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Glucose Tolerance of Clostridium acetobutylicum 
Fermentation in the Anaerobic System
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Solvent-producing Clostridium acetobutylicum was purified and used in an 
acetone-butanol-ethanol (ABE) fermentation process. The objective of this 
study is to design a fermentation medium for the synthesis of butanol and 
determine the ideal glucose concentration for appropriate microbe 
ingestion. The fermentation medium was incubated at 37 °C for up to 90 
h before inoculation while being sparged with nitrogen gas under 
anaerobic conditions. Based on the optical density of fermentation media, 
the growth rate was also monitored. At 60 g/L of glucose, which was the 
optimum condition for fermentation, the process followed a log phase 
pattern until the death phase, with the largest growth taking place between 
10 h and 50 h after incubation. The C. acetobutylicum steadily consumed 
the glucose content, reaching its maximal consumption with only around 
12 g/L remaining. In contrast to acetone and ethanol, which produced the 
highest concentrations at 6.4 g/L and 5.2 g/L, respectively, butanol 
productions were seen appropriately, with the greatest concentration 
yielding 11.2 g/L of butanol. This shows that C. acetobutylicum expressed 
its active metabolism for up to 60 g/L and further increase of glucose 
content will deteriorate the performance of butanol production.
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INTRODUCTION

Biobutanol is an alternative type of biofuel that can be produced mainly by the 
fermentation of sugars in organic feedstocks. Butanol has a low vapor pressure. It is also 
less corrosive than bioethanol and can be blended with gasoline or used directly (Qureshi 
et al. 2008). Unlike bioethanol, biobutanol has higher energy density, lower volatility, 
higher boiling point, and is less hygroscopic. Compared to other fuel alternatives, 
biobutanol has a relatively high energy content (Patakova et al. 2012). The energy density 
of biobutanol is 10  to 20% lower than gasoline. Low volatility means that the substance is 
more of a liquid or solid, which means that biobutanol does not evaporate easily at certain 
temperatures. The volatility of the substances and the boiling point have been related 
(Cheng et al. 2012). Biobutanol will become an attractive, cost-effective, and long-term 
fuel when petroleum becomes more expensive due to dwindling oil sources and increased 
greenhouse gas emissions in the environment (Jonsson et al. 2013). To improve butanol 
production, metabolic networks are being manipulated through genetic and metabolic
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engineering. Fermentation methods for butanol production have made significant progress 
but are still inefficient (Koutinas et al. 2014). One of the methods carried out is the use of 
Clostridium acetobutylicum, which allows the production of biobutanol during the 
fermentation process (Mesfun et al. 2014). This bacterium uses sugar as a substrate and 
produces a mixture of solvents.

Clostridium acetobutylicum is a well-studied species that has been used in the 
development of an industrial fermentation process for the production of acetone, butanol, 
and ethanol (ABE). This species can be manipulated to achieve direct metabolism toward 
butanol synthesis by manipulating the redox balance (Zhang et al. 2014). During the 
fermentation process, C. acetobutylicum exhibits a biphasic metabolism, producing acetic 
and butyric acids during exponential growth and ABE during the stationary growth phase 
(Wietzke and Bahl 2012). However, in the presence of its products and byproducts, the 
fermentation process of C. acetobutylicum may be inefficient, resulting in low butanol 
production and conversion rate (Gao et al. 2020). Therefore, in this study, the fermentation 
process of C. acetobutylicum was carried out to evaluate its tolerance to glucose and 
determine the optimal conditions for biobutanol production.

EXPERIMENTAL 

Fermentation Media
The pre-culture media (PCM) were prepared in 1.0 L of solution containing 10 g/L 

of glucose, 5 g/L of yeast extract, 0.01 g/L p-aminobenzoic acid, 0.01 g/L biotin, 0.80 g/L 
K2HPO4, 0.80 g/L KH2PO4, 2 g/L (NH4)2SO4, 1.0 g/L NaCl, 0.2 g/L MgSO4-7H2O, 0.01 
g/L MnSO4^H2O, and 0.01 g/L FeSO47H2O. The material was thoroughly mixed via 
agitation for an hour. To complete a further fermentation process, Clostridium media were 
also prepared using 20 to 120 g/L of glucose, whereas other constituents were kept constant 
at 5 g/L of yeast extract, 0.20 g/L Na2SO4, 0.8 g/L KH2PO4, 1.0 g/L tryptone, and with 
mineral salts added that consisted of 0.25 g/L Na2MoO42H2O, 0.25 g/L C oC h6H2O, 1.5 
g/L CaCh-2H2O, 0.15 g/L CuSO4, 0.52 g/L ZnSO4-7H2O, 2.0 g/L M nSO 4^O , and 25 g/L 
MgSO4^7H2O. All the initial media were maintained at pH 6.9 ± 0.2 to ensure an optimal 
growth condition for the microbes (Khamaiseh et al. 2014). The homogenized media were 
then autoclaved at 121 °C for 15 min to undergo sterilization.

Inoculum Preparation
Clostridium acetobutylicum ATCC 824 was purchased from the American Type 

Culture Collection (ATCC, Japan). The inoculum was cultured in PCM and sparged with 
nitrogen gas for 15 min prior to inoculation. It was then incubated for 24 h at 37 °C. All 
fermentation medium experiments were conducted in a self-designed 0.25-L conical flask 
with tubing stopper-based reactor containing 200 mL of fresh medium and 10% PCM 
(Khamaiseh et al. 2014). The fermentation was conducted under anaerobic conditions at 
37 °C. Nitrogen gas was used to purge the air out through the head tubing of the fermenter 
and maintain the oxygen-free environment. The analysis was performed using UV-Visible 
spectroscopy (U-3900H; Hitachi, Ltd., Tokyo, Japan) for evaluation of optical density, 
whereas high performance liquid chromatography (HPLC) (Thermo Scientific Vanquish 
HPLC; Thermo Fisher Scientific, Waltham, MA, USA) and gas chromatography (GC) 
(GC-2010; Shimadzu, Kyoto, Japan) were used to assess the glucose content and
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fermentation products, respectively. Each of the analyses was conducted in triplicate 
samples with the assistance of a calibration curve.

RESULTS AND DISCUSSION 

Glucose Consumption
Glucose is the preferred carbon source for Clostridium species, and because all 

major carbon metabolic pathways are constitutively expressed, glucose is effectively 
utilized. Furthermore, glucose predominates among all commercially available polymer- 
based carbohydrates (Jaros et al. 2012). In this study, glucose served as the carbon source 
for batch fermentation of C. acetobutylicum. The glucose consumption by the microbes 
was evaluated based on the concentration of 20 to 120 g/L across the experimental periods 
of 10 to 90 h. The assessment was conducted to evaluate the optimum glucose 
concentration that should be used in fermentation.

10 20 30 40 50 60 70 80 90

Time (h)

Fig. 1. Glucose concentration and percentage vs. time

Figure 1 provides a clear representation of the change in glucose concentration over 
time, indicating that the glucose concentration had a remarkable impact on the percentage 
of glucose consumption by C. acetobutylicum. Consumption patterns between 20 and 60 
g/L showed that fermentation was active during that time. Because the intake over a period 
of 90 h demonstrated the efficient utilization of glucose, the concentration that offered the 
best fermentation was at 60 g/L. This concentration may be consumed for maximum to 12 
g/L left, as opposed to 20 g/L and 40 g/L. This indicates a large consumption by C. 
acetobutylicum, which also concludes that the product can be achieved at maximum level. 
A further increase in the glucose loadings may result in a decrease in the amount of 
substrate that the bacteria consume. This can be attributed to suppression of solvent 
formation whereby C. acetobutylicum produces solvents including acetone, ethanol, and 
butanol during the later stages of fermentation, a process known as solventogenesis. 
Excessive glucose levels can promote acid production at the expense of solvent production. 
This can result in reduced yields of the desired products (Durre 2007). The effective 
utilization of glucose had only occurred up to 60 g/L. The 120 g/L does not indicate a
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considerable condition for fermentation process, according to the testing. The amount of 
glucose consumed is minimal, with a total consumption of about 8 g/L over the period of 
90 h.

Optical Density
The optical density for C. acetobutylicum was estimated using a UV-Visible 

spectrophotometer. A spectrophotometer measures the quantity of light that passes straight 
through a sample and calculates the turbidity as a result. The quantity of transmitted light 
decreases as the number of cells rises. An increasing in turbidity in a culture indicates the 
growth and biomass of the bacterial population because turbidity is directly related to cell 
count. It is also referred to as optical density or absorbance, and indirectly indicates the 
number of bacteria (Vijayanand et al. 2017). Using absorbance, which is expressed as 
logarithmic value, it is possible to graph the bacterial growth. The sensitivity of this 
approach is restricted to bacterial suspensions, which limits its usefulness while being 
faster than a traditional plate count (Jones and Woods 1986). Figure 2 portrays the 
absorbance curve for the prepared inoculum of C. acetobutylicum. The absorbance peak 
appears at 600 nm of wavelength. This indicates the amount of light absorbed by the 
sample, which contains C. acetobutylicum. The absorbance value is used to analyse the 
presence and concentration of any dissolved compounds when light passes through the 
sample (Martin et al. 1983). A range of glucose concentrations between 20 and 120 g/L 
were evaluated across six consecutive differences.

i
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^ ^ 2 0 g / L  ^ ^ 4 0 g / L  — ^ 6 0 g / L  ^ ( ^ 8 0 g / L  — * ^ 1 0 0 g /L  — ^ 1 2 0 g / L

Fig. 2. Optical density of C. acetobutylicum

The data shown for those six different concentrations indicate that 60 g/L of glucose 
was the best concentration to prepare the medium. An insufficient substrate level that 
results from a gradual drop in glucose will hinder the bacteria's ability to grow effectively. 
The fermentation process will also be harmed by subsequent increases in the amount of 
glucose present in the medium. This happened because some strains of C. acetobutylicum 
may exhibit catabolite repression, a regulatory mechanism that prioritizes the utilization of 
glucose over other carbon sources. In the presence of excess glucose, the bacterium may 
not efficiently utilize alternative carbon sources, which can limit its overall growth and
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metabolic activity (Al-Shorgani et al. 2019). This requirement, that the glucose 
concentration should be maintained at an appropriate level to reduce the substrate 
inhibition that may impair the functional ability of 6-phosphofructokinase and pyruvate 
kinase, has been confirmed by an earlier investigation (Liu et al. 2016). When there is a 
surplus of substrate present, substrate inhibition can occasionally occur. Every reaction 
activity has a maximal state that is specific to the rate of reaction. Thus, further increasing 
the substrate concentration could result in failure.

Technically, the bacteria should go through a normal growth process, whereby it 
needs to undergo an initial stage, which is the lag phase. Occasionally, the log phase is 
entered, whereby a rapid cell division and an increase in population occur. The log phase 
can be said to end as the rate of cell division equals the rate of cell death, resulting in a 
stable population size. This stage is called as the stationary phase, and its onset may be 
attributed to nutrient depletion or the accumulation of metabolic waste products. The 
growth of bacteria will come to an end when the bacterial population starts to decline. This 
can occur due to a lack of nutrients, accumulation of toxic metabolites, or other adverse 
conditions. In terms of growth rate period, it depends on the bacteria species as well as the 
conditions of its environment (Madigan et al. 2017).

In this research, a normal growth rate can be seen when the glucose concentration 
was optimal (60 g/L), whereby a lag phase would start at 0 to 10 h and would therefore 
shift to a log phase until 50 h passed after incubation. The microorganisms entered a 
stationary phase after a few hours and then gradually transitioned into their death phase. 
This can be explained by the apparent low optical density increment that begins at 50 h and 
continues until the end. In light of this, it may be said that C. acetobutylicum may only be 
able to ferment vigorously during 10 to 50 h of incubation.

Fermentation Products
The ABE fermentation products were analysed using gas chromatography. The 

results from the experimental investigation are presented in Fig. 3. These values were 
determined using calibration curves that were plotted for each of the main fermentation 
products. The evaluation was conducted to express the capability of C. acetobutylicum to 
produce butanol and made comparisons to acetone and ethanol productions.

Fig. 3. Fermentation products
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Analysis showed that employing 60 g/L of glucose resulted in the maximum value 
of butanol production. At this substrate concentration, acetone and ethanol also displayed 
a strong relationship with the fermentation processes. Based on these three products, 
ethanol and acetone are in order of decreasing peak concentration, and butanol is at the top. 
This has been demonstrated by Janssen et al. (2014), who note that the typical acetone, 
butanol, and ethanol ratios are 3:6:1, respectively, but that these values can vary depending 
on the circumstances. A lower solvent concentration occurs due to the fermentation gases, 
which consisted of about 60% CO2 and 40% H2, accounting for 50% of the glucose 
fermented (Janssen et al. 2014). In addition, this happened due to the condition where there 
are two unique phases in the ABE fermentation. These included an acidogenic phase where 
a surge in bacterial population and growth tends to promote the production of butyric acid, 
acetic acid, and fermentation gases (CO2 and H2). Glycolysis, which resulted in the 
formation of pyruvate from the sugars, also involved two distinct fermentation gases (CO2 
and H2). The bacterial metabolism changed at the end of the exponential growth phase, 
leading to the formation of acetone, butanol, and ethanol from the acids (Jiang et al. 2014). 
Because there was less substrate present when the glucose level was below 60 g/L, fewer 
products were produced. Nevertheless, when the glucose level rose over the optimal level, 
the efficiency of the fermentation process deteriorated. These findings support the 
phenomenon that led to the correlation of the optical density and glucose consumption. 
Hence, it can be said that 60 g/L is the ideal concentration to be used for C. acetobutylicum's 
fermentation process.

CONCLUSIONS

1. Based on the findings from the analyses of glucose consumption, growth rate 
evaluation, and fermentation product assessment, 60 g/L is the optimum concentration 
for fermentation by Clostridium acetobutylicum.

2. The relationship between glucose consumption and fermentation products indicates 
active fermentation from 20 to 60 g/L. Further increasing the concentration to 120 g/L 
may cause a decrease in reaction rate due to catabolite repression and suppression of 
solvents resulting from the toxicity of acids produced during the fermentation process.

3. This research study provides valuable insights into the optimal glucose concentration 
for butanol production. It highlights the limitations when working with 
microorganisms such as C. acetobutylicum to achieve desired products. Maintaining 
optimum conditions is crucial to maximize output.
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