
1 
 

 1 

Submitted to: FEMS Microbiology Letters 2 

 3 

Simultaneous saccharification and fermentation of dilute 4 

alkaline-pretreated corn stover for enhanced butanol production by 5 

Clostridium saccharobutylicum DSM 13864 6 

 7 

 8 

 9 

 10 

Jin-Jun Dong, Ji-Cai Ding, Yun Zhang, Li Ma, Guo-Chao Xu, Rui-Zhi Han, Ye Ni

 11 

 12 

 13 

The Key Laboratory of Industrial Biotechnology, Ministry of Education, 14 

School of Biotechnology, Jiangnan University, 15 

Wuxi 214122, Jiangsu, China 16 

 17 

 18 

 19 


 Corresponding author 20 

E-mail: yni@jiangnan.edu.cn 21 

 22 

  23 

 FEMS Microbiology Letters Advance Access published January 12, 2016
 by guest on January 20, 2016

http://fem
sle.oxfordjournals.org/

D
ow

nloaded from
 

mailto:yni@jiangnan.edu.cn
http://femsle.oxfordjournals.org/


2 
 

Abstract 24 

Simultaneous saccharification and fermentation (SSF) process was applied for biobutanol production by 25 

Clostridium saccharobutylicum DSM 13864 from corn stover (CS). The key influential factors in SSF process, 26 

including corn steep liquor concentration, dry biomass and enzyme loading, SSF temperature, inoculation size 27 

and pre-hydrolysis time were optimized. In 5-L bioreactor with SSF process, butanol titer and productivity of 28 

12.3 g/L and 0.257 g/L/h were achieved at 48 h, which were 20.6% and 21.2% higher than those in separate 29 

hydrolysis and fermentation (SHF) respectively. The butanol yield reached 0.175 g/g pretreated CS in SSF, 30 

representing 50.9% increase than that in SHF (0.116 g/g pretreated CS). This study proves the feasibility of 31 

efficient and economic production of biobutanol from CS by SSF. 32 

 33 
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Introduction 37 

Recent attentions in air pollution and energy security has aroused increased interests on the utilization of 38 

lignocellulosic materials (such as corn stover) for biofuel production including butanol (Ding et al., 2016), 39 

ethanol (Zhu et al., 2014), biodiesel (Kim et al., 2015), hydrogen (Datar, et al. 2007). Butanol possesses 40 

excellent merits such as higher energy density (29.2 MJL
−1

), blending ability, hydrophobicity and compatibility 41 

to combustion engines, lower viscosity, less corrosive for certain motor parts and octane rating, and is being 42 

regarded as a renewable source of energy (Durre 2007; Pfromm et al., 2010; Ni et al., 2012). The economics of 43 

the biobutanol production is largely dependent on the cost of conversion of biomass into fermentable sugars. The 44 

biomass feedstock should be widely available at low cost (Lynd et al., 1999). In USA, more than 216 million 45 

tons of corn stover (CS) is produced every year. They are mostly used for animal feeding and bedding, besides a 46 

portion of them used for producing ethanol and other industrial products (Sokhansanj et al., 2002; Kadam & 47 

McMillan 2003). In China, the annual production of CS is around 220 million tons, and about 90% remains 48 

unused or is burnt which resulting in severe atmosphere pollution (Zheng et al., 2010). As a result, the efficient 49 

utilization of CS as a potential feedstock for butanol production is of significant importance. 50 

Lignocellulosic biomass, as a widely distributed renewable carbon source on the earth, is mainly composed 51 

of 40–60% cellulose, 20–40% hemicellulose and 10–24% lignin (Abdeshahian et al., 2010). Cellulose has been 52 

proved to be applicable in conversion into fermentable glucose for biofuel production (Abdeshahian et al., 2010). 53 

Hemicellulose is a polysaccharide consisted mainly of pentoses which are rarely consumed by biofuel-producing 54 

microorganisms (Van Vleet & Jeffries 2009). Clostridium saccharobutylicum has been reported in utilizing 55 

xylose and arabinose for butanol fermentation (Ni et al., 2013). The adoption of C. saccharobutylicum in biofuel 56 

fermentation could therefore improve the sugar utilization of lignocellulosic biomass. Additionally, 50~60 g/L of 57 

total sugar concentration is demanded in butanol fermentation, which is much lower than that in the production 58 

of ethanol (Wang et al., 2012), succinic acid (Yan et al., 2014), lactic acid (Hu et al., 2015), and so on. However, 59 

higher loading of dry CS (> 9%) in the fermentation always leads to high viscosity and mass transferring 60 

hindrance in CS pretreatment and fermentation. Thus, CS is especially suitable for butanol production by 61 

Clostridial strains. 62 

Separated hydrolysis and fermentation (SHF) and simultaneous saccharification and fermentation (SSF) are 63 

two main processes in biofuel fermentation from lignocellulosic biomass. Both processes use pretreated 64 

lignocellulosic biomass as substrate. In SHF process, the pretreated lignocellulosic biomass is first converted 65 

into fermentable sugar by cellulase, and then the fermentable sugar is sterilized and used as carbon source in 66 
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microbial fermentation. In SSF process, the pretreated lignocellulosic biomass is converted into biofuel in the 67 

presence of both cellulase and microorganism in a bioreactor. In SHF process, certain nutrients could be 68 

destroyed, and furfural and 5-hydroxymethylfurfural (two of the Maillard reaction products) generated during 69 

medium sterilization at high temperature are deleterious for cell growth and solvent production. (Qureshi et al., 70 

2010a). In SSF process, however, less nutrient ingredients are lost and none Maillard reaction product is 71 

generated since sterilization is unnecessary. Furthermore, SSF process encompasses hydrolysis and fermentation 72 

in the same reactor simultaneously. Consequently the SSF process is more facile, simple and efficient than SHF 73 

(Zhu et al., 2014).  74 

In our previous work, diluted alkaline and ionic liquid (recycled for ten times) were adopted in CS 75 

pretreatment and butanol fermentation using C. saccharobutylicum DSM 13864, in which high temperature (130 76 

o
C) is required for ionic liquid pretreatment (Ding et al., 2016). Here, the feasibility of SSF in the butanol 77 

fermentation with C. saccharobutylicum from CS was investigated (Scheme 1). The operation of this SSF 78 

process was optimized and carried out in a 5-L stirred bioreactor. 79 

 80 

Materials and methods 81 

Raw materials, strain and enzyme 82 

Corn stover (CS, Shandong Zesheng Bioengineering Technology co., LTD) was chopped and stored at room 83 

temperature. Before pretreatment, it was milled, screened (fractions between 20 and 80 meshes were collected) 84 

and dried at 60°C for 24 h. Clostridium saccharobutylicum DSM 13864 was purchased from DSMZ and 85 

manipulated as previously described (Ding et al., 2016). ACCELLERASE
®
 1500 cellulase (50 FPU/mL) was 86 

provided by Genencor (Wuxi) Bio-Products Co..  87 

Pretreatment of corn stover with diluted alkaline 88 

Untreated CS was soaked in 1 wt% NaOH at 120 °C for 1 h. Then, the CS was filtered and washed with tap 89 

water until pH reached 7.0–8.0. The pretreated CS (Pre-CS) was dried at 80°C for 24 h in an oven and stocked in 90 

sealed plastic bags for further use. Lignin content of untreated CS is 17.2%. Lignin content of Pre-CS is 8.2%, 91 

and the delignification rate was 75% (Zheng et al., 2010). 92 

Analytical methods 93 

The total reducing sugar and monosaccharides hydrolyzed from CS were measured as reported (Ding et al., 94 

2016). The concentrations of butanol, acetone and ethanol were determined by gas chromatography (Ni et al., 95 

2013). The concentration of crude protein was calculated by determining nitrogen using Kjeldahl method. 96 
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Furfural and 5-hydroxymethylfurfural were determined by high performance liquid chromatography as 97 

previously described (Dong et al., 2013). 98 

Simultaneous saccharification and fermentation 99 

SSF were performed anaerobically in duplicates using 150-mL anaerobic bottles containing 50 mL of SSF 100 

medium (Pre-CS, 7% (w/v); CaCO3, 4 g/L; (NH4)2SO4, 2 g/L; K2HPO4, 0.5 g/L; MnSO4·H2O, 0.01 g/L). General 101 

fermentation conditions were 5% (v/v) inoculation size, 20 FPU/g Pre-CS, 2 h pre-hydrolysis, 7% (w/v) dry 102 

biomass at 37°C unless otherwise stated. The effects of various influential factors on the butanol production and 103 

reducing sugar consuming were investigated, including SSF temperature (33, 35, 37, 39 and 40 °C), inoculation 104 

size (0, 2, 5, 10 and 15 %), enzyme loading (0, 10, 20, 30 and 40 FPU/g Pre-CS), corn steep liquor (CSL; 0, 2, 5, 105 

10 and 20 g/L), pre-hydrolysis time (0, 1, 2, 4 and 8 h) and dry mass loading (5, 7, 9, 11 and 13 %). SSF was also 106 

carried out in a 5-L bioreactor filled with 3 L of medium as above mentioned.  107 

Results 108 

Optimization of butanol production in SSF process 109 

Various influential factors in the simultaneous saccharification and fermentation (SSF) with Clostridium 110 

saccharobutylicum DSM 13864 were studied to achieve economic butanol production. Pre-hydrolysis process 111 

has been reported to be capable of reducing the viscosity of fermentation medium and providing initial sugar for 112 

strain growth (Jin et al., 2010). The corn stover (CS) was pretreated with diluted NaOH at 37 and 45 °C, and 113 

further hydrolyzed by cellulase (Fig. 1). Reducing sugar was fast released in the initial 2 h (15.8 g/L for 37 °C, 114 

20.7 g/L for 45 °C), and then increased slowly. The Pre-CS of different pre-hydrolysis time was then applied in 115 

the SSF (Fig. 2(E)). As the increase of pre-hydrolysis time from 0 h to 8 h, the initial reducing sugars were 116 

increased from 0 g/L to 29.8 g/L. Studies showed that lower reducing sugar could limit the cell growth and 117 

butanol production, while higher reducing sugar could impose higher osmotic stress (Zhu et al., 2014). The 118 

highest butanol titer of 12.8 g/L was achieved at 48 h using Pre-CS of 2 h pre-hydrolysis.  119 

Since the optimum temperatures for butanol fermentation with C. saccharobutylicum and Pre-CS 120 

saccharification are 37 °C and 50 °C respectively (Ni et al., 2013; Ding et al., 2016), the operational temperature 121 

of SSF process should therefore optimized (Fig. 2(A)). At 33, 35, 39 and
 
41 °C, reducing sugars were 122 

accumulated as high as 30 g/L in the initial 24 h, whereas the butanol titers were lower than 0.5 g/L, ascribing to 123 

the lower growth rate of C. saccharobutylicum. The highest butanol titer and productivity of 11.6 g/L (48 h) and 124 

 by guest on January 20, 2016
http://fem

sle.oxfordjournals.org/
D

ow
nloaded from

 

http://femsle.oxfordjournals.org/


6 
 

0.39 g/L/h (24 h) were achieved at 37°C. Thus 37
 
°C was selected as the optimal temperature for the SSF 125 

process. 126 

Effect of inoculum size was investigated in SSF process at 37
 
°C (Fig. 2(B)). In control with no inoculation, 127 

27.7 g/L reducing sugar were accumulated at 24 h, while 30.5 and 27.8 g/L reducing sugar were accumulated at 128 

24 h with 2% and 5% (v/v) inoculation size, indicating the SSF process could promote the enzymatic hydrolysis 129 

of Pre-CS (Qureshi et al., 2014). Also, the lag phase of SSF process with 2–5% inocula was longer than that with 130 

higher inocula (10–15%). Nevertheless, higher butanol titers were obtained at 2% (10.38 g/L) and 5% (10.96 g/L) 131 

inocula at 48 h than those of 10% and 15% inocula, likely due to the fast senescence. Hence the optimum 132 

inoculation size of SSF process was 5%. 133 

Enzyme loading was critical for the saccharification in SSF (Fig. 2(C)). At 10 FPU/g Pre-CS, the butanol 134 

titer was only 2.0 g/L at 24 h, much lower than that at 20–40 FPU/g Pre-CS, which was due to the low reducing 135 

sugar released. The highest butanol titer of 11.60 g/L was achieved at 20 FPU/g Pre-CS. However, slightly lower 136 

butanol titers (11.10 g/L and 10.25 g/L) were attained at enzyme loadings of 30–40 FPU/g Pre-CS, possibly due 137 

to the inhibitory effect of high sugar concentration accumulated. About 0.41 g/L butanol was produced with no 138 

cellulase added, suggesting Pre-CS could be slightly hydrolyzed under weak acidic condition (about pH 5.0). 139 

Corn steep liquor (CSL) is an important nutrient for fermentation and was tested to improve the 140 

fermentation medium in SSF process (Fig. 2(D)). The result shows that Pre-CS could provide enough nitrogen 141 

source for butanol production. With the addition of 2–10 g/L CSL, the butanol titer increased gradually from 142 

9.29 to 11.35 g/L in 48 h, while only 10.22 g/L butanol was attained with 20 g/L CSL. The maximum butanol 143 

titer of 11.81 g/L was obtained without addition of CSL in SSF. Based on nitrogen determination, Pre-CS 144 

contains around 2.2% of crude protein, and could therefore serve enough nitrogen source for butanol 145 

fermentation. Our results showed that the concentrations of furfural and 5-hydroxymethylfurfural were 0.4 mg/L 146 

and 6.54 mg/L in 10 g/L sterilized CSL, both of which were reported to inhibit cell growth and butanol 147 

production of C. saccharobutylicum (Qureshi et al., 2010a).  148 

 Effect of different dry biomass loading was investigated in SSF (Fig. 2(F)). The butanol titers increased 149 

along with the increasing dry biomass loading from 5% to 9% (w/v). Although the highest butanol titer (12.99 150 

g/L) was achieved at 9% dry biomass loading, the residual sugar is higher than that of 7%. Considering the 151 

economics of SSF process, 7% was regarded as the appropriate dry biomass loading. 152 
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 Above results provide guidance for the feasibility of SSF process in butanol fermentation with C. 153 

saccharobutylicum DSM 13864. And the optimum conditions for the SSF process are determined to be 37 °C, 5% 154 

inoculum, 20 FPU/g Pre-CS, no CSL addition, 2 h pre-hydrolysis and 7% dry biomass loading. To further prove 155 

its feasibility, SSF butanol fermentation was conducted in a 5-L bioreactor, and compared with SHF process. 156 

SSF and SHF butanol production  157 

SSF and SHF processes were evaluated in butanol fermentation with C. saccharobutylicum DSM 13864 in 158 

5-L bioreactor and summarized in Table 1. Dry biomass of 8.8% and 7.0% were loaded for SHF and SSF 159 

respectively. The production of acetone, butanol and ethanol (ABE) and consumption of glucose, xylose and 160 

arabinose were determined (Fig. 3). For SHF, the pretreatment and fermentation time was 120 h in total, while 161 

the time is 50 h for SSF process. The highest butanol titer of 12.85 g/L (ABE 19.9 g/L) was reached at 64 h in 162 

SSF, which was 27% higher than that in SHF (10.10 g/L). The highest butanol productivity was 0.257 g/L/h for 163 

SSF (at 48 h), which was 21.2% higher than that for SHF (0.212 g/L/h). To achieve high efficiency in butanol 164 

fermentation by C. saccharobutylicum, 55 g/L initial reducing sugar is required in SHF process (Ding et al., 165 

2016), corresponding to 8.8% dry biomass loading. However, 7% dry biomass loading is the best in SSF. 166 

Considering the Pre-CS loading, the butanol yield of SSF is 0.175 g/g Pre-CS in SSF, which is 50.9% higher 167 

than that in SHF (0.116 g/g Pre-CS). Consequently, the SSF process was proved to be much more economic and 168 

efficient in butanol fermentation from CS with C. saccharobutylicum. 169 

 170 

Discussion  171 

The SSF process is facile and efficient for butanol fermentation with C. saccharobutylicum DSM 13864. 172 

Compared with SHF, SSF process reduces the time and energy consumption required for enzymatic 173 

saccharification. Only 50 h (2 h pre-hydrolysis and 48 h SSF) is needed for SSF butanol production, saving 70 h 174 

than SHF (Table 1). The butanol yield of Pre-CS in SSF is 50.9% higher than that in SHF, which might be 175 

ascribed to the following reasons. (1) High concentration of reducing sugar and other components might inhibit 176 

the butanol production. In SSF process, the reducing sugar concentration was kept lower than 30 g/L (Fig. 3(B)). 177 

(2) Less reducing sugars are lost in SSF than that in SHF which requires autoclaving. High loading of Pre-CS 178 

(8.8%) is required in SHF butanol production, while only 7% of Pre-CS is demanded and the sugar conversion in 179 

SSF is 14.2% higher than in SHF. (3) SSF process reduces the generation of poisonous compounds during 180 

butanol fermentation. It has been reported that Pre-CS hydrolysate contains sodium citrate, cellulose and 181 

hemicellulose, and reducing sugar (especially pentose) will react with amide (Maillard reaction) to form furfural 182 
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and 5-hydroxymethylfurfural during autoclaving, which are toxic to microbial cells (Banerjee et al., 1981; 183 

Qureshi et al., 2010a).  184 

In our previous work, 15 g/L corn steep liquor (CSL) was used in butanol fermentation from CS hydrolysate 185 

using SHF process (Ni et al., 2013). However no improvement in butanol titer was observed when CSL was 186 

added in the SSF process (Fig. 2(D)). On one hand, 2.2% of crude protein in Pre-CS could act as nitrogen source 187 

in SSF; on the other hand, CSL contains Maillard reaction products (furfural and 5-hydroxymethylfurfural) 188 

generated during its preparation, which have inhibitory effect on the SSF butanol fermentation process. In this 189 

study, there was a slight increase in butanol titer as the increase of CSL from 2–10 g/L at 48 h in SSF process, 190 

which await further clarification. One major difference between SSF and SHF is the autoclaving step, which is 191 

conducted before saccharification and fermentation in SSF, while after saccharification in SHF. In SHF process, 192 

the crude protein in Pre-CS could react with reducing sugars produced in saccharification during autoclaving, 193 

leading to the loss of nitrogen. In SSF process, the crude protein in Pre-CS could be retained after autoclaving, 194 

since no reducing sugars exists. As a result, CSL (15 g/L) supplementation might provide main source of 195 

nitrogen source and promote butanol production in SHF, although CSL (15 g/L) contains furfural (0.6 mg/L) and 196 

5-hydroxymethylfurfural (9.81 mg/L). 197 

Butanol production from various lignocellulosic biomass using Clostridium strains were summarized in 198 

Table 2. Except for butanol titer of 14.50 g/L achieved in SHF process (Qureshi et al., 2010), butanol titer in this 199 

report (12.85 g/L) is higher compared with other SHF, SSF and batch fermentation processes utilizing various 200 

lignocellulosic biomass such as corncobs (Gao & Rehmann, 2014), corn stover (Qureshi et al., 2014), poplar 201 

wood (Wang et al., 2015), switchgrass (Qureshi et al., 2010), and wheat straw (Wang et al., 2013) .  202 

In this study, a SSF process for butanol production from corn stover with C. saccharobutylicum DSM 13864 203 

was established to achieve high butanol titer of 12.85 g/L, which is higher than our previous work (Ni et al., 204 

2012; Ni et al., 2013). Furthermore, 58% of process time and 34% of CS input were saved compared with than 205 

SHF, and no addition of CSL is necessary. This is the first report on SSF butanol production using Clostridium 206 

saccharobutylicum. The substitution of expensive commercial cellulase with cellulase-producing 207 

microorganisms is being carried out to further reduce the cost of butanol fermentation. 208 

 209 

Acknowledgements  210 

This work was supported by National Natural Science Foundation of China (21276112), Natural Science 211 

Foundation of Jiangsu Province (BK20150003), the Fundamental Research Funds for the Central Universities 212 

 by guest on January 20, 2016
http://fem

sle.oxfordjournals.org/
D

ow
nloaded from

 

http://femsle.oxfordjournals.org/


9 
 

(JUSRP51409B), the Program of Introducing Talents of Discipline to Universities (111-2-06), and the Priority 213 

Academic Program Development of Jiangsu Higher Education Institutions. 214 

 215 

Reference 216 

Abdeshahian P, Dashti M, Kalil M & Yusoff W (2010) Production of biofuel using biomass as a sustainable 217 

biological resource. Biotechnology 9: 274–282. 218 

Banerjee N, Bhatnagar R & Viswanathan L (1981) Inhibition of glycolysis by furfural in Saccharomyces 219 

cerevisiae. Eur J Appl Microbiol Biotechnol 11: 226–228. 220 

Datar R, Huang J, Maness PC, Mohagheghi A, Czemik S & Chornet E (2007) Hydrogen production from the 221 

fermentation of corn stover biomass pretreated with a steam-explosion process. Int J Hydrogen Energ 32: 222 

932–939. 223 

Ding JC, Xu GC, Han RZ & Ni Y (2016) Biobutanol production from corn stover hydrolysate pretreated with 224 

recycled ionic liquid by Clostridium saccharobutylicum DSM 13864. Bioresour Technol 199: 228–234. 225 

Dong BY, Chen YF, Zhao CC, Zhang SJ, Guo XW & Xiao DG (2013) Simultaneous determination of furfural, 226 

acetic acid, and 5-Hydroxymethylfurfural in corncob hydrolysates using liquid chromatography with 227 

ultraviolet detection. J. AOAC Int. 96: 1239-1244. 228 

Durre P (2007) Biobutanol: an attractive biofuel. Biotechnol J 2: 1525–1534. 229 

Gao K & Rehmann L (2014) ABE fermentation from enzymatic hydrolysate of NaOH-pretreated corncobs. 230 

Biomass & Bioenerg 66: 110-115. 231 

Hu J, Zhang Z, Lin Y, Zhao S, Mei Y, Liang Y & Peng N (2015) High-titer lactic acid production from 232 

NaOH-pretreated corn stover by Bacillus coagulans LA204 using fed-batch simultaneous saccharification 233 

and fermentation under non-sterile condition. Bioresour Technol 182: 251–257. 234 

Jin MJ, Lau MW, Balan V & Dale BE (2010) Two-step SSCF to convert AFEX-treated switchgrass to ethanol 235 

using commercial enzymes and Saccharomyces cerevisiae 424A(LNH-ST). Bioresour Technol 101: 8171–236 

8178. 237 

Kadam KL & McMillan JD (2003) Availability of corn stover as a sustainable feedstock for bioethanol 238 

production. Bioresour Technol 88: 17–25. 239 

Kim I, Seo YH, Kim GY & Han JI (2015) Co-production of bioethanol and biodiesel from corn stover pretreated 240 

with nitric acid. Fuel 143: 285–289. 241 

Lynd LR, Wyman CE & Gerngross TU (1999) Biocommodity engineering. Biotechnol Progr 15: 777–793. 242 

 by guest on January 20, 2016
http://fem

sle.oxfordjournals.org/
D

ow
nloaded from

 

http://femsle.oxfordjournals.org/


10 
 

Ni Y, Wang Y & Sun Z (2012) Butanol production from cane molasses by Clostridium saccharobutylicum DSM 243 

13864: batch and semicontinuous fermentation. Appl Biochem Biotechnol 166: 1896–1907. 244 

Ni Y, Wang Y & Sun ZH (2012) Butanol production from cane molasses by Clostridium saccharobutylicum 245 

DSM 13864: Batch and semicontinuous fermentation. Appl Biochem Biotechnol 166: 1896–1907. 246 

Ni Y, Xia ZY, Wang Y & Sun ZH (2013) Continuous butanol fermentation from inexpensive sugar-based 247 

feedstocks by Clostridium saccharobutylicum DSM 13864. Bioresour Technol 129: 680–685. 248 

Pfromm PH, Amanor-Boadu V, Nelson R, Vadlani P & Madl R (2010) Bio-butanol vs. bio-ethanol: A technical 249 

and economic assessment for corn and switchgrass fermented by yeast or Clostridium acetobutylicum. 250 

Biomass Bioenerg 34: 515–524. 251 

Qureshi N, Saha BC, Dien B, Hector RE & Cotta MA (2010a) Production of butanol (a biofuel) from 252 

agricultural residues: Part I - Use of barley straw hydrolysate. Biomass Bioenerg 34: 559–565. 253 

Qureshi N, Saha BC, Hector RE, Dien B, Hughes S, Liu S, Iten L, Bowman, MJ, Sarath G, Cotta MA (2010b) 254 

Production of butanol (a biofuel) from agricultural residues: Part II - Use of corn stover and switchgrass 255 

hydrolysates. Biomass & Bioenerg 34: 566-571. 256 

Qureshi N, Singh V, Liu S, Ezeji TC, Saha BC & Cotta A (2014) Process integration for simultaneous 257 

saccharification, fermentation, and recovery (SSFR): Production of butanol from corn stover using 258 

Clostridium beijerinckii P260. Bioresour Technol 154: 222–228. 259 

Sokhansanj S, Turhollow A, Cushman J & Cundiff J (2002) Engineering aspects of collecting corn stover for 260 

bioenergy. Biomass Bioenerg 23: 347–355. 261 

Van Vleet JH & Jeffries TW (2009) Yeast metabolic engineering for hemicellulosic ethanol production. Curr 262 

Opin Biotechnol 20: 300–306. 263 

Wang K, Mao ZG, Zhang CM, Zhang JH, Zhang HJ & Tang L (2012) Influence of nitrogen sources on ethanol 264 

fermentation in an integrated ethanol-methane fermentation system. Bioresour Technol 120: 206–211. 265 

Wang QY, Zhang C, Yao R, Xu SD, Zhong J, Luo L & Wang YQ (2015) Butanol fermentation by Clostridium 266 

saccharobutylicum based on poplar wood. Bioresources 10: 5395-5406. 267 

Wang ZY, Cao GL, Jiang C, Song JZ, Zheng J & Yang Q (2013) Butanol production from wheat straw by 268 

combining crude enzymatic hydrolysis and anaerobic fermentation using Clostridium acetobutylicum 269 

ATCC824. Energy & Fuels 27: 5900-5906. 270 

Yan Q, Zheng P, Dong JJ & Sun ZH (2014) A fibrous bed bioreactor to improve the productivity of succinic acid 271 

by Actinobacillus succinogenes. J Chem Technol Biotechnol 89: 1760–1766. 272 

 by guest on January 20, 2016
http://fem

sle.oxfordjournals.org/
D

ow
nloaded from

 

http://femsle.oxfordjournals.org/


11 
 

Zheng P, Fang L, Xu Y, Dong JJ, Ni Y & Sun ZH (2010) Succinic acid production from corn stover by 273 

simultaneous saccharification and fermentation using Actinobacillus succinogenes. Bioresour Technol 101: 274 

7889–7894. 275 

Zhu JQ, Qin L, Li BZ & Yuan YJ (2014) Simultaneous saccharification and co-fermentation of aqueous 276 

ammonia pretreated corn stover with an engineered Saccharomyces cerevisiae SyBE005. Bioresour Technol 277 

169: 9–18. 278 

 279 

  280 

 by guest on January 20, 2016
http://fem

sle.oxfordjournals.org/
D

ow
nloaded from

 

http://femsle.oxfordjournals.org/


12 
 

 281 

 282 

Scheme 1 Simultaneous saccharification and fermentation (SSF) process employed for butanol fermentation 283 

using C. saccharobutylicum DSM 13864. (CS: corn stover; pre-CS: pretreated corn stover) 284 

  285 
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 286 

Fig. 1. Saccharification of diluted alkaline Pre-CS hydrolyzed by ACCELLERASE
®
 1500 cellulase at 37

 
°C (●) 287 

and 45 °C (■).  288 

  289 
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 290 

Fig. 2. Effect of different conditions on the butanol production by C. saccharobutylicum DSM 13864 in SSF 291 

process. Experiments were carried out in 150-mL anaerobic bottles in duplicates, under following conditions: 292 

initial pH 5.0, 37 °C (except A), 10% (v/v) inoculation size (except B), enzyme loading of 30 FPU/g corn stover 293 

(except C), 10 g/L (A, B, C) or 0 g/L corn steep liquor (E, F), 6 h (A, B, C, D) or 2 h pre-hydrolysis (F), and 7% 294 

(w/v) dry biomass loading (except F). Bar: 24 h butanol produced at 24 h (■) and 48 h (■); inverted triangle: 295 

reducing sugar at 24 h (▼) and 48 h (▼). 296 
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 298 

Fig. 3. Time courses of butanol fermentation in SHF (A) and SSF (B) processed using corn stover pretreated 299 

with diluted alkaline by C. saccharobutylicum DSM 13864 in 5-L bioreactor. ●: ABE; ▲: butanol; ■: 300 

glucose; ▼: xylose; ♦: arabinose. 301 
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 303 

Table 1. Summary of butanol fermentation from CS by C. saccharobutylicum DSM 13864 in SSF and 304 

SHF 305 

 SHF SSF 

Process time (h) 120 (72
a
+48

b
) 50 (2

a
+48

b
) 

Input pretreated corn sover (%) 8.8 7.0 

Butanol production (g/L)
c
 10.2 12.3 

Butanol productivity (g/L/h)
c
 0.212 0.257 

Butanol yield (g/g corn stover)
c
 0.116 0.175 

ABE production (g/L)
d
 15.7 19.2 

a Pre-hydrolysis time. 306 
b Fermentation time. 307 
c Fermentation time is 48 h. 308 
d ABE stands for acetone, butanol and ethanol. 309 

 310 

 311 

 312 

Table 2. Comparison of butanol production from various lignocellulosic biomass using Clostridium 313 

strains.  314 

Strain Fermentation 

process 

Biomass Maximum butanol 

titer (g/L) 

References 

C. saccharobutylicum 

DSM 13864 

 

SHF Corn stover 7.90  Ding et al., 2016 

SHF Corncobs 12.27  Gao & Rehmann, 2014 

SSF Corn stover 12.85 This study 

C. saccharobutylicum 

BAA-117 

Batch 

fermentation 
Poplar wood 7.28 Wang et al., 2015 

C. beijerinckii P260 

SHF Corn stover 14.50 

Qureshi et al., 2010 

SHF Switchgrass 5.79 

SSF Corn stover 8.98 

Qureshi et al., 2014 

SSF recovery Corn stover 11.58 

C. acetobutylicum 

ATCC824 
SSF Wheat straw 5.05 Wang et al., 2013 
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