 

quantitative real-time polymerase chain reaction (Q-RT-PCR) has become an extensively applied 

technique for continuous monitoring the messenger RNA (mRNA) expression patterns of the 

microorganism as it occurs in the fermentation process and to compare the relative levels of mRNA 

within distinct biological samples (Jozefczuk and Adjaye 2011). Previously, Shi and Blaschek 

(2008) compared the gene expression patterns and morphological changes in C. beijerinckii 8052 

and C. beijerinckii BA101, and their results presented that BA101 was less efficient in sporulation 

and phosphotransferase system-mediated sugar transport than 8052 but that it exhibited elevated 

expression of several primary metabolic and motility genes, which provided important insights 

toward engineering genetically modified C. beijerinckii strains with improved butanol yields, 

titers, and productivity (Shi and Blaschek 2008). Besides, the response of C. beijerinckii NCIMB 

8052 at the mRNA level to the challenge of furfural was studied and it was found that about 111 

and 721 genes (including genes related to redox and cofactors, membrane transporters, 

carbohydrate, amino sugar and nucleotide sugar metabolisms, heat shock proteins, DNA repair, 

and two-component signal transduction system) were differentially expressed by C. beijerinckii in 

the acidogenesis phase or solventogenic phase, respectively when the fermentation media was 

challenged with furfural (Zhang and Ezeji 2013). However, the functional characterization of 

genes and metabolic pathways in the ABE fermentation affected by the process inhibitors (such as 

furfural and syringaldehyde) remains unknown in Clostridium saccharoperbutylacetonicum N1-4 

(ATCC 27021). 
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The aim of this study was to understand the influence of furfural and syringaldehyde 

supplementation on butanol synthesis by C. saccharoperbutylacetonicum in xylose culture 

medium. Kinetic models of ABE fermentation taking into account furfural/syringaldehyde effects 

were developed and implemented in COPASI. Parameter scan was conducted in the modeling to 

reveal the reactions that could be responsible for the reduced butanol production when the 

fermentation were challenged with furfural and syringaldehyde. Moreover, to confirm these 

physiological alternations in C. saccharoperbutylacetonicum N1-4 as a consequence of 

furfural/syringaldehyde stress at mRNA level, the expression level of some important genes that 

were determined by the modeling results were compared between the control group and 

furfural/syringaldehyde stressed cultures using Q-RT-PCR.  

7.2 Methods 

7.2.1 Bacterial strain and culture medium 

C. saccharoperbutylacetonicum N1-4 (ATCC 27021) was obtained from American Type 

Culture Collection (Manassas, Virginia, USA) and was used in all experiments. All chemicals used 

were purchased from Sigma–Aldrich (St. Louis, Missouri, U.S.A.). The culture was maintained as 

spores in fresh potato glucose medium (Ishizaki et al. 1999; Zhou et al. 2018a). TYA medium was 

served as pre-inoculation medium before the cells were transferred into the main fermentation 

broth as demonstrated in our previous study (Zhou et al. 2018a). The tryptone-yeast extract (TY) 

medium was used as main culture medium that contains 45 g/L xylose with 0-2 g/L furfural or 0-

1.6 g/L syringaldehyde, 2.57 g/L (NH4)2SO4, 2 g/L yeast extract, 6 g/L tryptone, 0.3 g/L 

MgSO4⋅7H2O, 0.5 g/L KH2PO4 and 10 mg/L FeSO4⋅7H2O. In all experiments, the fermentation 

was operated at 30ºC under anaerobic condition and the initial pH was adjusted to 6.5 using 5 M 
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NaOH before sterilization. During the fermentation, pH was measured every 12 hours to maintain 

its value not lower than 5.5. The medium was sterilized at 121ºC for 15 min before use.  

7.2.2 Furfural/syringaldehyde challenged ABE fermentation and analysis 

To evaluate the stress response of C. saccharoperbutylacetonicum N1-4 to furfural and 

syringaldehyde, batch ABE fermentation by C. saccharoperbutylacetonicum N1-4 was performed 

in 250 ml Pyrex bottles with silicone septa. The bottles contained 180 mL TY medium and 20 mL 

inoculum with various concentration of furfural (0, 0.5, 1.0, 1.5, 2.0 g/L)/syringaldehyde (0, 0.4, 

0.8, 1.2, 1.6 g/L) addition. The concentrations of sugars, acids, and solvents in the fermenter were 

determined every 12 h using a high performance liquid chromatography (Prominence Series HPLC 

with a refractive index detector, model RID-10A, Shimadzu Corporation, Kyoto, Japan). Cell 

concentration was measured by optical density (OD) at 562 nm with a microplate reader (BioTek 

Instruments, Inc., Winooski, VT, USA). An OD value of 1.0 was equivalent to 0.301 gram of dry 

cell weight per liter and the average molecular weight of C. saccharoperbutylacetonicum was set 

to 172 g/mol (Shinto et al. 2007).  

Butanol production under various initial conditions was statistically analyzed with SAS 9.1.3 (SAS 

Institute Inc., Cary, NC, USA). All experimental data were subjected to multiple one-way analysis 

of variance (ANOVA) to evaluate significance level with respect to the control. The number of 

replicates is three and the concentration of furfural or syringaldehyde addition was used as the 

independent variable while product production was recognized as the dependent variable. Tukey’s 

adjustment was applied to the general linear model for determining the level of significance (P < 

0.05) among various treatments. All error bars were standard deviations of three measurements of 

each parameter that were derived from biological replicates. 
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7.2.3 Kinetic model development 

Modeling and simulation were carried out in COPASI, which is a software that could 

automatically convert the reaction equations into the appropriate mathematical formalism. Besides, 

COPASI carries  several features such as modeling editing, simulation algorithms, task analysis, 

parameter estimation and flexible parameter scans (Hoops et al. 2006). Based on the ABE 

fermentation pathway from xylose by C. acetobutylicum shown in Figure 7.1, the developed model 

established the equations that represented the rate of change from the concentration of each 

biochemical species (Jones and Woods 1986b; Raganati et al. 2015). It is well known that there 

are two phases in the typical ABE fermentation process, specifically, lactate, acetate and butyrate 

are generated with exponential cell growth in the acidogenesis phase and as growth slows down, 

all the acids are re-assimilated by the cells and acetone, butanol and ethanol are produced (Jones 

and Woods 1986b; Tashiro et al. 2004). Besides, since furfural or syringaldehyde was added 

exogenously into the culture medium, there effects were also considered in the model 

development. It has been studied that the effect of furan derivatives and phenolic compounds can 

be attributed to three aspects: (1) destabilizing cell membranes and affecting cell integrity (2) 

inactivation/inhibition of the essential enzymes especially on dehydrogenase, (3) destruction or 

inactivation of the genetic material, such as DNA, RNA and protein synthesis (Davidson 1993; 

Fitzgerald et al. 2004; Lee et al. 2016a; Modig et al. 2002). In this study, only the effect of 

furfural/syringaldehyde on some key enzymes (xylose isomerase, glyceraldehyde-3-phosphate 

dehydrogenase, ethanol dehydrogenase, butyryl-CoA dehydrogenase and butanol dehydrogenase) 

was considered in the kinetic model development. Moreover, it is well known that there are four 

types of enzyme inhibitions including competitive inhibition, noncompetitive inhibition, 

uncompetitive inhibition, and mixed type inhibition (Bhagavan and Ha 2015), therefore, four types 
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of inhibition mechanism were fitted into the steps in which the key enzymes were involved, 

respectively and only the type of inhibition that led to the best fitting results were applied in the 

relevant rate equations as shown in Table 7.1.  

 
Figure 7.1 The metabolic pathways of C. acetobutylicum in xylose medium. Enzymes are 

abbreviated as follows: TA, transaldolase; TK, transketolase; PTA, phosphotransacetylase; AK, 

acetate kinase; CoAT, CoA transferase; PTB, phosphotransbutyrylase; BK, butyrate kinase; 

BADH, butyraldehyde dehydrogenase; BDH, butanol dehydrogenase; r: reaction rate (Jones and 

Woods 1986b; Raganati et al. 2015). 
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Table 7.1 The reaction steps from xylose to butanol and associated kinetics considering 

furfural/syringaldehyde inhibition effects. 

 

 Reactions Kinetics Refs 

R20 X  X5P 𝒓𝟐𝟎= 
𝑽𝒎𝒂𝒙𝟐𝟎[𝑿]

𝑲𝒎𝟐𝟎+[𝑿]+𝑲𝒎𝟐𝟎(
[𝑭𝒖𝒓𝒇𝒖𝒓𝒂𝒍]

𝑲𝒊𝒔𝟐𝟎
)

(𝟏 −
[𝑩]

𝑩𝒎𝒂𝒙𝟐𝟎
)𝒏𝑩𝟐𝟎F a 

R20' X  X5P 𝒓𝟐𝟎= 
𝑽𝒎𝒂𝒙𝟐𝟎[𝑿]

(𝑲𝒎𝟐𝟎+𝑿)(𝟏+
[𝑺𝒚𝒓𝒊𝒏𝒈𝒂𝒍𝒅𝒆𝒉𝒚𝒅𝒆]

𝑲𝒊𝟐𝟎
)

(𝟏 −
[𝑩]

𝑩𝒎𝒂𝒙𝟐𝟎
)𝒏𝑩𝟐𝟎F c 

R21 X5PR5P 𝑟21= 
𝑉𝑚𝑎𝑥21[𝑋5𝑃]

𝐾𝑚21+[𝑋5𝑃]
 F a 

R22 R5PX5P 𝑟22= 
𝑉𝑚𝑎𝑥22[𝑅5𝑃]

𝐾𝑚22+[𝑅5𝑃]
 F a 

R23 R5P+X5PG3P+S7P 𝑟23= 𝑉𝑚𝑎𝑥23(
1

1+
𝐾𝑚23𝐴

[𝑅5𝑃]⁄
)(

1

1+
𝐾𝑚23𝐵

[𝑋5𝑃]⁄
) F a 

R24 G3P+S7PE4P+F6P 𝑟24= 𝑉𝑚𝑎𝑥24(
1

1+
𝐾𝑚24𝐴

[𝑆7𝑃]⁄
)(

1

1+
𝐾𝑚24𝐵

[𝐺3𝑃]⁄
) F a 

R25 E4P+F5PF6P+G3P 𝑟25= 𝑉𝑚𝑎𝑥25(
1

1+
𝐾𝑚25𝐴

[𝑅5𝑃]⁄
)(

1

1+
𝐾𝑚25𝐵

[𝐸4𝑃]⁄
) F a 

R2 F6P→2 G3P 𝑟2= 
𝑉𝑚𝑎𝑥2[𝐹6𝑃]

𝐾𝑚2+[𝐹6𝑃]
𝐹 b 

R3/R3' G3PPyr 𝒓𝟑= 
𝑽𝒎𝒂𝒙𝟑[𝑮𝟑𝑷]

(𝑲𝒎𝟑+[𝑮𝟑𝑷])(𝟏+
𝑭𝒖𝒓𝒇𝒖𝒓𝒂𝒍/𝑺𝒚𝒓𝒊𝒏𝒈𝒂𝒍𝒅𝒆𝒉𝒚𝒅𝒆

𝑲𝒊𝟑
)

𝑭 c 

R4 PyrAcoA 𝑟4= 
𝑉𝑚𝑎𝑥4[𝑃𝑦𝑟]

𝐾𝑚4+[𝑃𝑦𝑟]
𝐹 b 

R5 AcoA  Acet 𝑟5= 
𝑉𝑚𝑎𝑥5[𝐴𝑐𝑜𝐴]

𝐾𝑚5+[𝐴𝑐𝑜𝐴]
𝐹 

 

b 

R6 Acet AcoA 𝑟6= 
𝑉𝑚𝑎𝑥6[𝐴𝑐𝑒𝑡]

𝐾𝑚6+[𝐴𝑐𝑒𝑡]
𝐹 b 

R7/R7' ACoAE 𝒓𝟕= 
𝑽𝒎𝒂𝒙𝟕[𝑨𝒄𝒐𝑨]

(𝑲𝒎𝟕+[𝑨𝒄𝒐𝑨])(𝟏+
𝑭𝒖𝒓𝒇𝒖𝒓𝒂𝒍/𝑺𝒚𝒓𝒊𝒏𝒈𝒂𝒍𝒅𝒆𝒉𝒚𝒅𝒆

𝑲𝒊𝟕
)

𝑭 c 

R8 ACoA1/2AACoA 𝑟8= 
𝑉𝑚𝑎𝑥8[𝐴𝑐𝑜𝐴]

𝐾𝑚8+[𝐴𝑐𝑜𝐴]
 b 

R9/R9' AACoABCoA 𝑟9= 
𝑉𝑚𝑎𝑥9[𝐴𝐴𝑐𝑜𝐴]

𝐾𝑚9+[𝐴𝐴𝑐𝑜𝐴]
𝐹 b 

R10/R10' BCoAB 𝒓𝟏𝟎= 
𝑽𝒎𝒂𝒙𝟏𝟎[𝑩𝒄𝒐𝑨]

(𝑲𝒎𝟏𝟎+[𝑩𝒄𝒐𝑨])(𝟏+
𝑭𝒖𝒓𝒇𝒖𝒓𝒂𝒍/𝑺𝒚𝒓𝒊𝒏𝒈𝒂𝒍𝒅𝒆𝒉𝒚𝒅𝒆

𝑲𝒊𝟏𝟎
)

(𝟏 −
[𝑩]

𝑩𝒎𝒂𝒙𝟏𝟎
)𝒏𝑩𝟏𝟎𝐅 c 

R11 Acet+AACoAA 

+ACoA 

𝑟11= 𝑉𝑚𝑎𝑥11(
1

1+
𝐾𝑚11𝐴

[𝐴𝑐𝑒𝑡]⁄
)(

1

1+
𝐾𝑚11𝐵

[𝐴𝑐𝑒𝑡]⁄
) b 

R12 Butyr+AACoAA+BCoA 𝑟12= 𝑉𝑚𝑎𝑥12(
1

1+
𝐾𝑚12𝐴

[𝐵𝑢𝑡𝑦𝑟]⁄
)(

1

1+
𝐾𝑚12𝐵

[𝐴𝐴𝑐𝑜𝐴]⁄
) a 

R13 BCoAButyr 𝑟13= 
𝑉𝑚𝑎𝑥13[𝐵𝑐𝑜𝐴]

𝐾𝑚13+[𝐵𝑐𝑜𝐴]
𝐹 b 

R14 ButyrBCoA 𝑟14= 
𝑉𝑚𝑎𝑥14[𝐵𝑢𝑡𝑦𝑟]

𝐾𝑚14+[𝐵𝑢𝑡𝑦𝑟]
𝐹 a 
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Table 7.1 (continued). 

*R: Reaction; r: reaction rate; The reactions in bold font are the reactions that have been modified in furfural model. 
The reactions in bold and marked with ' are the reactions that have been modified in syringaldehyde modeling. a. 
Raganati et al., 2015 b. Shinto et al., 2007 c. Modig et al., 2002.      

 

7.2.4 Determination of model parameters and validation 

All the kinetic parameters were estimated by fitting the batch fermentation results into the 

developed model and the particle swarm method - an optimization algorithm of COPASI (Hoops 

et al., 2006) was used for the parameter estimation. The models were validated by comparing the 

simulation results and the experimental data and the assessment of the average squared correlation 

coefficients (𝑟2) in between the fitting results and experimental results were calculated. Moreover, 

parameter scan was carried out to reveal the pathway that had great impacts for high butanol 

production by assessing the impact of 5% increase in each parameter (shown in Table 7.1) on 

endpoint butanol production.  

7.2.5 Total RNA purification 

Samples for RT-PCR analysis were collected from cells grown in TY medium with 1.5 g/L 

furfural/1.6 g/L syringaldehyde addition. The total cellular RNA was purified from the middle of 

the exponential fermentation phase. At first, the cells were freeze-thawed using the bath of dry ice 

R15 ACoABiomass   𝑟15= 
𝑉𝑚𝑎𝑥15[𝐴𝑐𝑜𝐴]

𝐾𝑚15+[𝐴𝑐𝑜𝐴]
(1 −

[𝐴𝑐𝑒𝑡]

𝐴𝑐𝑒𝑡𝑚𝑎𝑥
)𝑛𝐴𝑐𝑒𝑡𝑎𝑡𝑒(1 −

[𝐵𝑢𝑡𝑦𝑟]

𝐵𝑢𝑡𝑦𝑟𝑚𝑎𝑥
)𝑛𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒(1 −

[𝐴]

𝐴𝑚𝑎𝑥
)𝑛𝐴(1 −

[𝐸]

𝐸𝑚𝑎𝑥
)𝑛𝐸(1 −

[𝐵]

𝐵𝑚𝑎𝑥15
)𝑛𝐵15 

a 

R16 BiomassInactive cells 𝑟16= 
𝑉𝑚𝑎𝑥16[𝐵𝑖𝑜𝑚𝑎𝑠𝑠][𝐵]

𝐾𝑚𝑠16×𝐾𝑎16+(𝐾𝑚𝑠16+[𝐵𝑖𝑜𝑚𝑎𝑠𝑠])[𝐵]
 b 

R17 LactatePyr 𝑟17= 
𝑉𝑚𝑎𝑥17[𝐿𝑎𝑐𝑡𝑎𝑡𝑒]

𝐾𝑚17+[𝐿𝑎𝑐𝑡𝑎𝑡𝑒]
𝐹 b 

R18 PyrLactate 𝑟18= 
𝑉𝑚𝑎𝑥18[𝑃𝑦𝑟]

𝐾𝑚18+[𝑃𝑦𝑟]
𝐹 b 

R19 FurfuralFurfural 

alcohol 

𝒓𝟏𝟗= 
𝑽𝒎𝒂𝒙𝟏𝟗[𝑭𝒖𝒓𝒇𝒖𝒓𝒂𝒍]

𝑲𝒎𝟏𝟗+[𝑭𝒖𝒓𝒇𝒖𝒓𝒂𝒍]
𝑭 c 

R19' SyringaldehydeSyri

ngic acid 

𝒓𝟏𝟗= 
𝑽𝒎𝒂𝒙𝟏𝟗[𝑺𝒚𝒓𝒊𝒏𝒈𝒂𝒍𝒅𝒆𝒉𝒚𝒅𝒆]

𝑲𝒎𝟏𝟗+[𝑺𝒚𝒓𝒊𝒏𝒈𝒂𝒍𝒅𝒆𝒉𝒚𝒅𝒆]
𝑭 c 
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and ethanol and then were centrifuged at 6000 rpm for 10 min at 4ºC. Later on, the total RNA was 

extracted from the cell pellet using Trizol reagent based on manufacturer’s protocol (Invitrogen, 

Carlsbad, CA) and further purified using RNeasy mini kit (Qiagen, Valencia, CA). Genomic DNA 

was removed using a TURBO DNA-free™ Kit (Thermo Fisher Scientific, Waltham, MA). In 

addition, the RNA quality was checked on agarose gel and RNA concentration was determined 

with NanoDrop One (Thermo Fisher Scientific, Waltham, MA).  

7.2.6 Real-time quantitative reverse transcription PCR (Q-RT-PCR) 

Following the kinetic modeling parameter scan results, several steps were considered to 

have positive/negative effect on butanol production. The genes that are responsible for encoding 

the corresponding enzymes in those steps were selected for further analysis using Q-RT-PCR. 

cDNA was synthesized by reverse transcription of RNA using iScript™ cDNA Synthesis Kit (Bio-

Rad, CA, USA). For Q-RT-PCR, cDNA, specific primers and SsoFast™ EvaGreen® Supermix 

with Low ROX containing EvaGreen dye (Bio-Rad, CA, USA) were proportionately mixed 

following manufacture’s instruction. The tool used for designing forward and reverse gene-

specific primers was Primer3Plus and all the applied primers were listed in Table 7.2.  Q-RT-PCR 

analysis was conducted in triplicate by using a Bio-Rad CFX96 Real Time PCR Detection System 

(Bio-Rad, Hercules, CA). The Q-RT-PCR reaction conditions were as follows: 95°C for 30s (hot-

start activation), and then 95°C for 5 sec (denaturation), and then 60°C for 10 sec (annealing and 

extension), and then 40 cycles of step 2 and 3, followed by heating from 65°C to 95°C with a ramp 

speed of 0.5°C per 5 sec, resulting in melting curves. The real-time PCR data were analyzed with 

SAS 9.1.3 (SAS Institute Inc., Cary, NC, USA). Also, the rho gene was used as the reference gene 

and the relative quantification was carried out by using the ΔΔCT method (Pfaffl 2001) and 

normalized to the abundance of reference gene. 
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Table 7.2. List of genes and sequences of primers used in Q-RT-PCR. 

 

7.3 Results and discussion 

7.3.1 Batch fermentations 

The effects of furfural (0-2 g/L) and syringaldehyde (0-1.6 g/L) as individual inhibitor on 

cell growth and ABE production of C. saccharoperbutylacetonicum are displayed in Figure 7.2-

7.3 and Table 7.3-7.4. As shown in Figure 7.2A, when furfural concentration was relatively low 

(≤ 1.5g/L), all the furfural was able to be utilized by C. saccharoperbutylacetonicum. While 2 g/L 

Gene 

Category 

Gene 

name 

Corresponding enzyme 

and reaction step 

Forward primer sequence 

(5’-3’) 

Reverse primer sequence 

(5’-3’) 

Reference 

gene 
rho  

GAAGCCCCAGAAAAG

GCTAT 

CCTCTTTGCCCCTTA

CCAAT 

Sugar 

utilization 

genes 

xylA 

xylose isomerase (R20) 

AAATGGTGGACTTGC

TCCAG 

TCCTTCGCTAAAGCT

TGCAT 

xylB 
TCCAGTAGTTGGTGG

TGCAG 

CCCATTACATGCCAT

TTTCC 

araA 
arabinose isomerase 

(R26) 

CAATTCGTGAAC 

AAGCCAAA 

TCCTTCAGCACC 

AAATCCAT 

pgi 
glucose-6-phosphate 

isomerase (R1) 

TGGTGGAGTTCC 

AAACATGA 

GGTTTTCCTAAA 

AGCGCAAA 

Acidogensis 

genes 

ctfA butyrate-acetoacetate 

CoA-transferase (R11, 

R12) 

AACAGGAGCCATTTT

AGCAA 

GTTGTAAATCCCCTA

CCTTGAC 

ctfB 
GCATAGGGGAAT 

CTGATCCA 

GTCCATTGCACC 

TCCCATAC 

ackA acetate kinase (R5, R6) 
AGAAGCATTGGC 

ACAAGGAC 

ATTACGCCATGC 

TTTTCGTC 

gap 

glyceraldehyde-3-

phosphate 

dehydrogenase (R3) 

ACGTGGTTGCAA 

TCAATGAC 

TTTCTGGCTTAG 

CATCAGCA 

buk 
butyrate kinase (R13, 

R14) 

GGAGTTCAAGGA 

CCACATGC 

TTGGAAGTTCTG 

GCACTCCT 

thlA 
acetyl-CoA 

acetyltransferase (R8) 

CCTAAAGACGGGGAC

ATA 

ACAGCAACTCATAC

CACTACTA 

hbd 
3-hydroxybutyryl-CoA 

dehydrogenase (R9) 

GCTGCAATCGAAAAC

ATGAA 

GAGCTGGGTTGAAG

AAATGC 

bcd 
butyryl-CoA 

dehydrogenase (R9) 

AGAAGGAAGCACCAC

CAATG 

AGGGCAAGTCCATT

CTTCAG 

lldD 
lactate dehydrogenase 

(R17, R18) 

TAAAGGGTGTTGGAG

GAA 

CCAGATACACCTGCT

GATTT 

Solventoge-

nesis genes 

adhE 

aldehyde-alcohol 

dehydrogenase (R7, 

R10) 

ACCACAGGCATACGA

GGAAG 

GCAACACCGTGA 

GGTATGTG 

bdh 
butanol dehydrogenase 

(R10) 

GTGGGGGATCAAYGA

AGAAA 

ATCAGGGCCAAACT

CTCTCA 
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of furfural was added into the xylose medium, furfural could not be consumed at all and no xylose 

utilization or ABE production was observed (Figure 7.2A-7.2B). Among these tested groups 

(furfural concentration ≤ 1.5g/L), the profiles of xylose utilization, lactic acid, acetone and biomass 

production were not significantly different from each other (Table 7.3). On the other hand, an 

enhanced acetic acid production along with a decreased butanol and ethanol production was 

observed when higher concentration of furfural was added into the medium (Figure 7.2 and Table 

7.3). Similarly, 10 mM furan aldehydes addition resulted in an enhanced acetate production with 

a decreased ethanol production by Thermoanaerobacter  pseudethanolicus (Clarkson et al. 2014), 

suggesting that acetyl-coenzyme A was preferably converted to acetate through 

phosphotransacetylase (PTA) and acetate kinase (AK) rather than serving as an electron acceptor 

for ethanol formation via NAD(P)H-dependent alcohol dehydrogenase (ADH) when furan 

derivatives were added into the fermentation. While butanol and ethanol syntheses were reduced 

in the furfural-supplemented groups comparing to the control, no significant difference among 

butanol and ethanol production with variant furfural concentration (from 0.5 – 1.5 g/L) was 

observed (Figure 7.2D and Table 7.3). This phenomenon was different from some of the previous 

studies. For instance, Qureshi et al. (2012) and Ezeji et al. (2007) found a low concentration of 

furfural (0.5 g/L) enhanced ABE production by C. beijerinckii P260 due to the increment in some 

enzyme activities involved in ABE production (Ezeji et al. 2007a; Qureshi et al. 2012). Besides, 

Liu et al. (2018) observed that the cell growth and xylose consumption of C. tyrobutyricum was 

delayed in the presence of 0.6 g/L or 0.9 g/L furfural (Liu et al. 2018a), while neither cell growth 

nor xylose consumption was affected on C. saccharoperbutylacetonicum when furfural was 

introduced in current study, suggesting that the stress of furfural is dependent on the microbial 

strains.  
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Figure 7.2 The effect of glucose concentration on ABE fermentation in xylose medium. (A) 

furfural consumption profile (B) xylose consumption profile (C) acetic acid production profile  (D) 

butanol production profile. 45X: 45 g/L xylose; 45X+0.5F: 45 g/L xylose with 0.5 g/L furfural; 

45X+1.0F: 45 g/L xylose with 1.0g/L furfural; 45X+1.5F: 45 g/L xylose with 1.5 g/L furfural; 

45X+2.0F: 45 g/L xylose with 2.0 g/L furfural. 
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Table 7.3 Fermentation results for C. saccharoperbutylacetonicum N1-4 with various furfural 

additions in xylose fermentation medium. 

 

Furfural 

Concentration 

 

Products 

0 g/L 0.5 g/L 1.0 g/L 1.5 g/L 0 g/L 0.5 g/L 1.0 g/L 1.5 g/L 

Product Yield (C-mol/C-mol) Product Peak Concentration (g/L) 

Butanol 0.535a 0.412b 0.410b 0.446b 12.755a 8.310b 8.780b 9.316b 

Acetone 0.058a 0.056a 0.057a 0.055a 1.319 a 1.188a 1.277 a 1.208a 

Ethanol 0.017a 0.015bc 0.012c 0.015bc 0.484 a 0.370b 0.322 c 0.395b 

Lactic acid 0.002a 0.002a 0.001a 0.002a 0.075a 0.057a 0.065a 0.072a 

Acetic acid 0.015c 0.026b 0.042a 0.057a 0.521d 0.850c 1.454b 1.932a 

Butyric acid 0.057b 0.013c 0.014c 0.079a 1.118b 0.124c 0.148c 1.990a 

Biomass 0.186a 0.152a 0.140a 0.188a 3.180a 2.490a 2.428a 3.214a 

*Means sharing the same superscript are not significantly different from each other. 

 

Comparing to furfural, syringaldehyde caused more severe inhibitory effects on C. 

saccharoperbutylacetonicum. When 1.6 g/L of syringaldehyde was present in the xylose medium, 

the lag phase of cell growth and substrate utilization was prolonged from 24h to 144h (Figure 

7.3A, 7.3B and 7.3D) and the end point butanol concentration was decreased to 61.02% of the 

control group. Moreover, the intensity of inhibition increased with the rise of initial syringaldehyde 

concentration. Specifically, while at the lowest tested syringaldehyde concentration (0.4 g/L), no 

significant difference was observed on C. saccharoperbutylacetonicum fermentation (including 

the cell growth, xylose utilization and butanol production) comparing to the control group (Figure 

7.3A-D). With a relatively high concentration of syringaldehyde (0.8 g/L and 1.2 g/L), the lag 

phase of cell growth was prolonged from 24h to 60h and 72h, respectively and the cell biomass 

formation in these two groups was reduced to 56%-70% of the control group.  Interestingly, even 

though longer lag phase and less biomass formation was observed in those two groups, the 
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endpoint butanol concentration in the groups with less or equal to 1.2 g/L syringaldehyde was 

similar to the control group (Figure 7.3D), indicating that the addition of syringaldehyde led to a 

stronger inhibition effect on the cell growth of C. saccharoperbutylacetonicum than its influence 

on final butanol production.  However, when syringaldehyde concentration was further increased 

to 1.6 g/L, butanol endpoint concentration was reduced to 7.8 g/L, which is significantly lower 

than butanol production in all the other tested groups. This suggested that there was a threshold 

concentration of syringaldehyde (1.2 g/L) on C. saccharoperbutylacetonicum, and the maximal 

butanol concentration was not significantly affected when the inhibitor concentration was at or 

below such threshold concentration.  Similarly, in the fermentations that were treated with equal 

or less than 1.2 g/L of syringaldehyde, the maximal product (butyric acid) concentration was like 

that of the control fermentation by C. tyrobutyricum, but the butyric acid concentration was 

reduced significantly with syringaldehyde concentration higher than 1.2 g/L (Liu et al. 2018b). 

Likewise, Zhang et al. (2012) evaluated the effect of four potential phenolic inhibitors (vanillin, 

syringaldehyde, 4-hydroxybenzaldehyde and phenol) on xylitol production by C. athensensis and 

it was presented in their study that the yield, productivity and maximal concentration of xylitol 

were almost unaffected when inhibitor concentration was less or equal to its threshold 

concentration, which was 1.0 g/L for the syringaldehyde (Barakat et al. 2012).  

Table 7.4 presents the yield and peak concentration of major fermentation products in C. 

saccharoperbutylacetonicum N1-4 with various syringaldehyde treatments. The highest butanol 

yield was obtained when 0.8 g/L of syringaldehyde was added into the medium and there was no 

significant difference in the butanol yield/endpoint concentration when syringaldehyde 

concentration was at or below 0.8 g/L. While syringaldehyde concentration was further increased 

to 1.2 g/L or 1.6 g/L, butanol yield was decreased to 0.521 C-mol/C-mol and 0.499 C-mol/C-mol, 
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respectively. In contrary, acetone and acetic acid production was higher with syringaldehyde of 

0.8 g/L and 1.2 g/L than the groups with less than 0.8 g/L syringaldehyde, indicating that the 

supplemented syringaldehyde could shift ABE metabolism more into acetic acid and acetone 

production other than the butanol synthesis. Similar to furfural effect on the biomass production 

of C. saccharoperbutylacetonicum, there is no significant difference of the biomass yield among 

variant tested syringaldehyde groups. Besides, the butyric acid yield/endpoint concentration was 

unaffected under all the tested concentrations of syringaldehyde. Other than the fermentation 

products mentioned above, the production of other products such as ethanol, lactic acid and butyric 

acid yield were relatively low.  

 

 
Figure 7.3 The effect of syringaldehyde concentration on ABE fermentation in xylose medium. 

(A) syringaldehyde consumption profile (B) xylose consumption profile (C) butanol production 

profile (D) biomass production profile. 45X: 45 g/L xylose; 45X+0.4S: 45 g/L xylose with 0.4 g/L 

syringaldehyde; 45X+0.8S: 45 g/L xylose with 0.8 g/L syringaldehyde; 45X+1.2S: 45 g/L xylose 

with 1.2 g/L syringaldehyde; 45X+1.6S: 45 g/L xylose with 1.6 g/L syringaldehyde. 
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Table 7.4 Fermentation results for C. saccharoperbutylacetonicum N1-4 with various 

syringaldehyde additions in xylose fermentation medium. 

Syringaldehyde 

  Concentration 
 

Products 

0 g/L 0.4 g/L 0.8 g/L 1.2 g/L 1.6 g/L 0 g/L 0.4 g/L 0.8 g/L 1.2 g/L 1.6 g/L 

Yield (C-mol/C-mol) Peak concentration (g/L) 

Butanol 0.538ab 0.532ab 0.560a 0.521b 0.499b 12.122a 11.871a 11.423a 9.957b 7.758b 

Acetone 0.058b 0.06b 0.065b 0.116a 0.122a 1.287b 1.461ab 1.390b 2.452a 1.967ab 

Ethanol 0.017b 0.019ab 0.023a 0.019ab 0.022ab 0.446a 0.538a 0.596a 0.456a 0.426a 

Lactic acid 0.002a 0.002a 0.002a 0.002a 0.003a 0.075a 0.066a 0.067a 0.065a 0.063a 

Acetic acid 0.015b 0.015b 0.014b 0.023ab 0.027a 0.521ab 0.529ab 0.458b 0.764a 0.661ab 

Butyric acid 0.030a 0.028a 0.019a 0.009a 0.011a 0.806a 0.756a 0.461a 0.214a 0.217a 

Biomass 0.186a 0.159a 0.146a 0.111a 0.178a 3.180a 2.864ab 2.418abc 1.798c 2.187bc 

*Means sharing the same superscript are not significantly different from each other. 

 

 

7.3.2 Comparison between simulation results and experimental time-course data  

The estimated kinetic parameters with initial xylose concentration of 45 g/L (299.4 mM) 

and furfural concentration of 1.5 g/L (15.6 mM)/ with 1.6 g/L (8.8 mM) syringaldehyde in the 

developed model are presented in Table S6 and Table S7 (Appendix) as examples. Based on these 

parameters, the simulation results were obtained from the developed model and both the simulated 

substrates utilization and solvent production exhibited qualitative consistency with the 

experimental time-course data (Figure 7.4 A-B). Moreover, the correlation coefficient (r2) between 

simulation results and experimental data of each metabolite under variant inhibitors concentrations 

were calculated (Table 7.5). An average correlation coefficient (r2) of 0.923 and 0.917 of was 

obtained in the model with furfural and syringaldehyde addition, respectively, suggesting that the 

agreement of the simulation results in the proposed models were satisfactory with the experimental 

fermentation data.  
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Figure 7.4 The comparison between model simulation and experimental time-course data of target 

metabolites with 45 g/L (299.4 mM) and furfural concentration of 1.5 g/L (15.6 mM)/ with 1.6 g/L 

(8.8 mM) syringaldehyde.  (A) time-resolved concentration of xylose, furfural, acetone and 

butanol in furfural stressed group; (B) time-resolved concentration of xylose, syringaldehyde, 

acetone and butanol in syringaldehyde stressed group.  

 

Table 7.5 Average squared correlation coefficients (r2) between simulation results and 

experimental data 

Furfural 

(g/L) 

Syringa

ldehyde 

(g/L) 

Xylose 
Furfur

al 

Syringald

ehyde 
Lactate Acetate Acetone Butanol Biomass 

0 0 0.9592 N/A N/A 0.958 0.949 0.8906 0.9438 0.906 

0.5 0 0.9329 0.9715 N/A 0.871 0.8562 0.9269 0.9458 0.8596 

1.0 0 0.9706 0.9956 N/A 0.8704 0.8555 0.8896 0.9268 0.958 

1.5 0 0.9740 0.9659 N/A 0.9214 0.8677 0.9025 0.9635 0.8896 

0 0.4 0.959 N/A 0.9567 0.9315 0.8925 0.9124 0.9215 0.8921 

0 0.8 0.9759 N/A 0.9636 0.9463 0.8075 0.8965 0.9156 0.8268 

0 1.2 0.9856 N/A 0.9867 0.9755 0.9128 0.8569 0.9135 0.9015 

0 1.6 0.9741 N/A 0.9123 0.9128 0.9155 0.8562 0.8965 0.8862 

 

7.3.3 Parameter scan 

One of the most promising features of COPASI is that it can perform complex calculations 

by combining several simulation runs. Parameter scan is one of the methods provided by COPASI 

which can create a flexible scheme for changing parameter values with relevant simulations 

(Hoops et al. 2006). In the current study, parameter scan was carried out to reveal which pathway 

has the significant impact on high butanol production when furfural/syringaldehyde was 
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supplemented into the medium. As shown in Table 7.6 and Table 7.7, the percentage change of 

the endpoint butanol concentration was calculated by giving a 5% increase in each kinetic 

parameter in the developed models with 1.5 g/L furfural addition (which was denoted as ModelF 

in the future) and 1.6 g/L syringaldehyde addition (which was denoted as ModelS), respectively. 

In ModelF, R7 (ethanol synthesis), R13 (butyryl-CoA to butyrate) and R15 (biomass production) 

had negative effect on butanol synthesis, suggesting that increased the r7, r13 and r15 could result 

in reduced butanol production. On the other hand, the increase of r3 resulted in an enhanced butanol 

production, implying that rapid conversion from glyceraldehyde 3-P to pyruvate (R3) could be 

beneficial to high butanol production when furfural was introduced into the xylose medium. 

Moreover, R9 (acetoacetyl-CoA to butyryl-CoA) and R10 (conversion from butyryl-CoA to 

butanol) also showed positive effect on butanol synthesis.  

It was found that NADH played a key role for butanol production as the conversion from 

butyrl-CoA to butanol is dependent on NADH (Dürre 2010; Wang and Blaschek 2011). When 

furfural was added into the medium, furfural was converted into furfural-alcohol using NADH and 

this reduction process could affect the redox equilibrium, thus the metabolic shift to the 

solventogenic phase was inhibited ultimately (Baral and Shah 2014; Ujor et al. 2014). The 

parameter scan in ModelF revealed that increasing the reaction rate from glyceraldehyde 3-P to 

pyruvate (R3, with 2 NADH generation) and reducing the ethanol production rate (R7, with 2 

NADH consumption) would be beneficial to butanol production, suggesting that generation of 

NADH from those two steps would compensate the NADH loss caused by furfural consumption 

and eventually, the increase of r3 and decrease of r7 would contribute to a higher butanol 

production (Baral and Shah 2014; Dürre 2010; Ujor et al. 2014; Wang and Blaschek 2011).  
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Table 7.6 Percentage change in the endpoint butanol production in response to a 5% increase in 

each parameter in ModelF (*: The reactions that had negative effects on butanol production. #: The 

reactions that had positive effects on butanol production).  

Reaction Parameter Percentage Reaction Parameter Percentage 

R20 

Bmax20 -3.29 
R14 

Vmax14 -0.14 

Ki20 -0.02 Km14 -0.02 

Km20 -0.08 

R15* 

Vmax15 -0.08 

Vmax20 -0.04 Km15 0.21 

nB20 -0.11 Acetmax -3.38 

R2 
Vmax2 -0.3 Amax -16.7 

Km2 -14.32 Bmax15 -0.03 

R3# 

Vmax3 0.16 Butyrmax -0.02 

Km -0.08 Emax -0.05 

Ki3 15.8 nA -0.08 

R4 
Vmax4 -17.7 nAcetate -3.43 

Km4 -0.16 nB15 -0.26 

R5 
Vmax5 -0.05 nButyrate -16.88 

Km5 -0.15 nE -3.2 

R6 
Vmax6 -16.8 

R16 

Vmax16 -0.88 

Km6 -0.07 Kms16 -14.5 

R7* 

Vmax7 -0.05 Ka16 -14.1 

Km7 0.07 
R17 

Vmax17 -0.02 

Ki7 -14.29 Km17 -3.42 

R8 
Vmax8 -15.8 

R18 
Vmax18 0.09 

Km8 -0.6 Km18 0.02 

R9# 

Vmax9 0.04 
R19 

Vmax18 -2.12 

Km9 -0.05 Km18 -0.28 

Ki9 16.8 
R21 

Vmax21 0.03 

R10# 

Vmax10 0.18 Km21 0.07 

Km10 -0.03 
R22 

Vmax22 0.02 

Ki10 15.65 Km22 0.05 

nB10 0.11 

R23 

Vmax23 -0.02 

Bmax10 2.37 Km23A -16.84 

R11 

Vmax11 -0.05 Km23B -16.09 

Km11A -3.3 

R24 

Vmax24 0.03 

Km11B -0.02 Km24A 0.06 

R12 

Vmax12 0.02 Km24B 9.65 

Km12A 0.14 

R25 

Vmax25 -0.3 

Km12B -16.88 Km25A -17.68 

R13* 
Vmax13 -0.21 Km25B -16.58 

Km13 0.03   
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Table 7.7 Percentage change in the endpoint butanol production in response to a 5% increase in 

each parameter in ModelS.  

Reaction Parameter Percentage Reaction Parameter Percentage 

R20# 

Bmax20 0.27 
R14# 

Vmax14 0.26 

Ki20 -0.37 Km14 -0.19 

Km20 -0.29 

R15* 

Vmax15 -0.03 

Vmax20 -0.24 Km15 0.02 

nB20 -0.14 Acetmax -0.04 

R2 
Vmax2 -0.23 Amax -0.03 

Km2 -0.21 Bmax15 -0.07 

R3# 

Vmax3 0.05 Butyrmax -0.01 

Km -0.09 Emax -0.61 

Ki3 0.07 nA -0.08 

R4 
Vmax4 -0.22 nAcetate 0.04 

Km4 -0.11 nB15 -0.17 

R5 
Vmax5 -0.23 nButyrate -0.14 

Km5 0.07 nE -0.09 

R6 
Vmax6 -0.13 

R16 

Vmax16 24.26 

Km6 0.03 Kms16 0.08 

R7* 

Vmax7 -0.01 Ka16 -0.26 

Km7 0.05 
R17# 

Vmax17 0.01 

Ki7 -0.04 Km17 -0.27 

R8 
Vmax8 -0.01 

R18* 
Vmax18 -0.10 

Km8 -0.19 Km18 0.33 

R9# 

Vmax9 0.09 
R19 

Vmax19 -3.30 

Km9 -0.15 Km19 -0.11 

Ki9 0.06 
R21 

Vmax21 3.55 

R10# 

Vmax10 0.21 Km21 0.55 

Km10 -0.04 
R22 

Vmax22 -0.69 

Ki10 0.56 Km22 -0.17 

nB10 0.14 

R23 

Vmax23 -0.32 

Bmax10 0.27 Km23A -0.32 

R11* 

Vmax11 -0.07 Km23B -0.27 

Km11A 0.21 

R24 

Vmax24 0.076 

Km11B 0.27 Km24A -0.075 

R12 

Vmax12 -0.09 Km24B -0.084 

Km12A 0.08 

R25 

Vmax25 -0.18 

Km12B -0.31 Km25A 0.01 

R13 
Vmax13 -0.08 Km25B -0.04 

Km13 0.18 
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Comparing with the parameter scan result in ModelF, ModelS exhibited similar negative 

effect of R7 and R15 and positive effect of R3, R9 and R10 on butanol synthesis. Besides, R11 

(conversion from acetoacetyl-CoA and acetate to acetyl-CoA and acetone) and R18 (pyruvate to 

lactate) showed negative effects and R3, R14 (butyrate to butyryl-CoA), R17 (lactate to pyruvate) 

and R20 (xylose consumption) revealed positive effects on butanol production. Phenolic 

compounds such as syringaldehyde, 4-Hydroxybenzoic acid and vanillin have been suggested to 

exert a considerable inhibitory effect in the ABE fermentation and they have been reported to be 

more toxic than furfural and HMF even at a low concentration (Ibraheem and Ndimba 2013). The 

mechanism of phenolic compounds inhibiting effect has been proposed in three ways: (1) phenolic 

compounds are hydrophobic in nature and therefore are considered to perturb the cell membrane 

which could lead to the loss of chemisomotic control and eventually result in the cell death 

(Fitzgerald et al. 2004), or (2) phenolic compounds interfered with the metabolic pathway from 

acetyl-CoA to butyryl-CoA (R9) in the acidogenic phase, which affected the solvent production 

eventually (Cho et al. 2009), or (3) phenolic compounds played a vital role in decreasing ATP 

(Cho et al. 2009). The parameter scan results in ModelS partially confirmed the above hypotheses. 

Specifically, in the current study with syringaldehyde addition, it was suggested that increased the 

reaction rate of conversion from G3P to pyruvate (R3), where 4 ATP can be generated from it 

(seen from Figure 7.1), could enhance butanol production. Additionally, increased the reaction rate 

from acetoacetyl-CoA to butyryl-CoA (R9) would rise butanol production as well. Overall, the 

developed models can be used to elucidate the metabolic networks of butanol fermentation by C. 

saccharoperbutylacetonicum with furfural or syringaldehyde addition and it can be deducted from 

the parameter scan results that when furfural was introduced into the fermentation, the reaction 

rate of R3, R7, R9, R10, R13 and R15 may have changed, which led to a reduced butanol 
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production, on the other hand, R3, R7, R9, R10, R11, R14, R15, R18, R20 could be responsible 

for the decreased butanol synthesis while syringaldehyde was  present in the xylose media for ABE 

fermentation. 

7.3.4 Transcriptional analysis of key genes in furfural/syringaldehyde stressed butanol 

fermentation 

Following the parameter scan results, several reactions (R3, R7, R9, R10, R11, R13, R15, 

R18) in the ABE fermentation pathway were predicted to be responsible for the reduced butanol 

production when furfural/syringaldehyde was added exogenously with xylose for butanol 

synthesis. To further confirm their effects on ABE fermentation process at the mRNA level, the 

genes that are corresponding to those reactions were selected for transcriptional analysis using Q-

RT-PCR. Specifically, the expression levels of the xylA, xylB (xylose isomerase, R20), gap 

(glyceraldehyde-3-phosphate dehydrogenase, R3), adhE (aldehyde-alcohol dehydrogenase, R7), 

bcd (butyryl-CoA dehydrogenase, R9), hbd (hydroxybutyryl-CoA, R9),  bdh (butanol 

dehydrogenase, R10), ctfA, ctfB (butyrate-acetoacetate CoA-transferase, R11/R12), buk (butyrate 

kinase, R13/R14) and lldD (lactate dehydrogenase, R17/R18) were evaluated under different 

furfural/syringaldehyde treatments with real time qPCR. As shown in Figure 7.5A, the expression 

level of the genes involved in solventogenesis pathways (ctfA and adhE), and the genes related to 

butyryl-CoA formation (bcd and hbd) were significantly different in the fermentation containing 

supplemented furfural (1.5 g/L) relative to the controls. For instance, ctfA, hbd and bcd gene was 

up-regulated by 2-, 1- and 2-fold, respectively, indicating that the protein expression level of 

butyrate-acetoacetate CoA-transferase (related to R11 and R12) and butyryl-CoA (related to R9) 

were elevated in the furfural stressed medium. In addition, the gene that is responsible for ethanol 

production (adhE) is downregulated by 2-fold in the furfural-treated group comparing to the 
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control one. This result was in a striking agreement with the fermentation result that ethanol 

production was significantly decreased in the furfural challenged medium (Table 7.3). On the other 

hand, the parameter scan results in ModelF indicated that increased the reaction rate of R9 and 

decreased the reaction rate of R7 (ethanol production) would be beneficial to butanol synthesis 

when furfural was present in the fermentation medium, however, butanol production was repressed 

in the furfural treated group even though the genes that are responsible for R9 (hbd and bcd) were 

up-regulated and ethanol production gene (adhE) was down-regulated. Three hypotheses are 

proposed. First, only the mRNA level change of some selected genes in C. 

saccharoperbutylacetonicum was monitored, however, there are thousands of genes inside the 

microorganism that were not tested and it is possible that other genes were also regulated in a 

larger extent and resulted in a reduced butanol production. To confirm this hypothesis, a whole 

genome transcriptome analysis with and without furfural addition is required in future studies.  

Secondly, furfural may not only affect the metabolic changes inside the ABE fermentation 

pathway, it has been known that the presence of furfural inhibited cell metabolism severely 

especially in the solventogenesis phase, which leads to significant decrease in butanol production 

(Tummala et al. 2003; Zhang and Ezeji 2013). Thirdly, NADH is essential for butanol production 

and the retained the NADH from reduced ethanol production was not enough to compensate the 

loss caused by furfural consumption, and as a consequence, butanol production was decreased. 

Thus, it was suggested that up-regulation of the genes that are responsible for NADH-producing 

enzymes such as glyceraldehyde-3-phosphate dehydrogenase, lactate dehydrogenase and 

downregulation of the NADH-consumption enzymes (ethanol dehydrogenase) could be the key 

role for enhancing butanol production when furfural was present in the fermentation in the future.  
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Comparing to the regulation of gene expression level in furfural challenged fermentations, 

a larger extent of gene change is observed in the syringaldehyde stressed medium (Figure 7.5B). 

The expression of ctfA (R11/R12, responsible for acetone production) was upregulated by 9-fold, 

and this result was in agreement with both the fermentation behavior and the parameter scan in 

ModelS. Specifically, ModelS suggested that the slower of the reaction rate in R11 (acetone 

production) could contribute to higher butanol production, in the transcriptional analysis, the gene 

that is responsible for acetone production (ctfA) was upregulated by 9-fold, resulting in an 

increased acetone production in the syringaldehyde treated group (Table 7.4), and as a 

consequence, butanol production was decreased. On the other hand, the expression of xylA (R20),  

bdh (R10), buk (R13/R14), lldD (R17/R18), bcd (R9) was upregulated by 3-, 7-, 4-, 3-fold and 

ahdE (R7) was down-regulated by 3-fold, respectively in syringaldehyde treated medium.  It was 

suggested from previous studies (Cho et al. 2015b; Nishimura et al. 2011) and the parameter scan 

of ModelS in the present study that overexpression of xylA, bdh and lldD could result in higher 

butanol production in clostridia, however, even C. saccharoperbutylacetonicum strived for 

enhancing butanol synthesis by increasing substrate utilization (xylA), electron transfer (lldD), 

butanol production (bdh), butanol production was still reduced when syringaldehyde was added in 

the medium. One of the explanations could be that the presence of syringaldehyde affected the 

ATPase activity and resulted in a decreased ATP amount in the ABE fermentation process 

(Ricomunoz et al. 1987), and those ATP loss cannot be fully compensated from those limited 

genetic regulation by C. saccharoperbutylacetonicum. Therefore, to minimize the toxicity of 

syringaldehyde on butanol fermentation, up-regulation the protein expression of the ATP-

producing enzyme such as glyceraldehyde-3-phosphate dehydrogenase (gap) and acetate kinase 

(ackA) would be vital.   
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Figure 7.5 Relative expression level of tested genes under variant conditions by quantitative 

reverse transcription PCR (RT-Q-PCR). (A) with furfural addition (B) with syringaldehyde 

addition (Among all the tested genes, only the genes that are significantly different with the control 

group are presented in the figure).  

 

 

7.4 Conclusions 

A kinetic simulation model was developed to accurately predict the dynamic behavior of 

metabolites in ABE fermentation by C. saccharoperbutylacetonicum in furfural/syringaldehyde 

stressed xylose media. The parameter scan results in both models suggested that increasing the 

conversion rate from glyceraldehyde 3-phosphate (G3P) to pyruvate or acetyl-CoA to butyryl-

CoA, or from butyryl-CoA (BCoA) to butanol and decreasing the reaction rate of ethanol and 

biomass formation would be beneficial for butanol production. Besides, the physiological changes 

of furfural/syringaldehyde stressed cultures were studied and differentially expressed genes were 

profiled by Q-RT-PCR. The transcriptional analysis results demonstrated that when 

furfural/syringaldehyde was supplemented, the expression of ctfA was induced and resulted in a 

decreased butanol synthesis; on the other hand, the expression of the hbd, bcd was induced and the 

adhE gene was down-regulated to reduce the toxicity of the inhibitors and strived for higher 

butanol production, however, butanol production was still repressed in the furfural/syringaldehyde 

challenged media. Therefore, the inhibitory effects of furfural/syringaldehyde on butanol synthesis 

were not implemented through the inhibition on the enzymes that are corresponding to the genes 
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of hbd, bcd, adhE or bdh.  
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CHAPTER 8 Contributions 

 

Various research have experimentally explored the inhibitory effects of some potential 

inhibitors (including substrate, weak acids, furan derivatives and phenolic compounds) that could 

be generated from the lignocellulosic biomass pretreatment and hydrolysis processes on acetone-

butanol-ethanol (ABE) fermentation by Clostridium species. However, no study was focused on 

the development of kinetic models to better understand the inhibitors effects on butanol synthesis 

in a more theoretical and systematical way.  

In this work, we have developed eight kinetic models that accurately predict the dynamic 

behavior of metabolites in ABE fermentation by C. saccharoperbutylacetonicum in the medium 

supplemented with several potential inhibitors (glucose/arabinose/xylose, butyric acid/lactic 

acid/acetic acid, and furfural/syringaldehyde). Important new knowledge about ABE 

fermentation pathways influenced by those inhibitors has been generated from this study. 

Specifically, the kinetic model considering butyric acid effect suggested that increasing the 

conversion rates from butyryl-CoA (BCoA) to butanol, from butyrate to BCoA, or from pyruvate 

to lactate would increase butanol synthesis. Similarly, reducing glucose uptake rate or the 

reaction rates from pyruvate to ACoA, from AACoA to BCoA, or from BCoA to butyrate would 

result in better butanol production. While lactic acid/acetic acid was added into the ABE 

fermentation, reducing substrate uptake rate, increasing the conversion rate from glyceraldehyde 

3-phosphate (G3P) to pyruvate or from butyryl-CoA (BCoA) to butanol would enhance butanol 

production. Then the kinetic model of ABE fermetnation in the media with various xylose 

concentrations revealed that when initial xylose concentration changed, some reactions (such as 

acetate to acetyl-CoA, acetyl-CoA to acetoacetyl-CoA, acetoacetyl-CoA to butyryl-CoA, 

butyryl-CoA to butanol, butyryl-CoA to butyrate, butyrate to butyryl-CoA, and xylose 



 168 

 

consumption) were affected, which resulted in different butanol syntheses. Next, Computational 

simulation in the model of ABE fermentation in xylose media with supplemented glucose or 

arabinose revealed that the change in the reaction rate of sugar consumption, energy/electron 

generation, acetate formation, and acetone and butanol syntheses could be responsible for the 

reduced butanol production when glucose or arabinose was added into the culture medium. At 

last, to discern their influence on butanol production, furfural and syringaldehyde as potential 

inhibitors were incorporated into kinetic models of ABE fermentation in xylose medium. The 

modeling results revealed that some metabolic reactions, such as xylose consumption, butyryl-

CoA generation and NADH/ATP formation steps, were vital for reducing the 

furfural/syringaldehyde stress on butanol synthesis. 

Overall, the developed models can be used to elucidate the metabolic networks of butanol 

fermentation by C. saccharoperbutylacetonicum when some inhibitors were supplemented in the 

culture media, and consequently to identify genetic manipulation strategies for more efficient 

bio-butanol production from lignocellulosic biomass in the future. 
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Table S1. Kinetic parameters estimated by processing experimental data of initial glucose concentration of 124.9 mM (22.5 g/L) and lactic acid of 55.5 mM (5g/L). 

 

 

 

 

R Vmaxj Kmj Kisj Kaj Kmsj KmjA KmjB Amax Bmaxj Emax Acetmax ButyrMAX nA nBj nE nAcet nButyr 

  (h-1) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM)           

R1 22.99 298.99 24.68 
  

0.018 2.96 
 

299.73 
    

3.2E-04 
   

R2 65.06 195.03 
               

R3 0.77 119.79 
               

R4 3.21 0.05 
               

R5 0.66 123.24 
               

R6 9.9E-04 1962.92 
               

R7 0.37 1827.47 
               

R8 180.20 2.56 
               

R9 999.9 0.17 
               

R10 1.63 7.4E-04 
 

0.81 
    

179.18 
    

1.0E-06 
   

R11 1474.91 
    

36.65 51.12 
          

R12 43.20 
    

1178.96 12.63 
          

R13 37.83 161.86 
               

R14 387.11 1226.78 
               

R15 1101.87 13.19 
     

114.10 192.4 701.07 380.831 159.31 6.14 2.5E-05 2.03 2.61 1.27 

R16 4.89E-05 
  

1073.23 1748.79 
            

R17 177.77 190.57 3.0 
              

R18 1.05 1135.37 
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Table S2. Kinetic parameters estimated by processing experimental data of initial glucose concentration of 124.9 mM (22.5 g/L) and acetic acid of 83.3 mM (5g/L). 

 

 
 

R Vmaxj Kmj Kisj Kaj Kmsj KmjA KmjB Amax Bmaxj Emax Acetmax ButyrMAX nA nBj nE nAcet nButyr 

  (h-1) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM)           

R1 10.89 150.493 60.10 
  

0.018 2.96 
 

265.23 
    

0.08 
   

R2 1999.85 2000 
               

R3 1999.88 24.92 
               

R4 191.13 41.80 
               

R5 6.27E-05 2000 
               

R6 811.07 1993.7 9.19 
              

R7 0.46 1953.5 
               

R8 10.42 1.39E-06 
               

R9 14.37 61.68 
               

R10 12.78 0.51 
 

176.05 
    

293.77 
    

5.51 
   

R11 296.3 
 

0.25 
  

23.09 0.31 
          

R12 103.67 
    

1366.27 2.18 
          

R13 25.05 60.53 
               

R14 296.56 787.28 
               

R15 948.92 18.66 
     

64.39 265.18 209.23 222.62 158.07 1.25 31.62 4.73 8.81 24.72 

R16 53.09 
  

1998.88 180.63 
            

R17 0.21 39.41 
               

R18 35.54 313.47 
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Table S3. Kinetic Parameters Estimated by Processing Experimental Data of Initial Xylose Concentration of 299.4 mM (45 g/L). 

 

Reactions Vmaxj Kmj Kisj Kaj Kmsj KmjA KmjB Amax Bmaxj Emax Acetmax ButyrMAX nA nBj nE nAcet nButyr 

  (h-1) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM)           

r20 4.98 59.98 98.28      191.78     0.00024     

r21 299.8 6.69                 

r22 107.7 55.44                 

r23 216.61     0.1 0.24            

r24 214.05     0.003 25            

r25 294.64     0.018 2.96            

r2 79.89 0.17                 

r3 281.32 7.46                 

r4 293.16 0.23                 

r5 6.7 34.25                 

r6 0.005 0.527                 

r7 0.49 0.01                 

r8 319.97 30.89                 

r9 299.98 9.98                 

r10 99.97 0.005  1.79     171.98     1     

r11 2.99     0.006 299.94            

r12 0.24     100.93 237.08            

r13 207.97 0.01                 

r14 209.22 0.15                 

r15 0.5 0.91      5.57 172.01 479.53 15.4 17.48 0.004 0.3 1.48 0.046 0.48 

r16 0.005   4.76 12              

r17 9.81 179.33                 

r18 9.9 549.5                               
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Table S4 Kinetic parameters estimated by processing experimental data of initial xylose concentration of 299.4 mM (45 g/L) and glucose of 27.8 mM (5g/L). 

Reac
tions 

Vmaxj Kmj Kisj Kaj Kmsj KmjA KmjB Amax Bmaxj Emax 
Acetma

x 
ButyrMA

X 
nA nBj nE 

nAce

t 
nButy

r 
(h-1) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM)      

r20 92.82 65 
82.1

1 
     171.

05 
    0.2

4 
   

r21 292.8 5.05                

r22 255.15 34.70                

r23 58.45     0.994 1.23           

r24 200     1.89 29           

r25 299.96     0.948 23.4           

r1  65   1.83    
209.

5 
    0.75    

r2 120 0.3                

r3 108.8 127.1                

r4 273.25 
286.5

4 
               

r5 32 11.4                

r6 7.39 1.142                

r7 0.15 0.196                

r8 335.2 102.0                

r9 199.98 9.80                

r10 161.16 1.173  13.2
4 

    243.
05 

    1.05    

r11 15.1     0.000
6 

0.015           

r12 1.99     108.8 167.58           

r13 155.86 1.83                

r14 194.96 9.16                

r15 1.68 3.6      294.
48 

198.
2 

714.2
5 

197.4 498.84 
4.0
8 

1.93 
1.5
6 

1.8
6 

0.8
2 

r16 2.89   2.00 
19.3

1 
            

r17 6.46 1.76                

r18 140.7 
342.3

8 
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Table S5 Kinetic parameters estimated by processing experimental data of initial glucose concentration of initial xylose concentration of 299.4 mM (45 g/L) and 

arabinose of 33.30 mM (5g/L). 

Reactions Vmaxj Kmj Kisj Kaj Kmsj KmjA KmjB Amax Bmaxj Emax Acetmax ButyrMAX nA nBj nE nAcet nButyr 

 (h-1) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM)      

r20 50.51 194.98 192.08      161.91     3.81    

r21 199.8 96.78                

r22 114.8 19.71                

r23 245.77     49.56 156.84           

r24 389.86     77.91 6.37           

r25 199.96     199.28 192.96           

r26 35.23 198.12 191.08      175.29     0.01    

r2 30.01 480.86                

r3 113.28 436.42                

r4 166.21 931.02                

r5 156.85 157.27                

r6 181.23 65.56                

r7 14.58 199.3                

r8 172.09 843.25                

r9 183.43 268.56                

r10 206.21 1.99  2.15     199.61     434    

r11 184.5     171.16 170.52           

r12 188.12     198.21 6.53           

r13 107.52 82.21                

r14 199.99 129.62                

r15 165.14 12592      19.96 154.26 157.8 255.92 357.68 1.53 0.3 1.48 2.13 3.97 

r16 15.56   59.26 12.65             

r17 14.59 199.39                

r18 168.05 370.28                
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Table S6 Kinetic parameters estimated by processing experimental data of initial xylose concentration of 299.4 mM (45 g/L) and furfural of 15.6 mM (1.5g/L). 

React
ions 

Vmaxj Kmj Kij Kaj Kmsj KmjA KmjB Amax Bmaxj Emax 
Acetma

x 
ButyrMA

X 
nA nBj nE nAcet 

nBut

yr 
(h-1) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM)      

r20 43.74 49.98 49.99      299.9     0.18    

r21 499.05 91.02                

r22 455.15 49.70                

r23 49.99     3.82 0.02           

r24 27.12     0.05 
158.

6 
          

r25 507.57     253.
4 

155.
8 

          

r2 499.9 0.49                

r3 449.08 0.08 0.03               

r4 198.45 147.78                

r5 34.49 49.12                

r6 80.73 34.42                

r7 24.56 42.86 14.29               

r8 0.39 0.006                

r9 45.38 0.002 34.45               

r10 430.8 4.9 19.31      415.8     0.01    

r11 23.49     21.2 3.05           

r12 0.04     49.9 49.9           

r13 316.3 204.4                

r14 280.8 204.3                

r15 366.1 267.7      499.
9 

198.2 76.6 410.7 478.8 
0.0
3 

0.93 
0.0
1 

0.06 5.2 

r16 32.8   3.74 40.54             

r17 27.43 89.95                

r18 498.8 49.98                

r19 16.46 57.71                
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Table S7 Kinetic parameters estimated by processing experimental data of initial xylose concentration of 299.4 mM (45 g/L) and syringaldehyde of 8.8 mM (1.6 

g/L). 

Reacti
ons 

Vmaxj Kmj Kij Kaj Kmsj KmjA KmjB Amax Bmaxj Emax 
Acetma

x 
ButyrMA

X 
nA nBj nE nAcet 

nButy

r 

(h-1) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM)      

r20 28.80 49.93 49.57      497.8     0.37    

r21 169.45 50.08                

r22 499.57 174.47                

r23 45.02     0.02 5.00           

r24 499.57     3.09 158.6           

r25 279.82     253 1.30           

r2 376.83 39.39                

r3 499.73 0.0001 0.007               

r4 278.35 442.65                

r5 170.29 41.45                

r6 462.01 497.72                

r7 91.41 35.11 0.38               

r8 142.07 49.99                

r9 498.11 55.29 1.13               

r10 226.22 138.66 0.73      154.7     0.42    

r11 545.94     49.76 49.06           

r12 4.06     54.7 39.4           

r13 149.31 499.98                

r14 342.39 283.89                

r15 71.52 24.61      497 215.9 49.51 128.1 457.15 0.6 0.31 0.3 1.58 1.29 

r16 38.87   4.99 19.8             

r17 307.73 34.35                

r18 837.78 550.05                

r19 23.32 31.29                
 


