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Abstract 1 

Butyric acid is an important C4 organic acid with broad applications. It is currently produced by 2 

chemosynthesis from petroleum-based feedstocks. However, the fermentative production of 3 

butyric acid from renewable feedstocks has received growing attention because of consumer 4 

demand for green products and natural ingredients in foods, pharmaceuticals, animal feed 5 

supplements, and cosmetics. In this review, strategies for improving microbial butyric acid 6 

production, including strain engineering and novel fermentation process development are 7 

discussed and compared regarding product yield, titer, purity and productivity. Future 8 

perspectives on strain and process improvements for butyric acid production are also discussed.  9 

 10 
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1. Introduction 14 

Butyric acid (CH3CH2CH2COOH) is a short-chain volatile fatty acid naturally produced by 15 

anaerobic bacteria with important applications in chemical, food, pharmaceutical, and animal 16 

feed industries (Brändle et al., 2016; Dwidar et al., 2012; Yang et al., 2013). Current industrial 17 

butyric acid production is exclusively via chemical synthesis, with a worldwide market of 18 

approximately 80,000 metric tons per year at a price of ~$1.8/kg (Wang et al., 2016a). However, 19 

bioproduction of butyric acid from renewable biomass is an inevitable trend as demand from 20 

food and pharmaceutical manufacturers, who generally prefer biologically produced products, 21 

increases. For economic production of bio-based butyric acid in fermentation, research efforts 22 

have focused on strain development using metabolic engineering and process development using 23 

low-cost biomass feedstocks (Dwidar et al., 2012; Jha et al., 2014; Luo et al., 2018; Zhang et al., 24 

2009b; Zigova et al., 2000). 25 

In this review paper, industrial applications of butyric acid and its current and future 26 

production status are introduced first, followed by a review on current challenges and recent 27 

advances in bioproduction of butyric acid, focusing on technical issues and approaches related to 28 

improvements in bioprocess efficiency and economics. This review highlights the metabolic 29 

regulation and its effect on butyric acid biosynthesis, and the genome editing and adaptive 30 

evolutionary engineering strategies applied to the development of a robust butyrate-producing 31 

strain. The information discussed in this review should provide a deeper understanding of 32 

clostridial fermentation and its intrinsic weakness, and inspire future synthetic biology strategy. 33 

Furthermore, techniques to improve process efficiency and achieve economical bio-based butyric 34 
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acid production are discussed, namely low-cost biomass feedstocks with relevant pretreatments, 35 

novel bioreactors, and fermentation integrated with in situ product recovery. We hope this review 36 

will facilitate the development and expansion of engineered strains and integrated bioprocesses 37 

for large-scale production of bio-based butyrate for industrial applications in the near future. 38 

2. Applications of butyric acid 39 

Butyric acid, an important C4 chemical, and its derivatives have many applications in 40 

chemical, food, pharmaceutical, perfume, and animal feed industries (Brändle et al., 2016; 41 

Dwidar et al., 2012) (Figure 1). Although butyric acid itself has an unpleasant odor, it is widely 42 

used as a pure acid to intensify butter-like notes in food flavors (Armstrong and Yamazaki, 1986). 43 

Esters of butyric acid, such as methyl, ethyl, and amyl butyrate, are used as additives to enhance 44 

fruit fragrance and as aromatic compounds for production of perfumes (Vandak et al., 1997; 45 

Zigova et al., 1999). In the chemical industry, butyric acid is mainly used as a precursor to 46 

produce thermoplastic cellulose acetate butyrate (CAB), which has excellent performance in 47 

terms of  organic solvent solubility due to enhanced hydrophobicity,  light and cold resistance, 48 

and flexibility (Zhang et al., 2009b). Butyric acid can also be used directly as an additive to 49 

plastic materials and textile fibers for heat and sunlight resistance enhancement. It has been 50 

reported that mixing CAB with another polymer like poly(3-hydroxybutyrate) (PHB), which can 51 

also be prepared from butyric acid, can improve product properties and decrease the production 52 

cost of PHB (Zhang et al., 2009). In addition, butyric acid can also be used to enhance the 53 

production of butanol as a biofuel. Naturally, butyric acid is a precursor for butanol biosynthesis 54 
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in the acetone-butanol-ethanol (ABE) fermentation by solventogenic clostridia (Cho et al., 55 

2015a). Some butyric acid producing bacteria have also engineered to produce butanol as the 56 

main product (Yang et al., 2015; Yu et al., 2011). 57 

As a ubiquitous short-chain fatty acid (SCFA) principally derived from the enteric microbiota, 58 

butyric acid also exhibits some therapeutic effects  in treating colon cancer,  stomach and 59 

intestine diseases, and hemoglobinopathies (Celasco, et al., 2014; Encarnação et al., 2015). 60 

Various biological effects of butyrate have been reported. For example, butyric acid induced 61 

morphological and biochemical differentiation in a variety of cells, which led to concomitant 62 

suppression of neoplastic properties (Leonel and Alvarez-Leite, 2012; Moquet et al., 2016). A 63 

recent study showed that butyrate can induce colonic regulatory T (Treg) cells, which play a 64 

central role in the suppression of inflammatory and allergic responses (Furusawa et al., 2013). 65 

Butyrate also positively modulates mitochondrial function, including enhancing oxidative 66 

phosphorylation and beta-oxidation, and has been proposed as a neuroprotectant (Rose et al., 67 

2018). Several butyric acid derivatives have been developed as antithyroid and vasoconstrictor 68 

drugs and used in anesthetics. A family of acyloxyalkyl butyrate prodrugs is currently in clinical 69 

development (Rephaeli et al., 2000). Because of its health benefits, especially for the young 70 

animal, butyrate is also increasingly used to replace antibiotics in animal feed (Allen et al., 2013; 71 

Bedford and Gong, 2018; Long et al., 2018).  72 

3. Current industrial production and future needs 73 

Current industrial production of butyric acid is almost exclusively by chemical synthesis using 74 
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petrochemical feedstocks, with the ‘‘Oxo’’ process being predominant (Billig and Bryan, 1991). 75 

Chemical synthesis from a propylene feedstock is utilized due to  availability, low cost, and 76 

historical connections to the petrochemical industry. For example, one mainstream commercial 77 

butyric acid production process involves the hydroformylation of propylene derived from crude 78 

oil, with the addition of syngas (consisting of mainly hydrogen and carbon monoxide) (Table 1). 79 

Oxo synthesis is the addition of a hydrogen atom and carbon monoxide to an alkene double bond 80 

in the presence of a metallic catalyst under high temperature and pressure (e.g., 100‒180°C, 81 

20‒30 MPa) (Pryde, 1978). The triphenylphosphine-modified rhodium oxo reaction, termed the 82 

‘‘LP Oxo’’ process, is the current industrial standard for the hydroformylation of propylene, with 83 

up to 90% yield of crude butyric acid (Cascone, 2008). The oxo synthesis process has been the 84 

predominant method for decade, but produces both butyraldehyde and isobutyraldehyde, leading 85 

to the coproduction of isobutyric acid and reduced butyric acid yields. The oxo synthesis process 86 

also generates toxic spent metallic catalysts and compounds such as sulfide, cyanide, and 87 

chloride that cause serious environmental pollution problems. This process has been gradually 88 

replaced by the one-step oxidation of butyraldehyde to butyric acid with molecular oxygen as the 89 

oxidant (Playne, 1985). In this newer process, relatively high butyric acid yields (>99.5%) and 90 

selectivity (>95%) are accomplished using highly active heterogeneous catalysts, such as alkali 91 

metal and cobalt salts (Pryde, 1978). From an economic and environmental point of view, 92 

aqueous phase oxidation processes using an easily separable and reusable non-toxic chemical 93 

catalyst present the best option.  94 

Due to public concerns about environmental pollution caused by chemical synthesis processes 95 
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and the inevitable depletion of petroleum resources in the foreseeable future, bioproduction of 96 

butyric acid from renewable feedstocks has become an attractive alternative to conventional 97 

chemical synthesis. With growing interest in bio-based organic acids in food and pharmaceutical 98 

applications, butyric acid produced from plant-based feedstocks in microbial fermentation is also 99 

preferred and could demand a premium over petroleum-derived butyric acid (Becker et al., 2015; 100 

Lee et al., 2011). Despite high interests in butyric acid biosynthesis, its industrial application is 101 

hindered by low product yield, productivity and final titer, and challenges in separating butyric 102 

acid from acetic acid co-produced during fermentation (Jha et al., 2014; Luo et al., 2018; Zhang 103 

et al., 2009b). Improving butyric acid fermentation via strain engineering and novel bioprocess 104 

development has been a recent research focus, which will be discussed in detail along with the 105 

butyric acid biosynthesis pathway in the following sections. 106 

4. Butyric acid biosynthesis 107 

4.1 Butyric acid producing bacteria 108 

Many microorganisms, mainly in the genera of Clostridium, Butyrivibrio, and Butyribacterium, 109 

can produce butyric acid as the major fermentation product (Zhang et al., 2009b; Zigova and 110 

Sturdik, 2000). Some species in the genera of Coprococcus, Eubacterium, Fusobacterium, 111 

Megasphaera, Roseburia, and Sarcina can also produce butyric acid (Duncan et al., 2002). 112 

Among them, the genus Clostridium, which are anaerobic, Gram-positive and spore-forming 113 

bacteria, can produce butyric acid with a high titer, yield, and productivity from a variety of 114 

substrates, including glucose, xylose, lactose, and glycerol (Dwidar et al., 2012). For industrial 115 
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application, a non-pathogenic strain is preferred for environmental health and safety concerns. 116 

Table 2 lists the non-pathogenic Clostridium species known to produce butyric acid from various 117 

carbon sources. Many of them have fully sequenced genomes, and several have been widely 118 

studied for potential use in industrial production of butyric acid (Yang et al., 2013). Moreover, an 119 

increasing number of strains are continuously being discovered and identified based on specific 120 

16S rRNA sequences (Chi et al., 2018; Cocolin et al., 2004; Klijn et al., 1994; Knabel et al., 1997; 121 

Kobayashi et al., 2017; Lee et al., 2015a). 122 

Among all genome-sequenced butyric acid bacteria, C. tyrobutyricum has the smallest genome 123 

consisting of a 3.07-Mbp chromosome and a 63-kbp plasmid, and containing 3,138 124 

protein-coding genes, of which 49.4% (1,552 genes) have been assigned with KEGG Orthology 125 

(KO) numbers (Jiang et al., 2013). C. tyrobutyricum is the most studied butyric acid producing 126 

bacterium, with the strain ATCC 25755 having the highest butyric acid titer of 86.9 g/L to date 127 

(Jiang et al., 2011b). Other C. tyrobutyricum strains, including CIP 1-776, CNRZ 596 and ZJU 128 

8235, have also demonstrated promising ability for butyric acid production (Dwider et al., 2012). 129 

However, this species has a relatively limited substrate spectrum and cannot use polysaccharides 130 

or most disaccharides, including lactose.  131 

Compared to C. tyrobutyricum, C. butyricum has a larger genome of 4.54 Mbps and can use a 132 

wider spectrum of substrates, including starch, most disaccharides, and glycerol (Papanikolaou et 133 

al., 2008; Petitdemange et al., 1995; Reid et al., 1996; Vandak et al., 1995). However, this species 134 

usually produces 1,3-propandiol as the main product with much lower levels of butyrate and 135 

acetate as byproducts. Also, some strains of C. butyricum are pathogenic and have genes 136 
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encoding enterotoxins, botulinum neurotoxin, and neuraminidase that are a high health concern 137 

(Cassir et al., 2016). Solventogenic Clostridium, such as C. acetobutylicum and C. beijerinckii, 138 

usually produces large quantities of solvents, like butanol, acetone, and ethanol, and can also 139 

produce butyrate and acetate (Alam et al., 1988). Some mutant and genetically modified C. 140 

acetobutylicum strains can produce butyric acid as the main product at a relatively high titer and 141 

yield in fermentation (Jang et al., 2013; 2014; Siller et al., 2008).  142 

C. cellulovorans and C. populeti can directly use cellulose for butyrate synthesis (Patel and 143 

Agnew, 1988; Tamaru et al., 2010). Direct cellulose fermentation in a consolidated bioprocess 144 

(CBP) has the potential for reducing production costs of biobased chemicals and biofuels (Wang 145 

et al., 2014). C. thermobutyricum is a thermophile with an optimal temperature of 55ºC 146 

(Canganella et al., 2002; Wang et al., 2015a). It offers advantages such as the ability to directly 147 

convert lignocellulose into butyrate, easier end-products recovery from the fermentation broth at 148 

a higher temperature, and better overall fermentation control. 149 

C. carboxidivorans and C. ljungdahlii are autotrophs that can grow using CO2 or CO as the 150 

sole carbon source, and H2 or CO as the energy source using the Wood-Ljungdahl pathway 151 

(Köpke et al., 2010; Phillips et al., 2015; Ueki et al., 2014). They can also grow 152 

chemoorganotrophically, producing butyric acid and other products such as acetate and ethanol 153 

from simple sugars. These mixotrophs are therefore promising for transforming sugars and 154 

process-waste gases into biochemicals (Ukpong et al., 2012). These and other carboxydotrophic 155 

bacteria, including Eubacterium limosum and Butyribacterium methylotrophicum (Heiskanen et 156 

al., 2007; Park et al., 2017) have been studied for their potential to produce butyrate from 157 
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industrial waste gases or syngas, a mixture of CO2, CO, and H2. However, butyrate production 158 

from syngas suffers from low productivity (<0.01 g/L·h) and product concentration (0.5‒1.5 g/L), 159 

although adding an organic carbon source such as fructose can significantly improve syngas 160 

fermentation.  161 

4.2 Metabolic pathways of acidogenic clostridia 162 

Almost all naturally isolated butyric acid bacteria, including C. tyrobutyricum, are 163 

heterofermentative, converting glucose to a mixture of butyrate, acetate, CO2 and H2 (Playne, 164 

1985; Rogers and Gottschalk, 1993). Figure 2 shows the metabolic pathways of butyric acid 165 

production from various organic carbon sources (e.g., glucose and xylose) and syngas (CO2, CO, 166 

H2) in clostridia. In fermentation using glucose as the carbon source, glycolysis, mainly via the 167 

Embden–Meyerhof–Parnas (EMP) pathway, generates pyruvic acid and then acetyl-CoA, which 168 

is converted either to acetate via the phosphotransacetylase (PTA)-acetate kinase (ACK) pathway 169 

or to butyryl-CoA via reactions catalyzed by thiolase, β-hydroxybutyryl-CoA dehydrogenase, 170 

crotonase, and butyryl-CoA dehydrogenase with electron transferring flavoprotein (Figure 2C). 171 

Butyryl-CoA is then converted to butyrate by either the phosphotransbutyrylase (PTB)-butyrate 172 

kinase (BUK) pathway or via a CoA transferase (CTF).  173 

The vast majority of butyric-acid-producing clostridia, including C. acetobutylicum and C. 174 

butyricum, use the PTB-BUK pathway, in which, butyryl-CoA is converted to butyryl phosphate 175 

by PTB and then to butyrate by BUK, generating one ATP from each mol of butyrate produced. 176 

C. tyrobutyricum, C. kluyveri, and several intestinal bacteria use CTF to transfer CoA from 177 
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butyryl-CoA to acetate, thus forming butyrate and acetyl-CoA, which can be re-assimilated for 178 

the synthesis of butyrate (Duncan et al., 2002; Fu et al., 2017b; Lee et al., 2016; Wu et al., 2017a; 179 

Yang et al., 2013). Only a few species possess both butyric acid biosynthesis pathways. However, 180 

it is not clear whether any of them use both pathways and how much contribution each pathway 181 

makes to the total production (Cho et al., 2015a; Louis et al., 2004). 182 

Reported butyrate and acetate yields from sugars (e.g., glucose and xylose) were usually 183 

0.8–1.1 mol/mol and 0.32–0.42 mol/mol, respectively, with an approximate butyrate to acetate 184 

ratio (BA/AA) of 2 mol/mol or 2.9 g/g (Zhou et al., 2014). However, some species, such as C. 185 

thermobutyricum, also produce lactate but much less acetate (Canganella et al., 2002). In general, 186 

the fermentation reactions may be represented by the following stoichiometric equations (Yang et 187 

al., 2013). 188 

Glucose  →  0.8 butyrate + 0.4 acetate +2 CO2 + 2.4 H2 

Glucose  →  0.85 butyrate + 0.1 acetate + 0.2 lactate +1.8 CO2 + 1.9 H2 

Carboxydotrophic acetogens use the Wood–Ljungdahl pathway to convert CO2, CO and H2 to 189 

acetyl-CoA (Köpke et al., 2010; Ueki et al., 2014), which can then be converted to acetate and 190 

ethanol under certain conditions (Figure 2B). Some species, such as C. carboxidivorans, could 191 

also produce butyrate from syngas at a relatively low level limited by electron availability or 192 

reducing power (Liou et al., 2005).  193 

4.3 Factors affecting butyric acid fermentation 194 

Fermentation process parameters including pH, carbon source, H2 partial pressure, reducing 195 
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power (NADH), and acetate and butyrate concentrations can affect cell growth, the distribution 196 

of end-products, and the final butyric acid concentration, yield and productivity (Fu et al., 2017b; 197 

Zhang et al., 2009b; Zhu and Yang, 2004). In fermentation, the medium pH significantly affects 198 

cell growth, the final product concentration, and BA/AA ratio. A change of the medium pH can 199 

induce metabolic shifts and lead to very different product profiles (Zhu and Yang, 2004). In 200 

general, a pH above 6.0 was beneficial for butyric acid production and pH 6.3 was reported to be 201 

optimal for C. tyrobutyricum considering final butyric acid titer and productivity (Jo et al., 2008; 202 

Liu and Yang, 2006). At pH 6.0 and higher, C. tyrobutyricum predominantly produced butyrate 203 

when using xylose as the sole substrate. When the pH decreased to 5.0, other acids (e.g., acetic 204 

acid and lactic acid) became dominant products (Zhu and Yang, 2004). For B. methylotrophicum, 205 

using CO as the substrate shifted metabolites production from acetate to butyrate when the 206 

medium pH was adjusted from 6.8 to 6.0 (Worden et al., 1989).  207 

Carbon sources also play an important role in cell growth and acids production. In C. 208 

thermobutyricum, the BA/AA ratio decreased from 10.5 g/g with glucose to 1.1 g/g with 209 

pyruvate as the substrate (Wiegel et al., 1989). C. butyricum produced acids and more hydrogen 210 

from glucose, but 1,3-propanediol became the main product with a low level of hydrogen 211 

production when glycerol was the substrate (Saint-Amans et al., 2001). The metabolic shift may 212 

be necessary for cells to balance the redox using the more highly reduced glycerol for growth, 213 

since glycerol generates additional NAD(P)H in its catabolism. C. tyrobutyricum can 214 

simultaneously utilize glucose and xylose for butyrate synthesis (Jiang et al., 2010), but lower 215 

cell growth and BA/AA ratio were achieved when using xylose (Zhu et al., 2002). This is due to 216 
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higher energy requirements for transporting xylose into the cell, which decreases the net final 217 

ATP yield. Also, xylose utilization could be inhibited by the presence of glucose from carbon 218 

catabolite repression effects (Fu et al., 2017b). 219 

Hydrogen pressure can also affect cell growth and acids production. For example, the BA/AA 220 

ratio decreased with increasing partial pressure of hydrogen in chemostat cultures. However, the 221 

carbon dioxide pressure did not influence end-products formation (Andel et al., 1985).  222 

The addition of benzyl viologen, an artificial electron carrier, enhanced butyrate production by 223 

inhibiting hydrogen production, which resulted in more available NADH and facilitated the 224 

reassimilation of acetate to butyrate by C. tyrobutyricum (Fu et al., 2017b). Consequently, a high 225 

BA/AA ratio of 58 g/g or product purity of 98.3% was obtained in batch fermentation. Although 226 

acetate is the main byproduct of butyric acid fermentation, several studies have shown that the 227 

addition of acetate could result in higher glucose consumption, more rapid cell growth and 228 

increased butyrate production (Canganella et al., 2002; Li et al., 2011; Michel-Savin et al., 1990; 229 

Zhang et al., 2009b). It has also been shown that CoA transferase was highly expressed in C. 230 

beijerinckii NCIMB 8052 cultured with sodium acetate in the medium. Higher specific activities 231 

of ACK and BUK were also found when grown in the presence of acetate (Chen and Blaschek, 232 

1999). Some butyric acid bacteria, such as Clostridium sp. S1, produced solely butyrate from soft 233 

wood hydrolysate containing glucose, mannose and xylose, because of their ability to also 234 

consume acetate present in the hydrolysate (Kim et al., 2016). 235 

Butyric acid, in its undissociated form, is a strong inhibitor of cell growth and fermentation 236 

(Peterson and Daugulis, 2014a; Wu and Yang, 2003). Its accumulation in cells leads to a decrease 237 
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in the intracellular pH as well as the ATP available for cell growth (Zhang et al., 2009b). An 238 

initial butyrate concentration of 10 g/L in the culture medium reduced C. tyrobutyricum cell’s 239 

specific growth rate on glucose by more than 90% (Zhu and Yang, 2003). Cell tolerance to 240 

butyrate inhibition was greatly improved after adaptive evolution in a fibrous bed bioreactor 241 

(Zhu and Yang, 2003). Also, the butyric acid inhibition problem can be alleviated by 242 

continuously removing butyric acid from the fermentation broth, such as in an extractive 243 

fermentation (Du et al., 2012a; Peterson and Daugulis, 2014a; Wu and Yang, 2003; Zigova et al., 244 

1999).  245 

5. Strain engineering for butyric acid production 246 

The main challenges associated with the bioproduction of butyric acid are low product yield 247 

and low productivity, respectively arising due to the co-production of acetic acid and CO2 in 248 

fermentation and butyric acid toxicity to cells, which also limits the achievable butyric acid titer. 249 

Therefore, development of a robust strain with significantly improved butyric acid yield and 250 

tolerance is prerequisite for butyric acid production to be economically competitive with 251 

chemical synthesis routes (Fu et al., 2017b; Suo et al., 2017). Figure 3 illustrates strategies for 252 

the development of robust butyric-acid-producing strains. 253 

5.1 Metabolic engineering of clostridia for butyric acid production 254 

Whole genome sequencing can provide the genetic information for a comprehensive 255 

understanding of cellular physiology and metabolism (Jiang at al., 2013; Paul et al., 2010; 256 

Tamaru et al., 2010; Wasels et al., 2016; Yang et al., 2013). The genomic sequence and 257 
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annotation can also facilitate strain engineering by rational metabolic engineering. To date, the 258 

genomes of more than ten clostridial species, including C. butyricum, C. tyrobutyricum, C. 259 

carboxidivorans, and C. cellulovorans, have been fully sequenced and annotated (Table 2). Most 260 

clostridia genomes have a low GC content of ~30%, significantly lower than those of more 261 

widely studied organisms such as E. coli and yeasts. This represents an obstacle for transferring 262 

and expressing heterologous genes in clostridia (Lee et al., 2016).  263 

Although multiple cloning vectors based on different G(+) replicons have been developed and 264 

successfully used in several clostridial strains (Heap et al., 2010; Heap et al., 2007; Heap et al., 265 

2009), they are limited by low electro-transformation efficiency (Yu et al., 2012). The 266 

transformation efficiency can be improved using conjugation between E. coli and clostridia (Wu 267 

et al., 2017b). A gene knockout strategy using the retargeted Group II intron (ClosTron) was 268 

developed to offer a higher integration frequency compared to conventional homologous 269 

recombination (Heap et al., 2007; Heap et al., 2010; Wu et al., 2017b). More recently, 270 

CRISPR-cas9 genome editing systems were also developed and used in several clostridial 271 

species (Huang et al., 2016d; Wang et al., 2016b; Waselsa et al., 2017; Wu et al., 2017a; Xu et al., 272 

2015; Zhang et al., 2018). Furthermore, the genome of the C. tyrobutyricum ATCC 25755 273 

revealed 21 Cas proteins associated with CRISPRs, much higher than in two other closely related 274 

species C. butyricum and C. acetobutylicum (Wu et al., 2017a). Csh2 family and TM1802 family 275 

proteins, which were only previously found in C. thermocellum (Blume et al., 2013), may be 276 

used in a more compatible genome-editing system for acidogenic clostridia.  277 

Recent studies on metabolic engineering of clostridia for butyric acid production have focused 278 
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on several species (Table 3). The first study with acidogenic clostridia was conducted in C. 279 

tyrobutyricum, in which the acetate synthesis pathway was partially blocked by separate pta and 280 

ack gene knock outs to reduce acetate formation, resulting in increased butyrate concentration, 281 

yield, and BA/AA ratio (Zhu et al., 2005; Liu et al., 2006b). However, cell growth was also 282 

significantly reduced because of less ATP generation due to the reduced acetate biosynthesis. 283 

Compared with the pta knockout strain, the ack knockout strain achieved a higher butyric acid 284 

final concentration (41.7 g/L vs. 32.5 g/L) and BA/AA mass ratio (0.42 g/g vs. 0.38 g/g), which 285 

were 20–28.6 g/L and 0.33–0.34 g/g, respectively, in the wild-type strain. However, acetic acid 286 

concentration and yield did not significantly decrease in these mutants, suggesting the existence 287 

of the CoA transferase pathway for acetic acid formation. 288 

Phosphotransbutyrylase (PTB) is a vital enzyme used in the synthesis of butyric acid, and the 289 

effects of knocking out ptb on metabolic flux distribution and product formation have been 290 

investigated (Zhang et al., 2012). Interestingly, there is no significant reduction of butyric acid 291 

production in the ptb knockout mutant; instead, acetic acid production increased. The specific 292 

growth rate of the mutant was 1.3-times higher than the wild-type strain (0.20 vs. 0.15 h-1). 293 

However, the ptb gene has not yet been identified in the sequenced genome of C. tyrobutyricum 294 

(Jiang et al., 2013; Lee et al., 2016; Vital et al., 2014). It is therefore necessary to make a 295 

thorough inquiry on different pathways of butyric acid synthesis. A recent study showed that 296 

overexpressing the butyryl-CoA/acetate CoA transferase (cat1) and crotonase (crt) in C. 297 

tyrobutyricum enhanced the acetyl-CoA to butyrate flux and significantly reduced acetic acid 298 

production, resulting in a 2.24-fold increase in the BA/AA ratio to 15.76 g/g (Suo et al., 2018c).  299 
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Hydrogen production has significant effects on electron balance and product distribution. 300 

Overexpressing a [FeFe]-hydrogenase in C. tyrobutyricum increased butyrate and hydrogen 301 

production while lactate formation was reduced (Jo et al., 2008). No butyrate production was 302 

observed in C. butyricum with β-hydroxybutyryl-CoA dehydrogenase (hbd) knockout (Cai et al., 303 

2011). Hydrogen production was also dramatically decreased, but the mutant produced more 304 

ethanol.  305 

Heat shock proteins (HSPs) play a critical role in protecting bacteria from changes of the 306 

external environment by assisting correct protein folding. Overexpressing groESL in C. 307 

tyrobutyricum significantly increased its butyrate tolerance, resulting in 28.2% and 38% 308 

increases in butyrate and acetate production, respectively (Suo et al., 2017). Compared with the 309 

wild-type strain, the mutant also produced 26.5% and 19.4% more butyric acid from 310 

hydrolysates of corn straw (29.6 g/L) and rice straw (30.1 g/L), respectively, in batch 311 

fermentations (Suo et al., 2018a). The mutant had a significantly shortened lag phase in 312 

fermentation due to improved tolerance for hydrolysate inhibitors, resulting in a 50% increase in 313 

butyric acid productivity in the fermentation (0.31 g/L·h vs. 0.21 g/L·h for the wild-type strain). 314 

In addition, the oxidative stress tolerance of C. tyrobutyricum was enhanced by introducing a 315 

heterologous trehalose synthase (TreS), which resulted in the production of trehalose and higher 316 

butyrate tolerance (Wu et al., 2017b). 317 

Overexpressing 6-phosphofructokinase (pfkA) and pyruvate kinase (pykA), two rate-limiting 318 

enzymes in the EMP pathway, in C. tyrobutyricum also increased its butyrate production from 319 

glucose by 38.1% (to 48.2 g/L) and productivity by 38.9% (to 0.50 g/L·h) as compared to the 320 
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wild type. Increased butyrate production was attributed to enhanced levels of intracellular 321 

NADH and ATP and increased cell tolerance to butyric acid and glucose (Suo et al., 2018b). To 322 

better co-utilize glucose and xylose in fermentation, Fu et al. (2017b) engineered C. 323 

tyrobutyricum to overexpress three genes (xylA, xylB, and xylT) in the xylose catabolic pathway. 324 

The mutant was able to simultaneously produce butyrate from glucose and xylose at a high 325 

productivity of 0.87 g/L·h. Furthermore, butyric acid was the predominant product with a high 326 

BA/AA ratio of 58 g/g when benzyl viologen, an electron carrier, was added in the fermentation 327 

medium. This study demonstrated the feasibility of producing butyrate at a high purity of >98% 328 

in fermentation, circumventing the challenge of separating butyric acid from acetic acid. It 329 

should be mentioned that C. tyrobutyricum has also been engineered to produce n-butanol as the 330 

main product by overexpressing a heterologous bifunctional aldehyde/alcohol dehydrogenase 331 

(adhE2), turning it from an acidogen to a novel solventogen (Yu et al., 2011; Zhang et al., 2018). 332 

n-Butanol is a widely used industrial solvent and can be readily separated by distillation from the 333 

fermentation broth and other impurities. 334 

C. acetobutylicum is an attractive species for use in biorefinery because of its metabolic 335 

diversity. Its wild-type strain has been widely used in ABE fermentation. However, an acidogenic 336 

strain M5, a mutant that had lost the megaplasmid pSOL1 containing genes for solventogenesis, 337 

produced only acids without any solvents in fermentation (Sillers et al., 2008). Its mutant with 338 

ack knockout produced ~6.6 g/L butyrate, and 17.3 g/L butyrate with aad and thl 339 

overexpressions. Further engineering the strain with both ack knockout and aad overexpression 340 

produced 25.3 g/L butyric acid. A more recent study showed that a mutant strain of C. 341 



19 

 

acetobutylicum ATCC 824 with a dual knockout of pta and ctfB was able to produce 26.6 g/L 342 

butyric acid (Jang et al., 2013). Further knockout of the adhE1 gene enhanced butyric acid 343 

production to 30.8 g/L, with a BA/AA ratio of 6.6 g/g and negligible solvent production (only 0.8 344 

g/L ethanol). Interestingly, a highly selective butyric acid production strain was obtained by also 345 

knocking out buk, which increased the BA/AA ratio to 31.3 g/g (Jang et al., 2014). These results 346 

demonstrated that efficient biosynthesis of butyric acid as the main product can be achieved with 347 

C. acetobutylicum via metabolic engineering.  348 

Butyrate production from syngas by engineered C. ljungdahlii has also been demonstrated. A 349 

butyric acid production of 1.8 g/L was obtained in syngas fermentation with C. ljungdahlii 350 

engineered to express thl, hbd, crt, bcd, etfA, etfB, ptb, and buk from C. acetobutylicum by 351 

integration of these genes in its chromosome through homologous recombination (Ueki et al., 352 

2014). 353 

5.2 Metabolic engineering of E. coli for butyric acid production 354 

Butyric acid biosynthesis by acidogenic clostridia requires strict anaerobic conditions, which 355 

are difficult to maintain for large-scale industrial fermentation. Clostridium is also difficult to 356 

engineer due to limited genetic engineering tools. Therefore, recent studies have also focused on 357 

the engineering of E. coli, which can be more easily re-engineered in its metabolic pathways 358 

(Baek et al., 2013). To engineer E. coli for butyric acid production from glucose, various 359 

strategies have been studied (Figure 4). Seregina et al. (2010) constructed a butyrate-producing 360 

strain of E. coli with the deletion of native fadR, aceF, ldhA and pta genes without introducing 361 

any heterologous genes. The mutant strain MG1655 produced 1.3 g/L butyrate in an LB medium 362 
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containing 3% glucose. In addition to the deletion of native genes, such as pta, frdABCD, ldhA, 363 

and adhE, to increase the NADH availability and reduce byproduct formation, heterologous 364 

genes in the pathway from acetyl-CoA to butyryl-CoA (i.e., thiL, hbd, crt, bcd, and etfAB) and 365 

tesB (encoding acyl-CoA thioesterase II) from other bacteria, mainly C. acetobutylicum, were 366 

also introduced in E. coli to enhance butyrate biosynthesis (Table 4). It is worth noting that 367 

synthetic scaffolds were used to improve the overall catalytic efficiency of heterologous enzymes, 368 

resulting in a 3-fold improvement in butyric acid production in fermentation (Baek et al., 2013). 369 

Although butyrate production was only 4.3–7.2 g/L, a high butyrate yield of 0.41–0.43 g/g 370 

glucose and BA/AA ratio of 41 g/g were obtained (Baek et al., 2013; Lim et al., 2013). A higher 371 

butyrate production of 10 g/L and the highest BA/AA ratio of 143 g/g were obtained from 20 g/L 372 

glucose and 8 g/L acetate in an LB medium (Saini et al., 2014). The highest butyrate production 373 

of 14.3 g/L was achieved by using E. coli’s native fatty acid synthesis (FASII) pathway with the 374 

expression of tesB in a fed-batch culture under phosphorous limited conditions (Jawed et al., 375 

2016). However, the butyrate yield from glucose was low, only 0.11 g/g. Although engineered E. 376 

coli strains were able to produce butyrate at a high yield and selectivity with minimal acetate 377 

production, the highest butyrate titer produced so far was much lower than that from clostridial 378 

fermentations, probably due to poor butyric acid tolerance. 379 

5.3 Adaptive evolution for enhancing strain robustness 380 

Industrial microbes are subject to several adverse conditions or environmental stresses, 381 

including inhibition by substrates and products, unfavorable pH, and osmotic stress. However, 382 

they can be engineered to better handle these stresses through adaptive evolution 383 
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(Olson-Manning et al., 2012). Adaptive evolution under long-term chemostat conditions has been 384 

widely used, mostly in accordance with the principles summarized by Gresham and Hong (2015). 385 

A more effective adaptive evolutionary engineering strategy was developed via cell 386 

immobilization, which could not only achieve a higher cell density and reactor productivity, but 387 

also provided more conducive microenvironments for cells to better survive under stress and 388 

evolve with novel genotypes and phenotypes impossible to achieve in free-cell culture 389 

environments (Zhu and Yang, 2003). This adaptive evolution strategy has been explored with C. 390 

tyrobutyricum immobilized in a fibrous bed bioreactor (FBB) (Yang, 1996), in which cells 391 

attached to and grew on artificial surfaces and formed large aggregates in the interstices (Figure 392 

5). High cell densities ranging from 35 to 100 g of cell dry weight per liter of reactor volume, 393 

dependent on dilution rate and culture conditions, were achieved after ~3 months of continuous 394 

culture under the stress of high butyric acid concentration, resulting in mutant strains with more 395 

than 2.3-fold increase in tolerance to butyric acid inhibition (Zhu and Yang, 2003).  396 

The long-term immobilized cell culture mimics natural events in which cells attach to and 397 

grow on surfaces, form biofilm and biofloc, and adapt to environmental stresses. With cells 398 

immobilized in the FBB, the highest butyric acid production of 86.9 g/L was achieved in a 399 

repeated fed-batch fermentation process (Jiang et al., 2011b). In contrast, the original strain was 400 

unable to grow in the presence of 40 g/L butyric acid. The adapted culture had an elongated rod 401 

morphology, significantly elevated intracellular pH, and higher PTB and BK activities, which 402 

contributed to its higher butyric acid tolerance. The same strategy was also applied to raise 403 

glucose tolerance and consumption rate by feeding glucose at a high concentration of 150 g/L to 404 
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adapt and induce evolution of cells with high glucose tolerance and utilization ability (Jiang et al., 405 

2012). After continuous culture for over 130 days, a mutant emerged with enhanced glucokinase 406 

activity for efficient glucose utilization was able to produce butyric acid from glucose at a yield 407 

as high as 0.45 g/g. Apparently, the high glucose and butyric acid microenvironments inside the 408 

FBB induced genetic and physiological changes of C. tyrobutyricum during the long adaptive 409 

evolution process, leading to the emergence of mutants with improved glucose and butyric acid 410 

tolerance. These studies demonstrated that adaptive evolution in FBB is an efficient strategy to 411 

gain an advantageous culture that is more tolerant of high substrate and product concentrations. 412 

This adaptive evolution strategy can be used to solve or alleviate product and substrate inhibition 413 

problems suffered by industrial microbes. 414 

6. Fermentation process development  415 

Conventional butyric acid production by batch fermentation suffers from low final product 416 

concentration, yield and productivity. The low product concentration also results in 417 

uneconomical downstream processing due to difficult product recovery and costly purification 418 

(Yang et al., 2013). Consequently, many studies have aimed to increase cell density, final product 419 

concentration, product yield and overall reactor productivity using different process operating 420 

modes, immobilized cell bioreactors, and fermentation with in situ product removal, which are 421 

discussed in the following sections. Recent research has focused on using low-cost biomass 422 

feedstocks, including food processing byproducts and agricultural residues, for butyric acid 423 

fermentation (Table 5) since conventional fermentation substrates (e.g., glucose, sucrose, and 424 
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starch-based materials) are expensive and often contribute up to ~50% of the final product cost. 425 

The potential and challenges in using biomass feedstocks for industrial production of butyric 426 

acid are also discussed.  427 

6.1 Process operation mode 428 

Batch and fed-batch fermentation modes have been widely used to produce butyrate due to 429 

their relative ease and simplicity. Conventional free-cell batch fermentation with C. 430 

tyrobutyricum in bottles or bioreactors usually produced butyric acid with low final titer below 431 

25 g/L, productivity of much less than 1 g/L∙h, and yield of less than 0.4 g/g from glucose (see 432 

Table 5). In addition to product inhibition, there is also strong substrate inhibition at a high 433 

glucose concentration of >100 g/L when culturing the cells in batch mode, which can be 434 

overcome using controlled glucose addition in fed-batch fermentation, achieving a high final 435 

butyric acid titer of 62.8 g/L, yield of 0.45 g/g, and productivity of 1.25 g/L∙h from wheat flour 436 

hydrolysate (Fayolle et al., 1990). A much higher final butyric acid concentration of 86.9 g/L 437 

(Jiang et al., 2011b) and productivity of 6.78 g/L∙h (Huang et al., 2002) can be obtained in 438 

fed-batch fermentation with cells immobilized in an FBB. Continuous fermentation could also 439 

achieve a higher productivity but suffered from very low product concentration (<10 g/L) (Du et 440 

al., 2012b; Rebroš et al., 2016). Continuous fermentation also faces a high contamination risk, 441 

and thus is rarely used in industrial fermentation.  442 

6.2 Immobilized-cell bioreactors for high cell density and productivity 443 

Cell immobilization can greatly increase cell density in bioreactor and thus fermentation 444 
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productivity. Immobilized cell fermentation could also increase product yield and titer, due to a 445 

reduction in carbon substrate used for growing cells and an increase cell tolerance to product 446 

inhibition, respectively. The most prominent immobilized-cell bioreactors are packed-bed and 447 

fluidized-bed with porous carriers for cell adsorption or entrapment (Jiang et al., 2011a; Rebroš 448 

et al., 2016). Membrane bioreactors are also widely used for cell retention via microfiltration. 449 

The FBB, a packed-bed bioreactor with porous fibrous matrix for cell immobilization, has been 450 

widely studied for butyric acid fermentation with significant improvements in final butyrate titer, 451 

yield, and productivity as compared to free-cell fermentation (see Table 5). The FBB with 452 

built-in open flow channels that allow for multiphase flows inside the packed bed (see Figure 5), 453 

and thus unfiltered hydrolysates containing fine particulates, including hydrolyzed corn fiber 454 

(Zhu et al., 2002) and corn meal (Huang et al., 2002), can be fed directly into the FBB without 455 

clogging the reactor. Like the FBB, a recently developed inner disc-shaped matrix bioreactor was 456 

able to produce butyric acid at a final titer of 61.87 g/L, productivity of 0.72 g/L·h, and yield of 457 

0.42 g/g in fed-batch fermentation of glucose (Huang et al., 2016b). A moving fibrous-bed 458 

bioreactor, which was loaded with numerous porous levitated spherical carriers each packed with 459 

cotton towel strips for cells immobilization in a stirred tank, produced 65.4 g/L butyric acid from 460 

glucose at a productivity of 0.35 g/L·h and yield of 0.38 g/g in fed-batch fermentation (Shi et al., 461 

2015). 462 

Although the FBB has shown excellent performance for butyric acid production from various 463 

substrates at the laboratory scale, scale up for industrial application has been lagging, largely due 464 

to reluctance in the fermentation industry to try new bioreactor technology. As an alternative to 465 
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cell immobilization, cell recycle has also been demonstrated as an effective process strategy to 466 

increase cell density and reactor productivity (Wang et al., 2015b; Yang et al., 2018). Partial cell 467 

recycle using ultrafiltration was studied in a long-term continuous butyric acid fermentation (Du 468 

et al., 2012b), which showed limited improvement in reactor productivity. 469 

6.3 In situ product recovery to alleviate butyric acid inhibition  470 

Due to end-product inhibition, conventional butyric acid fermentation processes suffer from 471 

low product titers, yields and productivities. This inhibition problem can be alleviated in an 472 

integrated fermentation-separation process (e.g., extractive fermentation) with in situ product 473 

recovery (ISPR) or butyric acid removal from the fermentation broth (Wu and Yang, 2003; Yang 474 

and Lu, 2013). With ISPR, butyric acid is continuously removed from the fermentation broth to 475 

relieve product inhibition and the need for external pH control via base addition. It also allows 476 

the use of high-concentration substrates for continuous production to reach a higher final product 477 

concentration, reducing water and downstream processing loads and production costs. 478 

Several ISPR processes with butyric acid separation by solvent extraction, adsorption, and 479 

electrodeionization (EDI), respectively, have been studied for butyric acid production from 480 

glucose (Table 6). Zigova et al. (1999) first applied solvent extraction in extractive fermentation 481 

and pertractive fermentation with free cells of C. butyricum. Although final butyric acid 482 

concentration and yield were significantly improved in these processes, productivity was reduced 483 

by ~12% (from 0.24 to 0.21 g/L∙h) compared to the control without solvent extraction, probably 484 

due to solvent toxicity. To overcome solvent toxicity, Wu and Yang (2003) developed a 485 
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pertractive fermentation process with cells immobilized in an FBB and continuous butyric acid 486 

extraction with Alamine 336/oleyl alcohol and back extraction with NaOH in two membrane 487 

contactors, respectively (Figure 6). This process produced sodium butyrate at a high butyrate 488 

concentration of 301 g/L with high purity of ~91% (BA/AA ratio = 10.1 g/g). Compared to the 489 

control without solvent extraction, the process also had a significantly higher productivity (7.37 490 

vs. 6.77 g/L·h) and yield (0.45 vs. 0.42 g/g).  491 

Du et al. (2012a) developed a continuous extractive fermentation with cell recycle through 492 

ultrafiltration and butyrate separation by electrodeionization (EDI). The process achieved a 493 

significantly higher butyrate productivity (2.15 vs. 0.98 g/L·h) and yield (0.45 vs. 0.37 g/g) 494 

compared to the control without EDI for ISPR. The final recovered product had a high butyrate 495 

concentration of ~200 g/L and purity of ~92%. More recently, an extractive fed-batch 496 

fermentation process using the polymer Pebax 2533 for butyric acid adsorption was developed 497 

with cyclic high pCO2 to control the fermentation broth pH and facilitate the adsorption of 498 

butyric acid in the solid-liquid two-phase bioreactor (Peterson and Daugulis, 2014a). Compared 499 

to the control without adsorption, the process produced more butyrate (85.2 g/L vs. 51.2 g/L) 500 

from glucose (butyrate yield: 0.54 g/g vs. 0.40 g/g) at a higher productivity of 0.65 g/L·h (vs. 501 

0.33 g/L·h) (Peterson and Daugulis, 2014b). 502 

Furthermore, Baroi et al. (2015b) developed a continuous fermentation process with reverse 503 

electro enhanced dialysis (REED) for ISPR, which increased butyrate productivity by over 504 

2.5-fold. The process also improved butyrate yield (0.45 g/g vs. 0.39 g/g) and purity (88% vs. 505 

81%). However, butyrate titer from the process was low, less than 7 g/L. 506 
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In summary, butyric acid fermentation with ISPR can greatly improve fermentation process 507 

performance due to reduced butyric acid inhibition. However, its performance improvements are 508 

highly dependent on the separation method used. The effect of ISPR on overall production cost 509 

and its scale up for industrial application need to be studied. 510 

6.4 Low-cost feedstock for fermentation to reduce product cost 511 

In addition to glucose and sucrose, various industrial feedstocks for butyrate production have 512 

been studied. In general, these feedstocks are cheaper than sugars but require pretreatment and 513 

enzymatic hydrolysis before fermentation (Table 5). Corn meal, after starch hydrolysis with 514 

amylases, was used to produce butyric acid in an FBB with a high productivity of 6.78 g/L·h 515 

(Huang et al., 2002). A fed-batch fermentation with wheat flour hydrolysate yielded a high 516 

butyric acid titer of 62.8 g/L, with a yield of 0.45 g/g glucose (Fayolle et al., 1990). Similarly, 517 

fructose and glucose obtained after acid hydrolysis of Jerusalem artichoke tubers were used for 518 

butyric acid production in repeated batch fermentation, achieving a high productivity of 2.75 519 

g/L·h and yield of 0.44 g/g (Huang et al., 2011a). 520 

Material costs typically account for ~50% of final product costs for bio-based commodity 521 

chemicals, such as carboxylic acids, produced from glucose or sugar and starch-based feedstocks, 522 

(Jiang et al., 2009; Koutinas et al., 2004; Xiao et al., 2018; Yang et al., 2018). To reduce product 523 

costs, much attention has been paid to low-cost and widely available alternative feedstocks like 524 

industrial wastes and agricultural residues (Baroi et al., 2017; Fu et al., 2017a; Liu et al., 2013). 525 

Various food processing and biodiesel byproducts, lignocellulosic biomass, and syngas have 526 
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been studied for butyric acid production. Whey, a byproduct of cheese manufacturing, contains 527 

mainly lactose and whey protein. Acidified whey has been used to produce butyric acid by C. 528 

beijerinckii (Alam et al., 1988; Stevens et al., 1988) and C. butyricum (Vandak et al., 1995). 529 

Cane molasses, a byproduct in the sugar refining industry, is composed of sucrose, fructose and 530 

glucose. C. tyrobutyricum was able to utilize it to produce appreciable titers of butyric 531 

(34.6‒58.8 g/L) at a high productivity (1.15–1.90 g/L·h) and yield (0.52 g/g sugars consumed). 532 

The latter exceeded the theoretical yield of 0.489 g/g, probably because of the presence of 533 

additional carbon sources to sucrose, fructose and glucose (Jiang et al., 2009; Sjöblom et al., 534 

2015). Higher butyric acid production was obtained when cane molasses was supplemented with 535 

corn steep liquor as the nitrogen source (Huang et al., 2011b). Food waste rich in starch and 536 

protein, which are relatively easy to hydrolyze by acid or enzyme, has also been studied as 537 

substrate in a semi-continuous process using an undefined mixed culture, producing up to 13 g/L 538 

butyric acid as the main product at a yield of ~0.52 g/g volatile solids (Stein et al., 2017). 539 

Low-cost crude glycerol present in biodiesel wastewater has also been studied for butyric acid 540 

production by C. butyricum, which however, produced 1,3-propandiol as the main product 541 

(Papanikolaou et al., 2008; Varrone et al., 2017).  542 

Second-generation biorefineries use lignocellulosic biomass as feedstock for chemical and fuel 543 

production (Baumann and Westermann, 2016; Wang et al., 2016a). A variety of lignocellulosic 544 

biomass, including corn cob, corn husk, corn fiber, rice straw, oilseed rape straw, soybean hull, 545 

sugarcane bagasse, switchgrass, wheat straw, waste paper, and paper mill sludge has also been 546 

used successfully for butyric acid production (see Table 5). Zhu et al. (2002) used corn fiber 547 
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hydrolysate as the carbon source supplemented with corn steep liquor for butyric acid 548 

fermentation, obtaining a high productivity of 2.91 g/L·h and yield of 0.47 g/g. Sugarcane 549 

bagasse, after dilute acid pretreatment and enzymatic hydrolysis, was also used for butyric acid 550 

production, achieving a butyrate yield of 0.48 g/g (Wei et al., 2013). Although butyric acid can 551 

be produced from abundant and relatively low-cost sources of lignocellulosic biomass like a 552 

wide range of agricultural residues, biomass hydrolysate substrates usually suffer from high 553 

pretreatment and enzymatic hydrolysis costs and poor fermentation performance due to 554 

inhibition by toxic compounds present in the hydrolysate (Lee et al., 2015a; 2015b). To reduce 555 

the high cost of enzymes (mainly cellulases and β-glucosidase) used in hydrolysis, consolidated 556 

bioprocess (CBP) with a cellulolytic butyric acid-producing microbial community was also 557 

investigated with alkaline pretreated rice straw as the carbon source (Ai et al., 2016). However, 558 

butyrate production in the CBP was relatively low in final butyrate titer (16.2 g/L), yield (0.17 559 

g/g) and productivity (0.11 g/L·h). 560 

In general, second-generation lignocellulose-based biorefineries suffer from low productivity, 561 

yield, and final titer due to the recalcitrant nature of cellulose and high toxicity of hydrolysate 562 

inhibitors, including furfural and phenolics, generated during harsh thermomechanical 563 

pretreatments (Jönsson et al., 2013; Liu et al., 2018b). Alternatively, lignocellulosic biomass can 564 

be first converted to syngas using gasification, which can then be used for butyrate production 565 

via syngas fermentation. The advantage of this process is that all organic components in the 566 

biomass including lignin can be captured in syngas and used in the fermentation. However, 567 

syngas fermentation for butyrate production also suffers from low product concentration, yield, 568 
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and productivity (Heiskanen et al., 2007; Kopke et al., 2010; Part et al., 2017; Ueki et al., 2014). 569 

Unlike lignocellulosic biomass, algae, including red seaweed and brown algae, are rich in 570 

galactose-containing polysaccharides and low in lignin, and thus are easier to hydrolyze to 571 

monosaccharides, mainly galactose and glucose (Jeong and Park, 2010). After hydrolysis with 572 

dilute H2SO4, they can be readily fermented to produce butyric acid, although product titer and 573 

yields achieved to date were very low (Lee et al., 2015a; Ra et al., 2017; Song et al., 2011).  574 

In summary, direct fermentation of monosaccharides (e.g., glucose, xylose, and fructose) and 575 

disaccharides (e.g., sucrose and lactose) can give higher butyric acid production (Choi et al., 576 

2012; Dwidar et al., 2013; Jiang et al., 2009), but these feedstocks are also relatively expensive 577 

and their use for chemicals and fuels production may cause food vs. fuel conflicts (Yang and Yu, 578 

2013). On the other hand, processes using low-cost, non-sugar or starch-based feedstocks require 579 

harsh pretreatments and expensive enzymatic hydrolysis of difficult-to-ferment polysaccharides 580 

(Yang and Yu, 2013). Further process optimization, including downstream processing, with 581 

selected feedstocks and cost analysis are necessary before bio-based butyric acid can be 582 

developed for commercial application. 583 

6.5 Down-stream processing for bio-butyric acid production 584 

 Butyric acid produced in fermentation must be separated from the fermentation broth and 585 

purified from other acids and impurities to use as a substitute for petroleum-derived butyric acid. 586 

Butyric acid can be separated from an aqueous solution by solvent extraction, adsorption, or 587 

electrodialysis (Yang and Lu, 2013). Liquid-liquid extraction with an organic solvent has been 588 
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widely used in industry to extract carboxylic acids (e.g., citric and lactic acids) from fermentation 589 

broth (Yang et al., 2006). Scale up is relatively inexpensive and simple. However, it works best 590 

with acidified broth as most solvents only extract free or undissociated acid (Yang et al., 1991). 591 

Also, a solvent regeneration step to separate the acid from the extractant, by distillation or 592 

back-extraction (stripping), is required. Solvent toxicity and phase separation are two concerns in 593 

liquid-liquid extraction for ISPR. A process called pertraction employing a membrane to separate 594 

the two phases can avoid problems caused by direct phase contact and has been successfully 595 

used for butyric acid production in an extractive fermentation process (Wu and Yang, 2003).  596 

Adsorption with various anion exchange resins for separating carboxylic acids from 597 

fermentation broth has also been widely studied (Anasthas and Gaikar, 2001; Cao et al., 2002; 598 

Wang et al., 2000). After adsorption, the adsorbent must be regenerated by removing or 599 

separating the adsorbed product, for reuse. In general, the process is easy to operate, but suffers 600 

from high cost due to low adsorption capacities (usually <100 mg/g resin) and high resin cost, 601 

intensive energy use in resin regeneration, and low separation selectivity. The presence of SO4
2- 602 

and Cl- in the fermentation broth also significantly reduced the adsorption efficiency. Also, only 603 

the undissociated acid can be adsorbed onto the adsorbents, requiring acidification of the 604 

fermentation broth (Peterson and Daugulis, 2014b). Butyric acid adsorption with the polymer 605 

Pebax 2533 in an extractive fermentation process was demonstrated via periodic CO2 606 

pressurization of the fermenter to acidify the fermentation broth to ~pH 5.0 (Peterson and 607 

Daugulis, 2014a). 608 

Electrodialysis (ED) is a novel membrane separation process. By applying electric current, 609 
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negatively charged carboxylate ions are moved towards the anode in the electrodialyzer through an 610 

anion-exchange membrane (Huang et al., 2007). ED can produce free carboxylic acid from 611 

carboxylate salt without acidifying the solution, and the recovered base can be reused for pH 612 

control in fermentation. However, product purity is low and may require further purification. It 613 

also suffers from low current efficiency, high-energy input, membrane fouling, and difficulty in 614 

scale up (Ren et al., 2008). The low current efficiency in ED is caused by the low electrical 615 

conductivity of carboxylic acids (Nagarale et al., 2004), which can be alleviated by adding 616 

granular cation exchange resins in the weak acid compartment to increase conductivity. Such a 617 

process is also called eletrodeionization (EDI) and has been used for ISPR in a continuous 618 

extractive fermentation process for butyric acid production (Du et al., 2012a). 619 

Although the aforementioned separation methods have been successfully used in ISPR to 620 

produce concentrated butyric acid or butyrate, further purification is required for analytical-grade 621 

product (>99.5% purity), which would be prohibitively expensive. However, bio-based sodium 622 

butyrate can be used without further purification in the animal feed industry. Recently, Xiao et al. 623 

(2018) showed that a concentrated sodium butyrate solution at 30% (w/v) can be produced 624 

economically from corn husk using the pertractive fermentation process (Wu and Yang, 2003) 625 

and used, after encapsulation by mixing with gelatin and maltodextrin (to control the strong 626 

offensive odor of butyric acid) and spray-dried to pellets, for feed supplement. Their estimated 627 

manufacturing costs of $1,142/MT butyrate (at 5,000 MT/y) to $1,635/MT butyrate (at 1,000 628 

MT/y) are significantly lower than the current market price for the petroleum-derived butyrate 629 

(~1,800/MT). 630 
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7. Conclusions and future perspectives 631 

Recent advances in cell and process engineering have made fermentation an attractive route 632 

for butyric acid production from renewable, low-cost biomass feedstocks. Compared to other 633 

carboxylic acids, such as acetic, propionic, lactic and citric acids, currently produced by 634 

fermentation, butyric acid fermentation needs further improvements in final product titer, 635 

productivity, and yield, which have been accomplished primarily by cell engineering through 636 

metabolic and evolutionary engineering and process engineering through increasing cell density 637 

and ISPR. However, many issues remain to be addressed to make bio-based butyric acid more 638 

competitive for applications where the petroleum-derived butyric acid predominates.  639 

While butyrate yield and selectivity has been improved significantly by eliminating acetate 640 

production via metabolic and process engineering, about one third of the substrate carbon is lost 641 

as CO2 in butyric acid fermentation. It is thus desirable to reassimilate CO2 for butyrate 642 

biosynthesis, which can be done through mixotrophic fermentation using carboxydotrophic 643 

organisms such as C. carboxidivorans, which however, requires metabolic engineering to raise 644 

butyrate titer and yield to levels suitable for industrial application. This is one area that deserves 645 

further research to develop a homo-butyric acid bacterium with close to 100% yield (1 g/g 646 

sugar).  647 

To improve productivity and product titer, cell tolerance to butyric acid inhibition must be 648 

improved. While butyric acid tolerance has been significantly enhanced through adaptive 649 

evolution (Jiang et al., 2011b) and engineering cells with better stress tolerance (Suo et al., 2017; 650 

Wu et al., 2017b). The complexity of the poorly understood acid tolerance mechanism hinders 651 
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development of a high-acid tolerant strain that can perform well at pH values below 4.0, which 652 

would be ideal for butyric acid separation by adsorption or solvent extraction. Studies of acid 653 

tolerance can be empowered with transcriptional analysis (Wang et al., 2013; Zingaro et al., 654 

2013). Recent research has shown that non-coding RNAs played a vital role in clostridia’s 655 

response to environmental stress (Borden et al., 2010; Chen et al., 2011). System-level studies of 656 

cellular metabolism including gene expression, enzyme regulation, and metabolite interactions 657 

can provide knowledge needed for better design of metabolic engineering strategies (Cho et al., 658 

2015b; Dai and Nielsen, 2015). Furthermore, synthetic biology tools including genetic parts such 659 

as promoters, transcriptional terminators, and ribosome binding sites must be optimized to create 660 

a mutant with optimal metabolic and regulatory pathways with balanced redox and energy 661 

supplies for cell growth and butyrate biosynthesis (Chae et al., 2017; Chen et al., 2018; Gyulev et 662 

al., 2018; Khalil and Collins, 2010). 663 

Second-generation biorefineries using lignocellulosic or algal biomass are hindered by harsh 664 

pretreatments and expensive enzymatic hydrolysis. It is therefore important to identify and 665 

develop strains that can better utilize lignocellulose and tolerate inhibitors generated in the 666 

pretreatments. Although inhibitors such as 5-hydroxymethylfurfural (HMF) and hydrophobic 667 

phenolics (e.g., p-coumaric acid and ferulic acid) can be removed to improve butyric acid 668 

production from biomass hydrolysates (Lee et al., 2015b; 2015c), detoxification adds costs and is 669 

not always effective to restore fermentation performance compared to clean sugar substrates.  670 

Consolidated bioprocess using cellulolytic butyric acid bacterium such as C. cellulovorans or a 671 

microbial consortium to directly convert cellulose to butyric acid may provide a viable route for 672 
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bio-based butyric acid production, which however, requires further research to improve 673 

productivity, titer, and yield. Finally, biorefinery with food waste, which usually has a high 674 

content of starch and protein (Esteban1 and Ladero, 2018), also deserves further research as a 675 

cheap feedstock for butyric acid production. 676 
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Table 1. Comparison of current mainstream technologies for the production of butyric acid  

Method Reaction Advantages Disadvantages References 

Hydroformylation 

of propylene 

Main reaction: 

CH2CHCH3 + CO + H2 + 0.5 O2 = CH3(CH2)2COOH  

Side reactions: 

CH3(CH2)2CHO + 2 O2 = CH3CH2COOH + CO2+ 

H2O  

CH3(CH2)2CHO + O2 = CH3CH2CH2OH + CO2  

CH3(CH2)2COOH + CH3(CH2)2OH = 

CH3(CH2)2CO2(CH2)2CH3 + H2O 

Propylene is readily 

available and cheap to 

use in the petrochemical 

industry. 

Generation of toxic spent 

metallic catalysts and 

toxic compounds such as 

sulfide, cyanide, and 

chloride, causing serious 

pollution; has been 

replaced by direct 

butyraldehyde oxidation. 

Pryde, 1978 

Oxidation of 

butyraldehyde 

Main reaction: 

CH3(CH2)2CHO + 0.5 O2 = CH3(CH2)2COOH  

Side reactions: 

CH3(CH2)2CHO + 2 O2 = CH3CH2COOH + CO2+ 

H2O  

CH3(CH2)2CHO + O2 = CH3CH2CH2OH + CO2 

CH3(CH2)2COOH + CH3(CH2)2OH = 

CH3(CH2)2CO2(CH2)2CH3 + H2O  

Simple process, 

convenient production 

control, and high product 

yield (>99.5%) and 

selectivity (>95%). 

The usage of 

petroleum-derived 

feedstocks and toxic 

metallic catalysts is not 

sustainable and causes 

serious pollution 

problems. 

 

Pryde, 1978 

Fermentation  Glucose = 0.8 CH3(CH2)2COOH + 0.4 CH3COOH + 

2 CO2 + 2.4 H2 

Use renewable biomass 

and ambient conditions 

in the process, which is 

sustainable and 

environmentally 

friendly .  

Low product yield 

(<50%), productivity and 

final titer, and difficulty in 

separation, which hinder 

its industrial application.  

Yang et al., 2013 



51 

 

Table 2. Non-pathogenic clostridial species capable of producing butyric acid from renewable carbon sources. 

Clostridium 

species 
Substrates  Products a 

Butyrate 

Production b 

Genome 

(Mbp) 
Reference 

acetobutylicum  Starch, glucose, xylose, 

sucrose 

Butanol, acetone, 

ethanol, Butyrate, 

acetate, CO2, H2 

30.3–32.5 g/L, 

0.39–0.41 g/g 

4.13 Jang et al., 2014; Siller et al., 2008 

beijerinckii Starch, glucose, xylose, 

sucrose 

Butanol, acetone, 

ethanol, acetate, 

butyrate, CO2, H2 

6.5 g/L,  

0.13 g/g 

6.00 Alam et al., 1988 

butyricum Starch, glucose, 

disaccharides, sugars 

Butyrate, Acetate, 

succinate, formate, 

lactate, CO2, H2 

7.3–20.0 g/L,  

0.24–0.30 g/g 

4.54 Cummins and Johnson, 1971; Li et 

al., 2016; Mo et al., 2015; 

Sushkova et al., 2013; Zigova et 

al., 1999  

carboxidivorans CO, H2/CO2, glucose, 

fructose, glycerol  

Acetate, Ethanol, 

butyrate, butanol 

0.06–0.64 g/L c 4.41 Liou et al., 2005; Paul et al., 2010; 

Phillips et al., 2015 

cellulovorans Cellulose, cellobiose, glucose, 

xylose, xylan, lactose 

Butyrate, Acetate, 

formate, lactate, CO2, H2 

~3 g/L,  

0.3 g/g 

5.26 Sleat et al., 1984; Tamaru et al., 

2010; Yang et al., 2015  

kluyveri  Ethanol, acetate (+CO2), 

propanol, succinate 

Butyrate, Caproate, H2 2.3 g/L,  

0.26 g/g d 

4.02 Seedorf et al., 2008; Weimer et al., 

2015 

ljungdahlii CO, H2/CO2, glucose, 

fructose, glycerol 

Acetate, Ethanol, 

butyrate, CO2, H2 

1.8 g/L c 

 

4.63 Köpke et al., 2010; Ueki et al., 

2014 

populeti  Cellulose, glucose, fructose, 

xylose, galactose, cellobiose, 

maltose, sucrose, pectin, 

xylan 

Butyrate, acetate, 

lactate, CO2, H2 

6.3 g/L,  

0.27 g/g 

4.22 Patel and Agnew, 1988 

thermobutyricum  Glucose, fructose, xylose, 

maltose, cellobiose, 

glucuronic acid, galacturonic 

acid 

Butyrate, acetate, 

lactate, CO2, H2 

12.1–44 g/L,  

0.35–0.41 g/g e 

3.40 Canganella et al., 2002; Wang et 

al., 2015a; Zhang et al., 2009a  
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tyrobutyricum Glucose, xylose, fructose, 

sucrose, lactate, acetate 

Butyrate, acetate, CO2, 

H2 

43–86.9 g/L,  

0.40–0.46 g/g 

3.07 Jiang et al., 2011b, 2013, 2017; Liu 

et al., 2006a; Storari et al., 2015; 

Wasels et al., 2016; Wu et al., 

2017a 
a The main fermentation products are indicated with capitalized first letter. Butyrate is usually produced by these species either as a main product with 

additional byproducts or as a byproduct at a lesser quantity. 
b Butyrate production in fermentation: Butyrate product titer (g/L) and yield (g/g) from glucose as the carbon source, unless otherwise indicated. 
c Fermentation with model syngas in a defined nutrient medium.  
d Butyrate yield (g/g) with the cellulosic biomass as the carbon source. 
e Butyrate yield (g/g) based on total sugars present in sorghum juice and bagasse as the carbon source. 
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Table 3. Metabolic engineering of clostridia for butyrate production. 

Microorganism ME Strategy Titer (g/L) 
Yield 

(g/g) 

Productivity 

(g/L·h) 

BA/AA ratio 

(g/g) 
References 

C. tyrobutyricum 

ATCC 25755 

WT 20‒28.6 0.33‒0.34 ~0.33 3.0‒5.0 Zhu et al., 2005 

Δpta 32.5‒51.6 0.38-0.44 0.63 6.55 Liu and Yang, 2006; 

Zhu et al., 2005  

Δack 41.7‒63.0 0.42 0.23 5.41 Liu et al., 2006b; Ma 

et al., 2015 

Δptb 18.0 0.36 0.20 2.83 Zhang et al., 2012 

 xylA, xylB, xylT 46.4 0.43 0.87 58 Fu et al., 2017b 

 groESL 44.1‒52.2 0.34‒0.37 0.39‒0.41 7.0‒10.4 Suo et al., 2017 

 treS 34.6‒54.5 0.27‒0.43 0.9‒1.2 1.9‒4.8 Wu et al., 2017b 

 pfkA, pykA 48.2 0.38 0.50 8.09 Suo et al., 2018b 

 cat1, crt, pfkA, pykA 46.8 0.39 0.83 13.22 Suo et al., 2018c 

C. acetobutylicum  WT 14.89 0.19 0.37 2.38 Siller et al., 2008 

M5 aad 12.69 0.16 0.32 0.83 

 thl, aad 17.27 0.22 0.43 1.95 

 Δack 6.61 0.08 0.17 12.24 

 Δbuk 2.29 0.03 0.06 2.25 

 Δack, aad 25.29 0.32 0.63 2.35 

C. acetobutylicum  Δpta, ΔctfAB  26.6 0.33 0.72 6.4 Jang et al., 2013 

ATCC 824 Δpta, ΔctfAB, ΔadhE1 30.8 0.35 0.72 6.6 

 Δpta, Δbuk, ΔctfAB, ΔadhE1 32.5 0.39 0.89 31.3 Jang et al., 2014 

 Δpta, Δbuk, ΔctfAB, ΔadhE1, ΔhydA 30.3 0.41 0.82 27.1 

C. ljungdahlii ATCC 

55383 

thl, crt, bcd, ctfAB, hbd, ptb, buk 1.8 0.36 0.04 0.8‒1.2 Ueki et al., 2014 

aad: aldehyde/alcohol dehydrogenase; ack: acetate kinase; adhE1: aldehyde/alcohol dehydrogenase; bcd: butyryl-CoA dehydrogenase; buk: butyrate 
kinase; crt: crotonase; ctfAB: CoA transferase: hbd: β-hydroxybutyryl-CoA dehydrogenase; hydA: hydrogenase; pta: phosphotransacetylase; ptb: 
phosphotransbutylase; thl: thiolase; treS: trehalose synthase; xylA: xylose isomerase; xylB: xylulokinase; xylT: D-xylose-proton symporter; pfkA: 
phosphofructokinase; pykA: pyruvate kinase; cat1: butyryl-CoA/acetate CoA transferase; crt: crotonase. 
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Table 4. Butyric acid production by metabolically engineered E. coli 

Strain Gene knockout Gene expression Titer (g/L) Yield (g/g) 
BA/AA ratio 

(g/g) 
References 

MG1655 fadR, aceF, dhA, pta - 1.3  - - Seregina et al., 2010 

MG1655 

(pZA-tesB) 

fadDE tesB 14.3 0.11 5.5 Jawed et al., 2016 

B and K pta and ptsG thiL, hbd, crt, bcd, 

etfAB, tesB 

0.56 0.06 - Joung et al., 2011 

ATCC 27325 

(W3110) 

atoAD, paaFGH, 

frdABCD, adhE, ldhA 

crt, hbd, ter, tesB 4.35 0.41 41 Lim et al., 2013 

MG1655 frdA, ldhA, pta, adhE atoB, tesB, hbd, crt, 

ter 

4.3‒7.2 0.43 - Baek et al., 2013 

BL21 frdA, ldhA, pta, adhE ter, hbd, crt, phaA, 

atoDA 

10 0.36 143 Saini et al., 2014 

BE1952 adhE, ldhA, ackA-pta, 

frdC 

- 9.67 0.36 - Volker et al., 2014 

BW25113 - phaA, ter, tesB 12.3 0.31 4 Kataoka et al., 2017 

aceF: subunit of the pyruvate dehydrogenase complex catalyzing the transformation of pyruvate to acetyl-CoA; ackA: acetate kinase; adhE: alcohol 
dehydrogenase; atoAD: acetoacetyl-CoA transferase; bcd: butyryl-CoA dehydrogenase; crt: 3-hydroxybutyryl-CoA dehydratase; fadD: fatty acyl-CoA 
synthetase; fadE: acyl CoA dehydrogenase; fadR: an operon encoding key enzymes in the fatty acid β-oxidation pathway; frdABCD: subunits of fumarate 
reductase; atoB: acetoacetyl-CoA thiolase; etfA/etfB: α- and β-subunits of the electron-transfer flavoprotein; hbd: β-hydroxybutyryl-CoA dehydrogenase; 
ldhA: lactate dehydrogenase; paaFGH: enoyl-CoA hydratase-isomerase, acyl-CoA hydratase and 3-hydroxybutyryl-CoA dehydrogenase; phaA: 
β-ketothiolase; pta: phosphate acetyltransferase; ptsG: glucose-specific IIB component of the phosphotransferase system; ter: trans-enoyl-CoA reductase; 
tesB: acyl-CoA thioesterase II; thiL: acetyl-CoA acetyltransferase. 
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Table 5. Different pretreatments of various substrates for butyric acid fermentation 

Pretreatments Substrate (g/L) Fermentationa  
Titer  
(g/L) 

Productivity 
(g/L·h) 

Yield 
(g/g) 

Reference 

Acidic hydrolysis       

HCl Cheese whey (50‒60 
lactose) 

C. beijerinckii 12.0 0.08 0.20 Alam et al., 1988 

HCl Corn fiber with CSL (43.7 
sugar) 

FBB 29.0 2.91 0.47 Zhu et al., 2002 

H2SO4 Jerusalem artichoke tubers 
(150 fructose, 30 glucose) 

Fed-batch, FBB 60.4 1.14 0.38 Huang et al., 2011a 

H2SO4 Corncob (19 xylose, 
2 glucose, 2 arabinose) 

C. tyrobutyricum 10.6 0.05 ~0.58 Chen et al., 2017 

H2SO4 Brown algae (100 biomass) C. tyrobutyricum 11.0 0.10 0.11 Song et al., 2011 

Alkaline hydrolysis       

NaOH Rice straw (84 sugars) Fed-batch; CBP with C. 

thermocellum and C. 

thermobutyricum 

33.9 <0.21 0.45 Chi et al., 2018 

NaOH Rice straw (~147 sugars) Semi-continuous; CBP with 
MC 

16.2 0.11 0.17 Ai et al., 2016 

Enzymatic hydrolysis       

Amylases Corn meal (~100 glucose) FBB 46.0 6.78 0.45 Huang et al., 2002 

Pancreatin, amylases Potato starch (10 starch) C. butyricum 6.7 0.14 0.67 Reid et al., 1996 

Amylases Wheat flour (139.8 glucose) Fed-batch 62.8 1.25 0.45 Fayolle et al., 1990 

Cellulases Sweet sorghum stalks & 
beet molasses (165.3 sugars) 

Fed-batch 58.8 1.9 0.52 Sjöblom et al., 2015 

Protease Cheese whey (48‒50 
lactose) 

C. butyricum 13.9 0.23 0.40 Vandak et al., 1995 

Combination process       

H2SO4; Ca(OH)2 Waste paper (40 glucose, 
20 xylose) 

Repeated Batch, FBB 20.96 1.56 0.41 Huang et al., 2016a 

H2SO4; Ca(OH)2 Waste paper (40 glucose, 
20 xylose) 

Fed-batch, FBB 53.4 1.33 0.40 Huang et al., 2016a 

H2SO4; Ca(OH)2 Red algae (10 galactose, 1 
glucose) 

Clostridium sp. S1 4.83 0.10 0.44 Lee et al., 2015a 

HCl; Cellulases Sugarcane bagasse (40 Fed-batch, FBB 20.9 0.51 0.48 Wei et al., 2013 
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glucose, 15 xylose) 

HCl; Cellulases Paper mill sludge 
(34.5‒37.1 glucose) 

RPT 4213 ~7 0.15 ~0.20 Liu et al., 2018a 

H2SO4; Cellulases Wheat straw (50 glucose, 39 
xylose) 

Ct DSMZ 2637 20 0.21 0.33 Baroi et al., 2015a 

HCl/H2SO4; Cellulases Corn/rice straw (~60 total 
sugars) 

Ct-groESL 30 0.31 0.37 Suo et al., 2018a 

HCl/H2SO4; Cellulases Soybean hull (45 glucose, 
45 xylose) 

Ct-pTBA 29.7 0.67* 0.35 Fu et al., 2017a 

HCl/H2SO4; Cellulases Sugarcane bagasse (60 
glucose, 60 xylose) 

Ct-pTBA 42.6 0.56* 0.36 Fu et al., 2017a 

Phosphoric acid; 
Cellulases 

Sweet sorghum bagasse 
(13.5 glucose, 8.1 xylose) 

C. thermobutyricum 15.5 0.28 0.41 Wang et al., 2015a 

NaOH; Cellulases Oilseed rape straw (31 
glucose)  

Fed-batch, FBB 50.2 1.08 0.38 Huang et al., 2016c  

H2SO4; Cellulases; 
Tween 80 

Rice straw (26.6 glucose, 
14.6 xylose) 

C. tyrobutyricum 8.7 0.18 0.40 Lee et al., 2015b 

H2SO4; Activated carbon Corn husk (31.8 glucose, 
24.2 xylose) 

FBB 20.75 0.42 0.39 Xiao et al., 2018 

H2SO4; Cellulases; 
Activated carbon 

Red seaweed (44.6 MS)  C. acetobutylicum KCTC 
1790 

11.2 0.05 0.25 Ra et al., 2017 

H2SO4; Cellulases, 
Xylanase 

Switchgrass (16.98 glucose) RPT 4213 7.05 0.29 0.42 Liu et al., 2013 

H2SO4; Cellulases, 
Xylanase 

Wheat straw (22.45 glucose) Ct RPT-4213 9.87 0.41 0.44 Liu et al., 2013 

H2SO4; Ca(OH)2; 

Electrochemical 

detoxification 

Japanese larch (30.3 
glucose, 4.7 xylose, 12.5 
mannose) 

Clostridium sp. S1 21.17 ~0.66 0.47 Kim et al., 2016 

a. Unless otherwise indicated, fermentation is carried out in batch or repeated batch mode with free cells of C. tyrobutyricum ATCC 25755. Otherwise, the 

fermentation mode and cultures are indicated. 



57 

 

Table 6. Butyric acid fermentation with in situ product recovery 

Separation method Process Conditions Butyrate 

Concentration 

(g/L) 

Productivity 

(g/L·h) 

Yield 

(g/g sugar) 

Butyrate 

purity (%) 

Reference 

Solvent extraction Pertractive fermentation with 

Hostarex A327/oleyl alcohol as 

the solvent 

20 

(7.3) 

0.21 

(0.24) 

0.30 

(0.24) 

73 Zigova et al., 1999 

 Pertractive fermentation with 

cells immobilized in FBB and 

product extraction with Alamine 

336/oleyl alcohol as the solvent  

301 

(43.4) 

7.37 

(6.77) 

0.45 

(0.42) 

91 

(80) 

Wu and Yang, 2003 

 Extractive fermentation with 

butyl butyrate as the solvent 

N/A 

 

4.10 

(2.30) 

~0.30 

(0.38) 

N/A Chun et al., 2018 

Adsorption Fed-batch fermentation with 

cyclic high pCO2 for adsorption 

on polymer Pebax 2533 

85.2 

(51.2) 

0.65 

(0.33) 

0.54 

(0.40) 

79 

(83) 

Peterson and Daugulis, 

2014b 

Electrodeionization 

(EDI) 

Continuous fermentation with 

cell recycle by ultrafiltration and 

product separation by EDI 

~200 

(<20) 

2.15 

(0.98) 

0.45 

(0.37) 

~92 

(82) 

Du et al., 2012a 

Dialysis Continuous fermentation with in 

situ product removal by reverse 

electro enhanced dialysis (REED) 

6.97 

(15.48) 

1.30 

(0.51) 

0.45 

(0.39) 

88 

(81) 

Baroi et al., 2015b 

Values in parentheses are from control without in situ product recovery. 
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Figure 1. Applications of butyric acid and its derivatives in chemical, medicine, perfume, and animal feed. 
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Figure 2. Metabolic pathways of butyrate-producing clostridia. A. Glycolysis to pyruvate. B. Wood-Ljungdahl 

pathway for CO2/H2 to acetyl-CoA. C. Biosynthesis of butyrate from acetyl-CoA. Key enzymes and genes in 

the pathways are glucose kinase (glcK); xylose isomerase and xylulokinase (xylAB); glycerol kinase (glyK); 

lactic dehydrogenase (ldh); hydrogenase (hyda); pyruvate: ferredoxin oxidoreductase (pfor); ferredoxin NAD+ 

oxidoreductase (fnor); acetate kinase (ack); phosphotransacetylase (pta); thiolase (thl); 

beta-hydroxybutyryl-CoA dehydrogenase (hbd); crotonase (crt); butyryl-CoA dehydrogenase (bcd); electron 

transferring flavoprotein (etf); phosphotransbutyrylase (ptb); butyrate kinase (buk); CoA transferase (ctf); CO 

dehydrogenase (cod); acetyl-CoA synthase (acs); formate dehydrogenase (fd); formyl-THF synthase (fts); 

formyl-THF cyclohydrolase (ftc); methylene-THF dehydrogenase (mtd); methylene-THF reductase (mtr); 

methyltransferase (mtf).  
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Figure 3. Strategies and approaches used for developing robust strains for butyric acid production. A. The 

availability of the genome sequences of butyric acid producing strains have allowed researchers to gain a 

comprehensive understanding of microbial physiology. B. Bioinformatics analysis using KEGG, eggNOG, 

GMOD, BioCyc databases reveals valuable information related to the metabolic functions of a microorganism. 

C. Genome-scale metabolic models of the metabolic pathway for substrate fermentation and product synthesis 

with butyric acid producing strains will be established with the assistance of the whole genome 

high-throughput sequencing and annotation, which will be further used to guide the rational and irrational 

modification of microorganisms for improving the butyric acid producing performance. D. Metabolic 

engineering approaches for butyric acid bioproduction with the common gene knock-out and overexpression 

strategies. The genes involved in the metabolic pathway: fadR, fatty acid degradation repressor; aceF, pyruvate 

dehydrogenase; ldhA, lactate dehydrogenase; pta, phosphotransacetylase; ptb, phosphotransbutyrylase; buk, 

butyrate kinase; ctf, CoA transferase. The deleted genes are marked by “X”. E. Adaptive evolution strategies 

allow for the metabolic engineering of microorganisms by combining genetic variation with the selection of 

beneficial mutations which can be performed in the laboratory by serial dilution in shake flasks as well as 

chemostat culture in the fermentor. 
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Figure 4. Metabolic pathway engineering strategies used to engineer E. coli for butyric acid production from 

glucose. Key genes in the pathway are either knocked out (as marked by “X”) to reduce byproducts formation 

or overexpressed to increase butyrate biosynthesis. Enzymes and genes in the fatty acid biosynthesis pathway: 

malonyl CoA-ACP transacylase (fabD), β-ketoacyl-ACP synthase III (fabH), β-ketoacyl-ACP reductase (fabG), 

β-hydroxyacyl-ACP dehydratase (fabAZ), enoyl-ACP reductase (fabI), β-ketoacyl-ACP synthase I (fadB), 

fatty acyl-CoA synthetase (fadD), and acyl CoA dehydrogenase (fadE). See Table 3 for other genes shown in 

the pathway. 
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Figure 5. Schematic representation of a fibrous bed bioreactor (FBB) system for adaptive evolutionary 

engineering. The FBB is constructed with a fibrous matrix with stainless steel mesh as support spirally wound 

and packed in the column reactor. Scanning electron micrographs show C. tyrobutyricum cells immobilized in 

the FBB at high density. 
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Figure 6. An extractive fermentation process with continuous product separation by pertraction using 

hollow-fiber (HF) membrane extractors. The fermentation-produced butyric acid is continuously extracted in 

the first HF and then stripped (back extracted) with NaOH in the second HF, simultaneously regenerating the 

solvent and producing a concentrated sodium butyrate solution (>300 g/L butyrate) with a high purity (91%) 

(B). The fermentation pH was maintained at ~5.7 by self-balancing butyric acid production and extraction rates 

throughout the fed-batch fermentation process (A). (Data reproduced from Wu and Yang, 2003). 




