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Abstract: In an earlier investigation, novel Clostridial fusants were introduced and demonstrated an
ability to produce biobutanol at the relatively high temperature of 45 ◦C. The objective of the present
study is to further improve the fused strains through examining the impact of mutation agents on
their stability, tolerance to biobutanol toxicity and biofuel production capability. The results for the
mutated strains showed enhanced resistance to biobutanol by the fused strains and better biobutanol
generation by cells. Furthermore, the results showed high biobutanol production (14.7–15 g/L), with
a total Acetone, Biobutanol and Ethanol (ABE) yield of 0.6 g/g. Moreover, mutated strains showed
tolerance to biobutanol toxicity up to 15 g/L, which is equivalent to a ~15% increase over literature
values. The oxygen tolerance study showed improved performance by the mutated anaerobic fusant.
In general, the mutation of fused clostridium strains using UV and EMS leads to the identification of
stronger robust strains that show higher tolerance to oxygen and biobutanol toxicity and achieved
higher yield.

Keywords: lignocellulosic biofuel; biobutanol; fused strain; wheat straw; microbial tolerance;
mutagenesis; simultaneous saccharification and fermentation (SSF)

1. Introduction

As countries around the world ratify the Paris agreement and with the rising world-
wide concern about climate change, the search for alternatives to fossil fuel has intensified.
Biofuels such as ethanol, biodiesel and biogas have been in use in many jurisdictions
around the world. Increasingly, biofuels are a transition fuel, providing a short-term
alternative to fossil fuels and, hence, an effective method of lowering greenhouse gas
(GHG) emissions, especially in the transport sector [1,2]. The first generation of biofuels are
produced from sugars, grains or seeds and require a simple process to convert them into
biofuel. Advancements in bioethanol production using different sustainable and renewable
feedstocks have also been widely investigated [3,4]. Ethanol is the most common type of
liquid biofuel, mostly produced from corn (in the USA) or sugarcane (in Brazil). Criticism
of first-generation biofuels primarily includes debates about the ethics of diverting food
crops for fuels and associated implications for food price volatility [1,2]. The utilization of
agricultural waste to produce biofuels has garnered growing interest over first-generation
biofuels. The Ukraine–Russia war caused a major shortage of grains in the food market
worldwide. This raised a concern about whether these resources could be utilized for
the production of first-generation biofuels [5]. The issues with first-generation biofuels
have led to the development of second-generation biofuels. Second-generation biofuels
are produced from the processing of lignocellulotic biomass. Their main advantage over
the previous generation is that they utilize the non-edible residues of food crops (wheat
straw, corn stover). However, the production of second-generation biofuels requires not
only sophisticated processing technologies but also more investment per unit of production
resources accompanied by large-scale facilities [6].
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Biobutanol can also be produced from agricultural residue and is considered a better
alternative to ethanol. This can be explained by its longer hydrocarbon chain, which has
a 30% higher energy content than ethanol and is closer to gasoline in its properties [7,8].
Biobutanol, in its pure form, can be blended in any concentration with gasoline. This is
unlike ethanol, which can only be used in blended forms of up to 85% [7]. Furthermore,
biobutanol can be used in current vehicle engines without significant modifications [8].
Biobutanol is also not hygroscopic (water-absorbent), which allows blending with gasoline
at a refinery before storage and distribution. Ethanol requires mixing to occur shortly
before delivery due to its hygroscopic nature [7,8].

Several studies have shown that biobutanol can be produced using different microor-
ganisms mostly belonging to the Clostridium family [9,10]. ABE fermentation is a two-phase
process that has been widely used to produce biobutanol [11,12]. This fermentation in-
volves acidogenesis (production of acids) followed by solventogenesis (production of
solvents) [11]. However, the ABE process is time- and resource-consuming. Thus, research
is looking intently at the integration of the different steps into one single stage to make
ABE fermentation economically feasible. These steps currently include pre-treatment,
simultaneous saccharification and fermentation (SSF) and products recovery [12].

The main objective of this study is to determine whether UV irradiation and treatment
with an appropriate chemical mutagen (ethyl methane sulphonate) is the best means
of producing desirable mutants of a novel fused clostridial strain that was developed
and utilized earlier at the Nanocomposites and Biomaterials Lab at Toronto Metropolitan
University [13–15]. These strains were developed by protoplast fusion techniques. This
method was initially used in plant genetic modifications to change the genetic makeup
of cells and impart desired characteristics to a plant species, e.g., introducing resistance
to potato leafroll disease in potato plants [16]. Protoplasts can be readily isolated from
bacterial cells by digestion of cell walls with the help of lysozyme in the presence of osmotic
stabilizers [17,18]. One of the major challenges of SSF is the different temperatures required
for the enzymes to break down the cellulose and the microbes fermenting the sugars
released. These new fusants (Clostridium thermocellum fused with Clsotridium bejirincii strain
to create the CbCt fused strain) showed thermal stability that facilitated the production
of biobutanol at higher temperatures [13–15]. This enabled the pursing of ABE in SSF at
45 ◦C, which is required for breaking down lignocellulotic compounds [13–15]. Under
these conditions, the fused strains showed better yield than the wild Clostridial strains;
however, another major hurdle limiting biobutanol fermentation was the toxicity of the
biobutanol produced [19,20]. A concentration of around 13 g/L of n-biobutanol is relatively
toxic and will inhibit the bacterial cells from producing more solvents [21,22].

Mutation and selection of strains has been widely used to achieve strain improvement
and improve yields [23]. Studies have shown that mutated clostridial strains show higher
yield of biobutanol [24]. Furthermore, research has shown that strains which are more resis-
tant to biobutanol toxicity achieve increased production [22,24]. Similarly, solvent-tolerant
mutated C. beijerinckii strains also showed higher biobutanol yields [25]. Mutagenesis is an
established way to identify stronger strains [26]. Mutagenesis of Clostridia can be conducted
using different mutagens, e.g., UV or chemical mutagenesis (using mutagens such as ethyl
methane sulphonate). UV and EMS have been used with success in numerous mutagenesis
studies and thus were chosen for the present study [21,27,28].

2. Materials and Methods
2.1. Materials and Chemicals

The bacterial strain used in this study was a fusant of two clostridia species, namely
Clostridium beijerinckii (ATCC BA101) (Cb) and Clostridum thermocellum (ATCC 27405) (Ct),
that were both purchased initially from American Type Culture Collections (Canada). The
fused strain CbCt was prepared according to the procedure published elsewhere [13–15].
The CbCt strain showing the highest ABE production was used for further mutagenesis
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and biobutanol production study. All the chemicals were purchased from Sigma–Aldrich
and were used as received without any further purification.

2.2. Experimental Procedure and Method
2.2.1. Culture Conditions and Medium Preparation

The fused strain prepared earlier from the fusion of protoplasts derived from Cb and
Ct (i.e., CbCt) was selected for mutation study [13,21]. The protoplast-fused strain used
throughout the current study is referred to as the fused parent strain.

All the mutagenesis and other microbiological practices were carried out in an anaero-
bic glove box (Terra Universal, Canada) under sterile conditions at a mean temperature of
25 ± 2 ◦C. To create an anaerobic environment inside the glove box, a vacuum pump was
used for 10 min to extract the air from the chamber. Then, N2 gas was purged through the
box for 10 min to create a sterile anaerobic environment. The N2 gas was switched off after
all the microbiology techniques had been performed in the anaerobic glove box, and all the
serum bottles were properly sealed using a crimper. The glove box was cleaned routinely
by wiping of the work surface with 70% ethanol before and after the work. Additionally,
the work surface was exposed to the ultraviolet light to be sterilized for 20 min before the
inoculation of the bacteria.

The parent fused clostridium strains CbCt were inoculated in Clostridial Basal Medium
(CBM) overnight to bring them out of their sporulation state [29]. Before the strains were
inoculated, their spores were heat shocked at 80 ◦C for 5 min, and the heat-shocked
spore suspensions were then grown overnight in Clostridial Basal Medium (CBM) under
severe anaerobic conditions [29]. CBM was created by mixing Glucose 10 g/L, MgSO4
7H2O 0.2 g/L, MnSO4 5H2O 0.01 g/L, FeSO4 7H2O, 4′-Para amino benzoic acid (PABA)
0.001 g/L, Biotin 0.2 g/L, Thiamine hydrochloride 0.001 g/L and Casein hydrolysate 4 g/L
into distilled water. After autoclaving for 20 min at 121 ◦C, sterile potassium phosphate
buffer pH 7.0 was added aseptically to a final molar concentration of 0.05 [27]. The agar
plates were prepared by mixing nutrient agar with 23 g/L of distilled water. A pour plate
technique was used to create Petri dishes containing nutrient agar. These plates are used
to grow bacterial colonies and determine the colony count. 2% ethyl methane sulphonate
(EMS), a chemical mutagen, was created to induce chemical mutagenesis in the bacterial
strains [27]. The culture media was autoclaved at 120 ◦C for 60 min in the autoclave [30]. A
bacterial culture of 3 mL was inoculated into 50 mL of CBM media and left overnight in
45 ◦C in a CO2 environment. After 18 h of incubation, the bacterial culture was subjected
to mutation by exposure to UV radiation and EMS.

2.2.2. Mutagenesis Study
UV-Mutagenesis

The culture media with 18 h of bacterial growth was placed in a flat Petri dish of size
100 cm2 × 15 mm (surface area × depth) inside the anaerobic glove box. The surface of the
media was placed at a distance of 6 cm from the UV-light source [27]. A control sample of
100 microliters was plated on 2% agar plates of size 100 cm2 × 15 mm. Then, the sample
was placed below the UV-light tubes and exposed for time intervals of 5 min for a total
time of 30 min. In order to analyze the mutated strain’s tolerance to biobutanol toxicity, a
sample of 100 microliters was taken after each interval of 5 min and was plated on nutrient
agar plates in addition to agar plates containing 15 g/L and 16 g/L of biobutanol. These
plates were incubated overnight, and the following day the cell count was determined.

Chemical Mutagenesis

A control sample was taken initially and plated in an agar plate. 2% EMS was added to
the media and samples were taken at time limits of 20, 40, 50 and 60 min. Each time a sample
was taken, it was washed with buffer (25 mM potassium phosphate with 1 mM magnesium
sulphate at pH 7.0) twice by centrifuging it at 2000× g for 5 min; this was done to remove
the EMS. Then, the remaining cells were re-suspended in the buffer, and 100 microliters of
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the solution was plated on agar plates including ones infused with 15 g/L and 16 g/L of
biobutanol. These were incubated and the cell count determined the next day [27].

The cell count method was used to calculate the surviving fraction, which is the fraction
of cells that survived exposure to the mutagen. The relative induced mutation frequency
(RF) was calculated as the proportion of a mutant strain present in a cell population
that had survived a recorded period of exposure to a potential mutagen, divided by the
proportion of the same mutant strain that was present in the cell population not exposed to
the mutagen [27]. Several strains mutated by UV and EMS at different exposure times and
showing reasonable to high relative frequencies and tolerance to biobutanol were further
utilized for biobutanol production in SSF with feedstock of WS. Table 1 summarizes the
different mutation parameters that were chosen for this study.

Table 1. Maximum individual sugar concentrations consumed by mutated strains during SSF of WS.

Strain Mutation
Parameters

Glucose Xylose Arabinose Mannose Galactose
Total Sugar

(g/L)Maximum *
(g/L)

Final
(g/L)

Maximum
(g/L)

Final
(g/L)

Maximum
(g/L)

Final
(g/L)

Maximum
(g/L)

Final
(g/L)

Maximum
(g/L)

Final
(g/L)

S1 Control 25.6 0.52 12.9 5.76 4.2 0 1.65 0 2.2 0.87 39.77
S2 10 min UV 27.1 0.50 13 5.71 4.2 0 1.67 0 2.2 0.88 41.26
S3 15 min UV 25.9 0.6 12.6 5.74 4.5 0.01 1.5 0 2.2 0.89 39.88
S4 20 min EMS 26.4 0.56 14.2 5.74 4.39 0.02 1.26 0 2.2 1.02 39.53
S5 40 min EMS 26.9 0.52 14.3 5.73 4.3 0.03 1.35 0.01 2.2 1.05 40.11
S6 50 min EMS 26.7 0.51 13 5.77 4.21 0.01 1.64 0.01 2.2 0.9 39.77
S7 60 min EMS 25.9 0.53 12.9 5.91 4.19 0.02 1.4 0.01 2.2 1.04 38.47

* Concentration value of sugar used for calculating total and percentage sugar consumption.

2.2.3. Hydrolysis of WS

Before being used as a substrate for fermentation, WS was ground into fine particles
using a 1 mm Sieve screen in a hammer mill (Retsch GmbH Inc., Haan, Germany). Acidic
pre-treated WS was obtained by suspending 4.5 g (dry) in 50 mL of 1% dilute sulphuric acid
(H2SO4) in 250 mL Wheaton serum bottles [31]. The dilute sulphuric acid (1%) solution was
prepared by adding 1 mL of 99.99% sulphuric acid to 99 mL water. The WS–acid solution
was autoclaved at 121 ◦C for 60 min. The pH of the culture medium was adjusted to 7.0
using NaOH and the volume was increased to 50 mL using autoclaved water to make up
for the water lost during the autoclaving process. The serum bottles were removed from
the autoclave and allowed to cool down to room temperature prior to inoculation [32]. A
blank sample was taken before inoculation and analyzed for initial individual and total
sugars present.

2.2.4. Biobutanol Production in Batch SSF

Biobutanol production was examined using the mutated strains showing the highest
growth and relative frequency of mutation. Cells were taken from each chosen strain and
incubated for 18 h in CBM for inoculation in pre-treated WS medium. The pre-treated WS
was inoculated with the mutated strains, and the SSF was continued for 120 h. Previous
studies conducted beyond 120 h had showed no change in solvent concentration after
120 h [20]; thus, in the present study the SSF was carried out to 120 h. Samples were taken
initially to serve as a control and then every 24 h until 120 h.

2.2.5. Statistical Analysis

All experiments were conducted in triplicate, and reported data are the mean value
among these outcomes. SSF experiments were also repeated three times for each strain
and samples were collected and stored for final analyses. The standard deviations (SD)
and Percent Relative Standard Deviations (%RSD) were calculated for all experiments
(cell counts, sugars concentrations and biobutanol production). For bacterial cell counts,
SD was always in the range of 0.004 and 0.33, while %RSD was 0.02–1.12. As for sugars
concentrations, SD was 0.014–0.48 and %RSD was 0.077–2.137. Results from biobutanol
production showed SD in the range of 0.016–0.20 and %RSD in the range of 0.22–1.02.
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3. Results and Analysis
3.1. Mutagenesis of Bacterial Strains and Production of Biobutanol

The fused bacterial strain CbCt was mutated using UV radiation and EMS. The cell
count after mutagenesis study was used to calculate surviving fractions and relative in-
duced mutation frequency (RF). Figure 1 shows the cell count after chemical mutagenesis of
the fused clostridia strain CbCt after different mutation periods, while Figure 2 gives the cell
count of the mutated strain upon exposure to 15 g/L of biobutanol. As shown in Figure 1,
the cell count from the agar plates shows a gradual decrease (from 27 × 106 cells/mL to
7 × 106 cells/mL), indicating cell death due to contact with EMS [33]. However, the cell
count stabilizes at 50 min, indicating a decline in cell death rates caused by DNA repair [25].
Furthermore, Figure 2 shows that bacterial cell concentrations were generally lower in the
presence of biobutanol (2 × 105 cells/mL to 5 × 104 cells/mL), indicating the toxicity effect
of biobutanol on the bacterial strains. However, some cells showing growth in the presence
of biobutanol exhibited tolerance. These strains were then selected for further study. The
cells at 40 min of EMS mutation show the highest cell count at 15 g/L concentration of
biobutanol (i.e., 2.4 × 104 cells/mL).

Figure 3 shows the results for the surviving factor and relative frequencies calculated
and plotted for the strains mutated with EMS. For the strains exposed to EMS, an initial
decrease in cell count was observed, after which the surviving fraction value stabilized;
there was no further decrease observed between the values obtained at 40 min and 50 min,
indicating adaptation to the mutagen. This was followed by a drastic decrease in EMS
contact at 60 min indicating higher cell death and loss of viability. The relative induced
mutation frequency (RF) value increases up to 40 min and then decreases at 50 min and
60 min. This indicates initial increase in desirable mutants, representing tolerance to
biobutanol, followed by a decrease in biobutanol tolerance. This is in agreement with a
previous study conducted by Bowring and Morris (1986) [25].
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Similarly, Figures 4 and 5 illustrate the cell count after UV mutagenesis. After exposure
to UV radiation, the mutated sample was plated on nutrient agar plates and on 15 g/L
biobutanol-infused agar plates. The resulting colonies were used to determine the cell
count. The strain exposed to 10 min of UV radiation showed the most resistance to 15 g/L
of biobutanol as evident from the highest cell count (i.e., 1.4 × 105 cells/mL). The cell
count decreased continuously with an increase in UV exposure due to cell death because of
prolonged UV radiation. Additionally, cells irradiated with a higher amount of UV exposure
failed to show any biobutanol tolerance, indicating a lack of vigor due to excessive DNA
damage [34].



Fermentation 2023, 9, 92 7 of 15

Fermentation 2023, 9, x FOR PEER REVIEW 7 of 15 
 

 

Similarly, Figures 4 and 5 illustrate the cell count after UV mutagenesis. After expo-
sure to UV radiation, the mutated sample was plated on nutrient agar plates and on 15g/L 
biobutanol-infused agar plates. The resulting colonies were used to determine the cell 
count. The strain exposed to 10 min of UV radiation showed the most resistance to 15 g/L 
of biobutanol as evident from the highest cell count (i.e., 1.4 × 105 cells/mL). The cell count 
decreased continuously with an increase in UV exposure due to cell death because of pro-
longed UV radiation. Additionally, cells irradiated with a higher amount of UV exposure 
failed to show any biobutanol tolerance, indicating a lack of vigor due to excessive DNA 
damage [34]. 

 
Figure 4. CbCt Cell count after mutagenesis with UV radiation. 

 
Figure 5. CbCt Cell count of EMS-mutated cells in contact with 15 g/L of Butanol. 

Figure 4. CbCt Cell count after mutagenesis with UV radiation.

Fermentation 2023, 9, x FOR PEER REVIEW 7 of 15 
 

 

Similarly, Figures 4 and 5 illustrate the cell count after UV mutagenesis. After expo-
sure to UV radiation, the mutated sample was plated on nutrient agar plates and on 15g/L 
biobutanol-infused agar plates. The resulting colonies were used to determine the cell 
count. The strain exposed to 10 min of UV radiation showed the most resistance to 15 g/L 
of biobutanol as evident from the highest cell count (i.e., 1.4 × 105 cells/mL). The cell count 
decreased continuously with an increase in UV exposure due to cell death because of pro-
longed UV radiation. Additionally, cells irradiated with a higher amount of UV exposure 
failed to show any biobutanol tolerance, indicating a lack of vigor due to excessive DNA 
damage [34]. 

 
Figure 4. CbCt Cell count after mutagenesis with UV radiation. 

 
Figure 5. CbCt Cell count of EMS-mutated cells in contact with 15 g/L of Butanol. Figure 5. CbCt Cell count of EMS-mutated cells in contact with 15 g/L of Butanol.

Figure 6 elucidates the surviving fraction and RF for cells mutated by exposure to UV
radiation. The surviving factor decreases significantly with exposure to UV radiation above
15 min, and a high relative induced mutation frequency is evident from the Figure. There
is a sudden increase in RF, from the fused parent strain to the strain exposed to UV, for
10 min followed by a lag as exposure time to UV increases, indicating a reduction in the
rate of relative frequency of mutations induced.
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The cell count trend obtained after mutation with UV and EMS indicates that loss of
cell viability was lower for prolonged (60 min) EMS mutation (70% cell death) than for UV
exposure (30 min), where it was significant (93% cell death). The RF, however, was much
higher for UV than for EMS. A similar trend has been noticed in previous studies [27]. This
was explained by the different mechanism of mutations caused by UV and EMS, where
UV mutation is an indirect mutation caused by the misrepair of DNA thus causing heavy
DNA damage, whereas EMS causes direct point mutation without as heavy collateral DNA
damage [34]. The mutated strains showing the highest relative frequencies and tolerance to
biobutanol for both UV and EMS mutagenesis were selected and the production from SSF
of WS was investigated. SSF was conducted for 120 h.

3.2. Oxygen Tolerance Studies

Figure 7 represents the cell count of the mutated species grown aerobically and anaer-
obically. It is evident that the aerobic conditions inhibited growth due to the presence of
oxygen. The slow growth observed indicates some tolerance to oxygen. The bacterial cell
count went down (23% of initial) in the first 8 h as cells died due to exposure to oxygen,
but then revived, showing adaptation and aerotolerance [35]. The final cell concentration
after 24 h in cells grown aerobically was 1.3 × 105 cells/mL. This was lower than the cells
grown anaerobically (2.4 × 106 cells/mL). The cell colony morphology was compared with
other mutated CbCt strains to ascertain the identity of the species and was found to be in
accordance with clostridium fused strains.
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3.3. Biobutanol Production in Batch SSF

Figure 8 displays individual sugars’ concentration profiles obtained during biobutanol
SSF experiments using the non-mutated CbCt parent strain of fused clostridia. According to
Figure 8, the results demonstrate that the sugar concentrations increased in the first day of
fermentation. This can obviously be observed for glucose, xylose and arabinose, while the
increase in the concentration of mannose was relatively minor and there was no increase
in galactose concentration. The increase in the total sugar is a result of the continuous
saccharification of non-hydrolyzed polysaccharides that release monomers such as glucose,
xylose, mannose, galactose and arabinose by action of the enzymes released from the fused
strains [32]. It is important to note that no external enzymes were added during the SSF,
and all enzymes were generated within the fused strains after inoculation. Figure 8 shows
a rise in sugar concentrations in the first 24 h followed by a decrease until the end of the
120 h, by which point most of the glucose (98%), arabinose (100%) and mannose (100%)
had been consumed. While individual sugar concentrations rose during the first 24 h due
to the cellulolytic action of the cells, they started to drop significantly thereafter due to
their consumption and metabolism into solvents and acids through the ABE process [36].
Figure 8 also indicates that hemicellulotic pentose sugars such as xylose (56%) were not
completely consumed at the end of the fermentation. At 120 h, the concentration of xylose
stood at 5.76 g/L. However, a small trace of glucose (0.56 g/L) was found, suggesting the
nearly complete consumption of glucose. High levels of galactose (62%) were left after
the 120 h. This has been explained in the literature by the different uptake mechanisms
associated with the different sugars. The transport of sugars into the cell through the cell
membrane uses the phosphoenolpyruvate dependent phosphotransferase system (PTS),
which is involved in the transfer of a phosphate group from phosphoenolpyruvate (PEP) to
the sugar. While glucose uptake is associated with PTS, galactose transport was supported
by a non-PTS mechanism, as the phospohorylation of this sugar is supported by adenosine
triphosphate and not PEP [37].
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Other strains show similar individual sugar consumption patterns during SSF of WS.
It is clear that all profiles follow similar patterns for all mutated strains. Strains S2, S4 and
S5 showed higher sugar production and consumption compared to all the others and were
the best-performing of all mutated strains in terms of sugar produced and consumed. It
is also interesting to note that the hemicellulotic pentose sugars such as xylose are not
completely consumed at the end of the fermentation, whereas Mannose and Arabinose
were completely consumed.

Table 1 lists initial and final individual and total sugar concentrations during SSF
of WS. In the current study, it was found that the total sugar concentration produced
during the hydrolysis of WS was around 45 g/L. This value is almost equivalent to the
total sugars concentration reported in previous studies (i.e., range of 40–45 g/L by Qureshi
et al. (2007) [36]). Examining Table 1 reveals that the highest total sugar consumption was
observed with strain S2 (i.e., consumption of 41.26 g/L). S2 was closely followed by strain
S5 (i.e., 40.11 g/L). A total of 85.4% of sugar conversion was noticed with strain S2, which
was the highest value amongst all the strains mutated by either UV or EMS. The highest
glucose consumption was exhibited by strain S2 (i.e., 26.6 g/L). Glucose, arabinose and
mannose were consumed near to completion; however, larger amounts of xylose and some
galactose were left at the end of 120 h. In previous studies, it was found that in either batch
or fed-batch cultures xylose utilization was inhibited at higher glucose concentrations. This
was attributed to glucose mediated catabolic repression [38–41].

Figure 9 displays the changes in cell concentration for the mutated strains over 120 h
of SSF. During the first few hours, all bacteria experienced a lag phase. In this phase,
the cell concentration remained approximately constant because strains were adjusting
themselves to the medium, temperature and pH levels. After this phase, a sharp increase
in cell concentration was observed. After most of the sugars in the culture medium had
been utilized, there was another decrease in the cell growth rate, which can be seen in
Figure 9. In this phase, cells started breaking down the cellulotic biomass available to
form sugar monomers, which were then utilized to produce solvents and acids. Once the
strains had adjusted to the new levels of pH caused by acid production, an increase in
growth was observed. This effect has been documented in previous studies and attributed
to an injury–recovery process exhibited by clostridium strains [42,43]. The growth rate
increased following this period and stayed stationary until 96 h. During the whole log
phase (24–96 h), strains showed an average increase in cell concentration that was 500% of
the initial value. This phase ended after 96 h when the cell concentration decreased slowly
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by entering the decay phase. This phase corresponds to the solventogenic phase in the
SSF process, where sugar levels are minimal and biobutanol toxicity is increasing, thus
slightly inhibiting cell growth. However, biobutanol tolerance could be observed until 96 h
when there was no decline in cell concentration. Moreover, the strains exhibited a wider
stationary phase until 96 h, in which the biobutanol concentration continued to increase.
This was followed by a decay phase at 96 h, when the sugars were mostly consumed, and
the cell concentration decreased slowly due to rising biobutanol toxicity.
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Table 2 shows the final ABE produce concentration, for both the non-mutated parent
strain and the mutated strains (Strain S1 to S7), from SSF of WS. As presented in Table 2, the
highest ABE solvent and acid production was achieved by strain S2, which was exposed to
UV radiation for a duration of 10 min. The strain was able to produce 24.8 g/L of total ABE
and 14.8 g/L of biobutanol at 45 ◦C.

Table 2. Comparison of sugar consumption and ABE yield for all strains during SSF of WS.

Strain Total Sugar Consumed (g/L)
ABE Yield (g/gsugars) *

Total ABE Yield
Acetone Yield Butanol Yield Ethanol Yield

S1 39.77 0.15 0.342 0.057 0.55
S2 41.26 0.174 0.358 0.067 0.60
S3 39.88 0.17 0.356 0.065 0.59
S4 39.53 0.172 0.346 0.060 0.57
S5 40.11 0.172 0.361 0.062 0.59
S6 39.77 0.173 0.357 0.060 0.59
S7 38.47 0.171 0.356 0.062 0.59

* Calculated based on total sugars consumed during fermentation using the different strains.

Acetone and ethanol toxicity are not so much of a concern when compared to biobu-
tanol toxicity due to the higher concentrations required. Cell growth inhibition has previ-
ously been observed by other researchers for acetone at 70 g/L and for ethanol at 50 g/L to
60 g/L [44,45]. In the current study, ethanol and acetone concentrations did not reach above
10 g/L and therefore did not contribute to solvent toxicity and cell inhibition. However,
in the case of biobutanol it can be concluded that the mutation of the fused strains was
able to create robust strains exhibiting higher tolerance to biobutanol toxicity and higher
biobutanol production capability.
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The biobutanol concentration achieved by strain S2 is higher than in previous research
studies [36]; biobutanol production was examined from wheat straw using clostridium
strains with an initial sugar concentration of 62 g/L. Several processes were examined
in Qureshi’s study, including two that utilize SSF at 35 ◦C. However, one process that
employed SSF coupled with gas stripping to remove biobutanol from the batch system
recorded the highest biobutanol production, 12.7 g/L. Although this value is lower than
the one obtained with S2, gas stripping is essential to reduce the effect of toxicity by
accumulated biobutanol and is thus expected to improve the productivity of the bacterial
strains. The higher values achieved in the present study are without gas stripping and show
higher tolerance in the mutated novel fused strains to biobutanol toxicity. This demonstrates
a high potential to enhance the production of biofuel by utilizing the enhanced mutated
strains at an industrial scale.

Table 2 shows the analysis of the ABE yield developed through the mutagenesis study
and compares it to the CbCt strain data collected during previous studies. Total ABE
yield was calculated for total production with respect to total sugar consumption; it was
determined by dividing final ABE as well as acetone, biobutanol and ethanol concentrations
by total sugars consumed in 120 h of fermentation. Strain S2 shows the highest sugar
consumption and ABE yields during the SSF experiment with WS as feedstock. According
to Table 2, the total solvent yield for strain S2 (UV-mutated) was 0.6 g/g, with an acetone
yield of 0.17 g/g, a biobutanol yield of 0.36 g/g, and an ethanol yield of about 0.06 g/g.
Strains S5 and S6 (chemically mutated using EMS) showed comparable biobutanol yield
values at 0.36 and 0.35, respectively, and total solvent yields of 0.59 g/g each. Strain S7
shows a general lack of vigor that can be attributed to mutation damage due to long
contact with the mutagen [46]. Table 2 demonstrates that the mutated bacterial strains show
improvement over the parent fused strains. According to the results in Table 2, there is a
clear increase in total ABE production due to the biobutanol tolerance of the strains. Table 3
shows biobutanol production obtained in previous published work in comparison with
the present work. According to this table, production was improved significantly when
fused strains of CbCt were used in previous work (i.e., 13.82 g/L) [13,15]. The mutation
of the fused strain in the present work further improved production of biobutanol by
approximately 7.5–8.5 % (i.e., 14.7–15 g/L) when compared to the fused strain of CbCt.

Table 3. Biobutanol production comparative analysis table with previously published literature.

Reference/Notes Feedstock Microbial Biobutanol (g/L)

Qureshi and Ezeji, 2008 (Ref. [30]) Glucose Cb 13
Qureshi et al., 2007 (Ref. [36]) WS Cb 7.4
Dahman et al., 2019 (Ref. [15]) WS CbCt 13.82
Dahman et al., 2015 (Ref. [13]) WS CbCt 13.81
Current Study (Sample S2-UV) WS CbCt mutated 15.0

Current Study (Sample S4-EMS) WS CbCt mutated 14.7

Advanced sustainability assessment tools should be utilized in future studies to
investigate the results of the present study. These tools include life cycle assessments,
exergy and its combinations with environmental (exergoenvironmental) and economic
(exergoeconomic) analysis [47,48].

4. Conclusions and Prospects

The present study focused on the mutation of the fused bacterial strains using UV
radiation and EMS to increase the resistance to biobutanol toxicity of the fused bacterial
strains. The biobutanol toxicity resistance of the strains was raised to 15 g/L, a 15% increase
from the literature value of 13 g/L. ABE studies on WS were conducted with these enhanced
bacterial strains. Moreover, the mutated strains in general showed superiority in terms
of biobutanol production compared to the parent strains of fused CbCt. The fused strains
showed biobutanol production of 14.7–15 g/L after mutation, which is an increase over
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the fused strain of CbCt’s production of 13.8 g/L before mutation. A 5.8% increase in
biobutanol production yield was observed in the mutated fused strains, indicating that the
mutated strains were better able to handle biobutanol toxicity and thus showed higher yield
of biobutanol. Improvement in oxygen tolerance was observed for the mutated anaerobic
Clostridial fusant. This also demonstrated that fused strains were amenable to mutation and
that the techniques were useful in identifying robust and stable fused strains.
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Abbreviations

%RSD Percent relative standard deviation
ABE Acetone-biobutanol-ethanol
Cb Clostridium beijerinckii
CbCt Fused clostrial strain: Cb and Ct
CBM Clostridium basal medium
CBP Consolidated bioprocessing
Ct Clostridium thermocellum
EMS Ethyl methane sulphonate
GHG Green house emissions
HPLC High performance liquid chromatography
PEG Polyethylene glycol
SD Standard deviation
SSF Simultaneous saccharification and fermentation
UV Ultraviolet
WS Wheat straw
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