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The commodity chemical 2,3-butanediol (2,3-BD) has many applications, serving as an: 

industrial solvent, food additive, and building block for synthetic rubber. The Gram-positive 

bacterium Bacillus subtilis produces 2,3-BD under fermentative conditions. In synthesis of 2,3-

BD : 1) two pyruvates are condensed into α-acetolactate by ALS, 2) α-acetolactate is 

decarboxylated to acetoin by ALDC, and 3) acetoin is reduced to 2,3-BD by BDH. The alsS and 

alsD genes form a bicistronic operon, and bdhA is a single unlinked gene. Upstream and 

divergent from alsSD is the alsR gene that encodes a LysR-type transcriptional regulator. AlsR 

effect on bdhA expression was assessed in a wild-type strain and a strain carrying an alsR::spc 

knock-out mutation by measuring: (a) expression of a transcriptional bdhA-lacZ fusion; (b) bdhA 

mRNA steady-state levels by qRT-PCR; (c) expression of BDH enzymatic activity; and d) 

electrophoretic mobility shift assay (EMSA) with AlsR and bdhA promoters. Activation of bdhA 

expression was lowered, but not abolished, in the alsR::spc mutant. In order to overcome the 

native regulation of the 2,3-BD pathway and increase 2,3-BD production, a synthetic tricistronic 

operon was engineered containing the genes for the B. subtilis 2,3-BD pathway (alsS-alsD-bdhA) 

under control of the IPTG-inducible Pspac promoter on plasmid pDG148-Stu capable of 

expression in either B. subtilis or E. coli. When grown on Miller LB medium containing 2% 
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glucose the plasmid construct showed ~3-fold increase in 2,3-BD production relative to the 

parental strain. The same construct was tested in E. coli, and even higher levels of 2,3-BD were 

obtained. As a means to bring the pathway into redox balance by adding an extra NAD
+
 

regeneration step, the synthetic operon alsS-bdhA was constructed including the genes alsS and 

bdhA but missing the alsD gene. α-acetolactate spontaneously decarboxylates into diacetyl, 

which can be reduced into acetoin and 2,3-BD by BDH, thus regenerating 2 NAD
+
. The alsS-

bdhA construct was transformed into E. coli YK29 (Δpfl-ΔldhA), and anaerobic fermentation of 

glucose produced 0.9 ± 0.04 g/L 2,3-BD whereas the entire pathway (alsS-alsD-bdhA) produced 

17.1± 0.88 g/L. We were thus able to restructure the 2,3-BD pathway to produce 2,3-BD in a 

redox-balanced manner. 
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CHAPTER 1 

LITERATURE REVIEW 

Petroleum dependence 

Oil exploitation has allowed an unprecedented growth of humanity, both 

demographically and technologically (Youngquist, 1999). However, it has long been predicted 

that petroleum is a finite resource (Hubbert, 1956). As of 2013 there were a total of ~1.7 trillion 

barrels of proven oil reserves (OPEC and non-OPEC). In this very year world oil production was 

31.6 billion barrels per day, indicating that at this production rate oil reserves would last only 

another 53.3 years (BP Statistical Review of World Energy, 2014). In the United States a large 

majority (71%) of consumed petroleum goes to combustion as transportation fuels. In addition, 

99% of all chemical feedstocks are derived from natural gas and petroleum (McFarlane & 

Robinson, 2007). 

Even though the peak oil debate is extremely biased due to encircling economical 

interests, and the fact that most of the relevant information are of private nature, some recent 

reviews have tried to estimate how long petroleum is still going to last. In trying to make this 

estimate, three major groups of factors that determine future prices and availability of oil have 

been proposed (Aguilera, 2014). The first group includes geological factors such as the incidence 

and nature of the oil/gas resource. The second group takes into consideration per capita income, 

which will dictate how fast a society utilizes oil and gas reserves. And the third group includes 

discovery of new technologies for extraction that can lower process costs. According to some 

researchers, the chance of a peak in global oil production around the year 2030 is very serious, 

and some researchers suggest that we are passing it right now (Sorrell et al., 2010, Kerr, 2011). 

Meanwhile, other sources advocate the peak oil production will not occur before 2035 

(Chapman, 2013). 
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Regardless of the divergences on the precise date for peak oil production, experts agree it 

will happen sooner or later (Chapman, 2013). Scarcity will drive oil prices significantly higher 

and urban societies will require major rearrangements (Brecha, 2013). Unemployment and 

poverty caused by peak oil are likely to bring health consequences such as social- and stress-

related illnesses, resulting in decreasing life expectancy (Hanlon & McCartney, 2008). Positive 

aspects may arise concomitantly from oil shortage, such as reduction of: pollution-related 

respiratory diseases, obesity epidemics, or traffic accidents, all of which can be envisioned as 

aftermaths of a decreased availability of motorized vehicles (Roberts, 2008). It is hard to predict 

but easy to imagine how strongly affected our lives would be when facing oil exhaustion. The 

focus of the political discussion should be shifted from when to what can be done to lessen or 

postpone oil recession. In this sense, the most immediate measures to be taken are probably 

investments in new technologies to provide alternatives to fossil fuels for production of energy 

and chemicals. As a substitute to oil, energy sources like wind energy, wave power, solar energy, 

geothermal energy, tidal energy, nuclear power, microbial bio-fuel cells, chemical fuel cells, and 

biomass thermal conversion are all in development by different research groups   itt ar        

 er er    ar c a          und ac  et al., 2012, Lumbreras & Ramos, 2012, Rabaey et al., 

2004, Rourke et al., 2010, Steubing et al., 2011, Villa et al., 2013). These alternative energy 

sources aim to meet energy demands, but they provide no feedstock for chemical resource 

production such as polymer building blocks, industrial solvents, pharmaceuticals, fragrance 

carriers, etc., which are all largely required by modern societies. 

Bacterial fermentation products (2,3-butanediol, methanol, ethanol, propanediols, 

carboxylic acids, furfural, ethylene, fatty alcohols, propylene oxide, propylene, acrolein, 3-

hydroxypropionaldehyde, acrylic acid, etc.) serve as chemical feedstock in many applications 
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(Marshall & Alaimo, 2010). No single bio-based chemical alone will completely alleviate the 

current demand for fuels and chemicals obtained from oil; however some molecules might have 

a more comprehensive role than others. In the present study we focused on understanding and 

improving production of 2,3-butanediol (2,3-BD), a commodity chemical feedstock with 

extensive industrial applications. 

2,3-BD properties and applications 

2,3-BD is a secondary alcohol that can be obtained through fermentation of renewable 

carbon sources. There are three possible stereoisomers: L-(+)-(S,S) dextrorotatory 2,3-BD, meso-

optically inactive 2,3-BD and D-(-)-(R,R) levorotatory 2,3-BD (Figure 1-1) (Prescott & Dunn, 

1949). 2,3-BD has a molecular weight of 90.12  a  a  oi ing point of ~ 8 ˚C  and a freezing 

point close to -6 ˚C.  ue to its high boiling point, the recovery of 2,3-BD through distillation is 

very expensive (Syu, 2001). A recently developed procedure utilizing alcohol precipitation and 

vacuum distillation obtained promising results with lower recovery costs on the process (Jeon et 

al., 2013). The heating value of 2,3-BD (27,198 J g
-1

) is comparable with ethanol (29,055 J g
-1

) 

and methanol (22,081 J g
-1

), and has been recommended in the manufacture of high-grade 

aviation fuel (Qin et al., 2010, Syu, 2001). 

Many valuable molecules can be obtained from 2,3-BD. A simple dehydrogenation 

reaction generates acetoin, which is used as food additive to enhance flavor, and in cosmetic 

products and soaps to obtain desired fragrances (Xiao & Lu, 2014). A further dehydrogenation 

leads to diacetyl, used as butter flavor in popcorns and other products. A dehydratation of 2,3-

BD generates methyl ethyl ketone, an important industrial solvent. This dehydratation can be 

performed enzymatically by a diol dehydratase found in Lactobacilus brevis or through reaction 

with alumina or sulfuric acid (Ji et al., 2011, Speranza et al., 1996). The catalytic dehydration of 

2,3-BD, performed through pyrolysis of 2,3-BD diacetate or 2,3-BD dibromide, results in 1,3-
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butadiene, a building block for synthetic rubber (Winfield, 1945). Using a dehydrogenase, the 

carbonyl group of methyl ethyl ketone can be reduced converting the molecule into the solvent 

and alternative biofuel 2-butanol (Jina et al., 2011, Speranza et al., 1997). 2-Butanol can also be 

obtained non-enzymatically by employing lithium aluminum hydride as a reductant (Leroux & 

Lucas, 1951). Without any further transformation, 2,3-BD can be used as an antifreeze agent; in 

fact, the D-(-)-(R,R) levorotatory form exhibits a lower freezing point than the other two isomers 

(Boutron, 1990). 

Organisms producing 2,3-BD 

The first time 2,3-BD was identified as a microbial fermentation product dates back to 

1906 when a Klebsiella strain called at the time Bacillus lactis aerogenes (Escherich) produced 

large amounts of 2,3-BD during glucose fermentation (Harden & Walpole, 1906). Since then, 

numerous prokaryotes and even the yeast Saccharomyces cerevisiae have been used to produce 

2,3-BD (Ji et al., 2011, Kim et al., 2013). Currently, the bacterial species that have attained the 

best performance of 2,3-BD production are Enterobacter aerogenes, Klebsiella pneumoniae, 

Klebsiella oxytoca and Serratia marcescens, all of which are causative agents of human diseases 

(Bradford et al., 1997, Hoffmann et al., 2010, Mahlen, 2011, Sanders & Sanders, 1997). The 

productivity [g/(L h)], yield (g 2,3-BD/g glucose or sucrose for S. marcescens) and concentration 

(g/L) of 2,3-BD obtained by these strains are as follows: K. pneumoniae reaches 4.21 g/ (L h), 

0.49 g/g and 150 g/L; K. oxytoca reaches 3.22 g/ (L h), 0.5 g/g and 130 g/L; E. aerogenes 

reaches 5.4 g/ (L h), 0.49 g/g and 110 g/L; S. marcescens reaches 3.49 g/(L h), 0.47 g/g and 152 

g/L (Ji et al., 2010, Ma et al., 2009, Qin et al., 2006, Qureshi & Cheryan, 1989, Zeng et al., 

1991, Zhang et al., 2010a, Zhang et al., 2010b). The growing need for efficient and carbon-

neutral chemical production makes photosynthetic microorganism attractive platforms for 2,3-

BD production. Recently the 2,3-BD pathway was introduced into the cyanobacterium 
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Synechococcus elongates, which used CO2 as the carbon source to produce 2,3-BD in low 

amounts (2.39 g/L), and with low productivity [9 847 μg/ (L h)] (Oliver et al., 2013). 

Production of 2,3-BD by Bacillus subtilis WN1038  

In the present work, the microbial platforms E. coli and B. subtilis strains were used to 

study the regulation of 2,3-BD pathway as well as to improve its production. B. subtilis is a 

Gram-positive, spore-forming bacterium belonging to the phylum Firmicutes, class Bacilli, order 

Bacillales and family Bacillaceae. It has long being considered a soil organism, however more 

recently it has been suggested to be also part of the normal human gut microbiota (Hong et al., 

2009, Kunst et al., 1997). B. subtilis strain WN1038 is a prototroph derived from the auxotroph 

B. subtilis 168 (trpC2), by a spontaneous reversion of the trpC2 mutation resulting in a Trp
+
 

phenotype (Nicholson, 2008, Spizizen, 1958). 

Some of the interesting aspects of using B. subtilis strain WN1038 to produce 2,3-BD 

are: a) its native capacity for producing 2,3-BD (Nicholson, 2008, Renna et al., 1993); b) its 

native ability for secretion of extracellular polysaccharide-degrading enzymes (α-amylase, 

pullulanase, endo-β-1,4-mannanase, levanase, glucan-1,4-α-maltohydrolase, pectate  yases  β-

1,4-endog ucanase  β-1,3-1,4-endoglucanase, and endo-1,4-β-xylanases) helpful on lowering the 

costs of utilizing cheap and renewable carbon sources like plant biomass, which is recalcitrant to 

breakdown by many microorganisms (Antelmann et al., 2001, Rastogi et al., 2010); c) its 

feasibility for industrial application due to its Generally Recognized As Safe (GRAS) status 

(Bradford et al., 1997, Hoffmann et al., 2010, Mahlen, 2011, Sanders & Sanders, 1997); and d) 

its status as the premier model organism for Gram-positive bacteria. B. subtilis possesses a well-

characterized and easily tractable genetic system which is compatible with other prominent 

Gram-positive bacteria such as Paenibacillus spp. (St John et al., 2006) with potential for 

biomass to bio-based chemical conversion. 
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Despite the presence of a functional 2,3-BD pathway, the yield (0.044 g/g) and 

concentration (0.85 g/L) obtained by B. subtilis WN1038 (described in Chapter 3, Figure 3-2A) 

are low in comparison with the values obtained by the above-cited species. In order to meet 

industrial demands for the economically feasible production of 2,3-BD, these production 

parameters must be improved. For background, a review of 2,3-BD production in B. subtilis 

follows. By glycolysis, one molecule of glucose generates 2 pyruvates, 2 NADHs, 2 H
+
s, 2 H2Os 

and 2 ATPs. B. subtilis is a mixed acid-alcohol fermenter, and pyruvate can be channeled 

towards the end products lactate, succinate, ethanol, acetate, acetoin, and 2,3-BD (Nakano et al., 

1997). No formate accumulation is noted during fermentation (Nakano et al., 1997), indicating 

that pyruvate-formate lyase is absent; in support of this observation, the pfl gene is not present  in 

the B. subtilis genome (Kunst et al., 1997). Even though B. subtilis does not grow under strictly 

anaerobic conditions by glucose fermentation, excess aeration leads to lower levels of 2,3-BD 

whereas low oxygen availability leads to higher 2,3-BD levels  Ce ińska    rajek     9  

Nakano & Zuber, 1998). pH also plays an important role on whether the culture will produce 

more acidic or more neutral compounds, and in general alkaline conditions favor the formation 

of organic acids, whereas acidic conditions reduce the formation of organic acid and induce the 

synthesis of neutral compounds like 2,3-BD (Garg & Jain, 1995). Setting the initial pH of fed-

batch fermentation at 6.0 gave higher yields of 2,3-BD in B. subtilis than with initial pHs of 7.0 

or 8.0 (Zhang et al., 2014). 

The genetic organization of the pathway leading from pyruvate to 2,3-BD in B. subtilis 

has been elucidated (Renna et al., 1993, Nicholson, 2008). The pathway for 2,3-BD production 

begins with the condensation of two pyruvate  o ecu es into α-acetolactate by t e enzy e α-

acetolactate synthase (ALS) encoded by the alsS gene, fo  owed  y decar oxy ation of α-



19 

acetolactate to acetoin by alsD-encoded α-acetolactate decarboxylase (ALDC) (Voloch et al., 

1985). Acetoin is then reduced to 2,3-BD by the enzyme 2,3-butanediol dehydrogenase (BDH) 

encoded by the monocistronic bdhA gene (Nicholson, 2008). The genes alsS and alsD form a 

bicistronic operon located at 3,707.8 to 3,710.4 kilobases (kb) on the B. subtilis chromosomal 

map (Kunst et al., 1997), and the monocistronic bdhA is located separately at 677.5 to 678.5 kb. 

The alsSD operon is positively regulated by the LysR-like AlsR regulator; however the bdhA 

gene is only indirectly regulated by AlsR (Frädrich et al., 2012, Oliveira & Nicholson, 2013, 

Ong et al., 2011). 

Genetic engineering of B. subtilis to improve 2,3-BD production has recently attracted 

attention of the scientific community. Due to the differential expression of bdhA relative to 

alsSD (Oliveira & Nicholson, 2013), the synchronization of both transcriptional units was 

thought to be a desirable trait. A construct placing the alsSD promoter region upstream from the 

bdhA coding sequence was cloned into pAL10 plasmid and transformed into B. subtilis 168. In 

this strategy bdhA gene expression was dependent on the native regulation of PalsSD, thus placing 

bdhA transcription under direct control of AlsR. Compared with the parental strain, a 4-fold 

increase in 2,3-BD production was obtained in this recombinant (Biswas et al., 2012). Another 

way of increasing 2,3-BD production would be to increase the expression levels of alsSD and 

bdhA by modulating AlsR transcriptional factor expression. Cloning of the alsR gene under 

regulation of the strong HpaII promoter resulted in 1.25- and 1.38-fold increased production of 

acetoin and 2,3-BD respectively, whereas cloning alsR under PbdhA regulation a slightly higher 

increase of 1.32- and 1.49-fold in acetoin and 2,3-BD titers respectively was seen compared with 

the parental strain B. subtilis 168 (Zhang et al., 2013). The strong induction of alsR by HpaII 

regulation caused cells to grow poorly in comparison with when PbdhA was used to regulate 
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expression. Accumulation of 2,3-BD was the highest when alsR was regulated by PbdhA but still 

acetoin accumulated 3-fold more then 2,3-BD (Zhang et al., 2013). 

Other fermentation pathways (e.g., to lactate or acetate), compete for carbon during 2,3-

BD production. Elimination of competing pathways has been long used as a way to increase 

production of a desired fermentation product (Jantama et al., 2008). A series of gene deletions 

were constructed in B. subtilis 168 showing that inactivation of the gene encoding 

phosphotransacetylase (pta) increased production of 2,3-BD 2-fold, whereas inactivation of the 

gene encoding lactate dehydrogenase (ldh) lowered 2,3-BD titer by 1.26-fold (Cruz Ramos et al., 

2000). 

Despite the discussed advantages of utilizing B. subtilis as a platform to convert 

renewable carbon sources into 2,3-BD, there are some constraints limiting maximal production. 

Some possible limiting factors are: i) presence of competing fermentation pathways for pyruvate; 

ii) uncoupled expression of alsSD operon and the bdhA gene; iii) redox-unbalanced state of the 

2,3-BD pathway; and iv) lack of anaerobic growth by glucose fermentation. 

Escherichia coli production of 2,3-BD 

E. coli is a Gram-negative facultative anaerobe belonging to the phylum Proteobacteria, 

class Gammaproteobacteria, order Enterobacteriales, and family Enterobacteriaceae. It is a 

widely prevalent digestive tract inhabitant of mammals, birds, and less prevalently fishes and 

frogs (Gordon & Cowling, 2003) Although some species pose a threat for human health (e.g. 

Shiga toxin-producing strains) (Kaper et al., 2004), in this work the non-pathogenic wild type 

strain E. coli W3110 (K-12) and the laboratory strain E. coli DH5α were used as heterologous 

hosts for 2,3-BD production (Jensen, 1993, Meselson & Yuan, 1968). E. coli W3110 uses mixed-

acid fermentation to grow anaerobically, producing acetate, ethanol, lactate, formate and 

succinate from glucose (Kim et al., 2007). Some of the interesting aspects of applying E. coli to 
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produce 2,3-BD are: a) its easy genetic manipulation, with an extensive number of molecular 

tools (e.g. plasmids, promoters, modified strains); b) its well-studied metabolic pathways; c) the 

existence of excellent E. coli data banks (e.g. Ecocyc); d) its capacity for anaerobic growth, an 

important trait for industrial scale fermentation; e) the absence of a native pathway for 2,3-BD 

synthesis, allowing for introduction of stereospecific 2,3-BD pathways for production of 

isomerically pure 2,3-BD; and f) successful track record for industrial production of bio-based 

chemicals. 

Production of 2,3-BD in E. coli was first performed by externally providing acetoin to a 

strain expressing the K. pneumoniae bdh gene (Ui et al., 1996). Later, an SphI fragment of K. 

pneumoniae containing the entire alsDSB operon (occurring natively in the order alsD, alsS, and 

bdh) was cloned into a plasmid and transformed into E. coli JM109, yielding 0.27 g/g 2,3-BD 

from glucose (Ui et al., 1997). The first synthetic operon designed for 2,3-BD production in E. 

coli contained the alsSD operon from B. subtilis combined with one of four butanediol 

dehydrogenases, from B. subtilis, Clostridium beijerinkii, Thermoanaerobacter brockii, or K. 

pneumoniae, obtaining a maximum meso-2,3-BD yield of 0.34 g/g using the K. pneumoniae 

BDH (Yan et al., 2009). 

Acetolactate is also a precursor of the branched chain amino acids leucine, isoleucine, 

and valine (Goupil-Feuillerat et al., 1997). Deletion of the gene acetohydroxy acid 

isomeroreductase (encoded by the ilvC gene) involved in the leucine/isoleucine synthesis 

pathway, allowed the mutant E. coli strain carrying a synthetic operon for 2,3-BD production to 

yield 0.29 g/g of meso-2,3-BD (Nielsen et al., 2010). As discussed above, oxygen concentration 

plays an important role in governing the distribution of fermentation end products. A derivative 

of E. coli strain JM109, expressing from a plasmid a heterologous 2,3-BD-pathway, increased 
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the final yield of 2,3-BD from 0.30 to 0.33 g/g simply by lowering the aeration of the culture (Li 

et al., 2010). Expressing the entire 2,3-BD pathway divergon alsRDSB (including putative AlsR 

transcriptional factor) from Enterobacter cloacae in E. coli yielded 0.41 g/g of 2,3-BD (Xu et al., 

2014). 

The 2,3-BD pathway starts with the condensation of two pyruvates into the molecule α-

acetolactate. This acid is unstable and upon accumulation is non-enzymatically decarboxylated 

into diacetyl (Zhao et al., 2009). The presence of α-acetolactate decarboxylase (ALDC) 

guarantees the rapid enzymatic decarboxylation of α-acetolactate into acetoin, preventing 

significant diacetyl formation (Goupil et al., 1996). It has been shown that diacetyl can be 

reduced to acetoin by the action of a butanediol dehydrogenase, regenerating one NAD
+
 during 

the process  Ce ińska    rajek     9  Ji et al., 2011). If diacetyl is first reduced to acetoin and 

then reduced again to 2,3-BD, two NAD
+ 

are regenerated, thus placing the pathway in redox-

balance with glycolysis. Previous studies have utilized engineered E. coli expressing BDHs from 

K. pneumoniae or Enterobacter cloacae subsp. dissolvens for conversion of externally provided 

diacetyl into 2,3-BD (Ui et al., 2004, Li et al., 2012, Wang et al., 2013). In these studies, diacetyl 

and glucose were simultaneously added to cell cultures, which converted diacetyl into 2,3-

butanediol. Glucose was added with the purpose of providing reduced cofactors for the NADH 

dependent reactions of diacetyl and acetoin reduction by BDH. Although these studies illustrate 

the viability of using a BDH to reduce diacetyl into acetoin, this strategy is costly due to the need 

for diacetyl. In order to be economically feasible the sugar being provided has to be not just the 

source of reduced cofactors but also the carbon source for 2,3-BD production. 

When growing anaerobically by glucose fermentation, E. coli is capable of maintaining 

its redox balance by producing a mixture of lactate, formate, ethanol and acetate (Clark, 1989). 
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The first enzymes in line metabolizing pyruvate to generate these products, are pyruvate-formate 

lyase (PFL), pyruvate dehydrogenase (PDH) and lactate dehydrogenase (LDH). Both enzymes 

PFL and PDH convert pyruvate into acetyl-CoA; however, PDH expression is repressed under 

anaerobic conditions (Kim et al., 2008). For this reason, inactivation of the pfl and ldhA genes 

leads to an anaerobic-minus growth phenotype due to redox-unbalanced metabolism. 

Introduction of a 2,3-BD pathway into a Δpfl and Δldh background is highly desirable, because a 

strain lacking pfl and ldh that expresses the heterologous pathway for 2,3-BD synthesis would 

not grow anaerobically except by 2,3-BD fermentation. However, the 2,3-BD pathway, as it is 

found in B. subtilis, is redox-unbalanced, using only a single NAD
+
 regeneration step. In this 

study (Chapter 4), we constructed an alternative pathway for redox-balanced production of 2,3-

BD. T is pat way  enefits fro  t e fact t at α-acetolactate spontaneously decarboxylates into 

diacetyl. The constructed synthetic operon (described in Chapter 4) harbors only alsS and bdhA 

genes from B. subtilis, excluding the decarboxylase alsD gene involved in the conversion of α-

acetolactate into acetoin (Renna et al., 1993, Voloch et al., 1985). After transforming this 

construct into the E. coli strain YK29 (Δpfl, ΔldhA) 2,3-BD was produced in a redox-balanced 

manner. This is the first time 2,3-BD pathway has been engineered to a redox-balanced state. 
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Figure 1-1. 2,3-Butanediol stereoisomers. A) (S,S)-2,3-BD, B) Meso-2,3-BD and C) (R,R)-2,3-

BD 
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CHAPTER 2 

THE LYSR-TYPE TRANSCRIPTIONAL REGULATOR (LTTR) ALSR INDIRECTLY 

REGULATES EXPRESSION OF THE BACILLUS SUBTILIS 2,3-BUTANEDIOL (2,3-BD) 

DEHYDROGENASE GENE BDHA AND 2,3-BD PRODUCTION 

Introduction 

Bacillus subtilis is a mixed-acid fermenter, capable of converting pyruvate into lactate, 

acetate, ethanol, acetoin, and 2,3-butanediol (2,3-BD) as fermentative end products (Nakano & 

Zuber, 1998). The fermentation pathway leading from pyruvate to 2,3-BD is of particular recent 

interest because this compound is an important bio-based chemical feedstock that can be 

converted into industrial solvents and precursors in the manufacture of synthetic rubber and 

plastics  Ce ińska    rajek     9  Ji et al., 2011, Nicholson, 2008). The genetic organization of 

the pathway leading from pyruvate to 2,3-BD in B. subtilis has been elucidated (Nicholson, 

2008, Renna et al., 1993) (Figure 2-1). Two pyruvate molecules are condensed to -acetolactate 

by the enzyme -acetolactate synthase (ALS) encoded by the alsS gene, followed by 

decarboxylation of -acetolactate to acetoin by alsD-encoded -acetolactate decarboxylase 

(ALDC) (Voloch et al., 1985). Acetoin is then reduced to 2,3-butanediol by the enzyme 

butanediol dehydrogenase (BDH) encoded by the monocistronic bdhA gene (Nicholson, 2008). 

The genes alsS and alsD form a bicistronic operon located at 3707.8 to 3710.4 kilobases (kb) on 

the B. subtilis chromosomal map (Kunst et al., 1997), and the monocistronic bdhA is located 

separately at 677.5 to 678.5 kb (Figure 2-1). 

Adjacent to, and divergent from, the alsSD operon at position 3710.5-3711.4 kb on the B. 

subtilis map is located the alsR gene encoding the AlsR protein, which has been shown to 

positively regulate alsSD transcription in B. subtilis upon binding to the cis-regulatory region 

between alsR and alsS (Frädrich et al., 2012, Ong et al., 2011, Renna et al., 1993). By protein 

sequence analyses, AlsR has been classified as a member of the LysR-Type Transcriptional 
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Regulator (LTTR) family, featuring an N-terminal DNA-binding helix–turn–helix (HTH) motif 

and a C-terminal co-inducer-binding domain (Maddocks & Oyston, 2008, Schell, 1993). Despite 

considerable conservation both structurally and functionally, LTTR proteins regulate a diverse 

collection of genes, including those involved in virulence, metabolism, quorum sensing and 

motility (Maddocks & Oyston, 2008). Because transcription of the alsSD operon is under AlsR 

control, we reasoned that bdhA may also be under direct transcriptional control of AlsR. In this 

communication we show that the influence of AlsR on bdhA expression depends on the 

physiological state of the cell and that AlsR exerts apparent positively regulation of expression of 

(i) a bdhA-lacZ transcriptional fusion, (ii) bdhA mRNA levels, (iii) levels of BDH enzymatic 

activity, and (iv) production of 2,3-butandiol. However, we were unable to establish a direct 

physical role in vitro for AlsR in bdhA promoter binding or bdhA transcription, thus suggesting 

that AlsR plays an indirect role in bdhA expression. 

Materials and Methods 

Bacterial strains, plasmids, and growth conditions 

The bacterial strains and plasmids used in this study are listed in Table 2-1. Miller LB 

medium (Miller, 1972) was used throughout. Where indicated, glucose was added to LB to a 

final concentration of 1% or 2% (w/v). When appropriate, antibiotics were added to media at the 

following final concentrations: ampicillin (Ap), 100 g/mL; erythromycin (Em), 5 g/mL; 

spectinomycin (Spc), 100 g/mL. Aerobic and oxygen-reduced growth was performed by 

cultivating 20 mL of cell culture in a 125-mL sidearm flask on a rotary shaker at a speed of 250 

or     rp   respective y. A   cu tivations were perfor ed at 37˚C. Optica  density was 

monitored either with a Klett-Summerson colorimeter fitted with the No. 66 (red) filter, or in a 

spectrophotometer set at 660 nm. Under these conditions, 100 Klett units = 1 OD660. 
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Recombinant DNA techniques and plasmid constructions 

Chromosomal DNA was isolated from B. subtilis overnight cultures using a standard 

protocol (Cutting & Vander Horn, 1990). The concentration and purity of DNA were determined 

by UV absorbance at 260 and 280 nm (Sambrook & Russell, 2001). Competent Escherichia coli 

DH5 and B. subtilis cells were prepared and transformed by standard techniques (Boylan et al., 

1972, Sambrook & Russell, 2001). 

A plasmid for integration of a single-copy transcriptional bdhA-lacZ fusion into the B. 

subtilis chromosome was constructed as follows. Primers bdhA+211F and bdhA+812R (Table 2-

2) were synthesized and used to amplify by PCR a 0.6-kbp fragment internal to the coding 

sequence of bdhA (Nicholson, 2008). The PCR product was digested with HindIII and BamHI, 

gel-purified, ligated into HindIII-BamHI-digested plasmid pMUTIN4 (Vagner et al., 1998) and 

introduced into competent E. coli strain DH5 selecting for Ap
R
, resulting in plasmid pWN1078 

(Table 2-1). Plasmid pWN1078 was used to construct congenic wild-type and alsR::spc 

knockout strains carrying the bdhA-lacZ fusion as described in Table 2-1. 

A plasmid for overproduction and purification of AlsR protein was constructed as 

follows. The alsR coding sequence was amplified by PCR from wild type B. subtilis strain 168 

chromosomal DNA using the primer pair alsR+1F and alsR+880R (Table 2-2). The amplified 0.8 

kbp fragment was digested with NheI and XhoI and ligated into NheI-XhoI digested plasmid 

vector pET-24a (Novagen, EMD Millipore, Billerica, MA USA), which harbors a hexahistidine 

tag C-terminal to the cloning site, resulting in plasmid pWN1471 (Table 2-1). 

AlsR protein production and purification 

The C-terminal histidine-tagged AlsR protein was overexpressed in Escherichia coli 

BL21-(DE3) cells as follows. Cells were grown in 1 L of liquid LB at 37°C to an OD600 of 0.7, 
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then transferred to  7˚C. Isopropy -thio--D-galactopyranoside (IPTG) was added to a final 

concentration of  .5    to induce protein expression  and ce  s were incu ated overnig t at  7˚ 

C. Cells were harvested by centrifugation  5     xg      in  4˚C)  resuspended in 3  mL of 

binding buffer (50 mM HEPES, 500 mM NaCl, 5 mM imidazole, 5% glycerol, pH 7.5), flash-

frozen in liquid N2, and stored at -70°C. The thawed cells were lysed in a liquid N2 refrigerated 

bead beater in the presence of 1 mM phenylmethylsulfonyl fluoride (PMSF). The lysate was 

c arified  y centrifugation  3   in   7     xg  4˚C) and c arged onto a nicke -NTA affinity 

column (Qiagen). The column was washed with ~30 column volumes of wash buffer (consisting 

of lysis buffer containing 15 mM imidazole), then AlsR-6xHis protein was removed from the 

column with elution buffer (lysis buffer containing 500 mM imidazole). Elution buffer was 

removed from the purified protein by centifugal filtration using an Ultrafree-15-Centrifugal 

Filter Device 10K NMWL (Millipore Corporation, Bedford, MA), and the retentate was 

resuspended in reaction buffer (10 mM HEPES, 500 mM NaCl, 2.5% glycerol and pH 7.5). 

Protein was analyzed by SDS-polyacrylamide gel electrophoresis (Sambrook & Russell, 2001). 

Protein concentration was determined by fluorometry using the Qubit Protein Assay Kit (Life 

Technologies). 

Enzymatic assays 

β-galactosidase assays were performed as described previously (Nicholson & Setlow, 

1990) and activity was expressed in Miller units (Miller, 1972). BDH assays were performed as 

described previously (Nicholson, 2008); one unit of BDH activity was defined as 1 mol NADH 

produced per minute per mL per OD660 of culture using 2,3-BD as substrate. All assays were 

performed on triplicate cultures. 
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RNA isolation 

Cells at the indicated times and under the indicated growth conditions were harvested by 

rapid centrifugation in a microfuge and stored frozen at -  ˚C for  ater use. Total DNA-free 

RNA was extracted and purified using the RiboPure-Bacteria kit (Ambion, Life Technologies, 

 rand Is and  NY USA) fo  owing t e  anufacturer’s protoco . T e concentration and purity of 

RNA in each sample obtained was measured by UV absorbance at 260 and 280 nm (Sambrook & 

Russell, 2001). 

Quantitative reverse transcriptase PCR (qRT-PCR) 

To quantify bdhA mRNA levels, total RNA (0.5 g per sample) was subjected to separate 

qRT-PCR reactions using primer pairs bdhA+5F / bdhA+197R or 16S+1075F / 16S+1295R 

(Table 2-2). Reactions were performed using the SuperScript III Platinum SYBR Green One-

Step qRT-PCR kit (Invitrogen) and the manufacturer's recommended protocol. Reactions were 

performed and monitored in a MiniOpticon real-time PCR detection system (Bio-Rad, Hercules, 

CA). All qRT-PCR reactions were performed using biological triplicates and technical 

quadruplicates. The Ct values obtained for bdhA mRNA were normalized to Ct values obtained 

for 16S rRNA run in parallel on the same total RNA samples. Results were analyzed using the 2
-

ΔΔCt 
method (Livak & Schmittgen, 2001). 

Primer extension mapping 

The transcription initiation site of bdhA was located by primer extension mapping using 

the Primer Extension System-AMV Reverse Transcriptase kit (Promega, Madison, WI, USA) 

fo  owing t e  anufacturer’s protoco s. Brief y  pri er bdhA+60R (Table 2-1)  a e ed at its 5’ 

end with [
32

P-]ATP (Amersham) using the DNA 5' End-Labeling System (Promega). The end-

labeled primer was hybridized with 10 g of total RNA isolated as described above, and 
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extended with AMV reverse transcriptase using the Primer Extension System (Promega). The 

extension products were separated by electrophoresis through a 6% polyacrylamide/8M urea 

sequencing gel (Sambrook & Russell, 2001). Extension products were compared to a DNA 

sequencing ladder (Sequenase version 2.0 Sequencing kit, USB Corp., Cleveland OH, USA) 

generated using the same labeled primer and a 501-bp PCR product spanning the entire ydjM-

bdhA intergenic region, generated using primer pair bdhA-438 / bdhA+60R (Table 2-2). Products 

were visualized and quantified by phosphorimaging. 

Electrophoretic mobility shift assays (EMSAs) 

Target DNAs were prepared as follows. The alsR-alsSD intergenic region, containing the 

alsSD promoter and AlsR cis-binding regions, and the entire ydjM-bdhA intergenic region, 

including all untranslated DNA sequences spanning the bdhA promoter (Figure 2-5), were PCR 

amplified as 155-bp and 437-bp fragments using the appropriate primer pairs (Table 2-2). As a 

negative-binding control, a 146-bp internal fragment of the rpoB coding sequence was also 

amplified by PCR with its specific primer pair (Table 2-2). All PCR products were purified using 

the QIAquick PCR Purification Kit (Qiagen). 

EMSAs were performed using purified and concentrated AlsR as follows. Different 

quantities of AlsR protein in reaction buffer were incubated with the PCR products described 

above in a total volume of 10 L for 20 min at room temperature, mixed with 3 μL of 50% 

glycerol, and electrophoresed through a 1% agarose gel cast and run in 1x tris-borate buffer pH 

8.2 (EDTA was not added to the buffer to avoid possible inhibition of the reaction). 

Electrophoresis was performed at 4˚C and 5 V/c . T e ge  was stained for     inutes in a 

so ution of  .5 μg et idiu   ro ide per mL and visualized by UV transillumination. Negative 

images are shown for clarity. 
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Statistical analyses 

Basic statistical parameters and Analyses of Variance (ANOVA) were performed using 

commercial statistical software (Kaleidagraph, version 3.6.2; Synergy Software, Reading, PA). 

Differences with P < 0.05 were considered statistically significant. 

Results 

Expression of the bdhA-lacZ fusion in wild-type and alsR::spc strains 

In order to study the effect of AlsR on bdhA gene expression in B. subtilis, a bdhA-lacZ 

transcriptional fusion was constructed in plasmid pMUTIN4 and integrated by a single-crossover 

event at the native bdhA locus in the wild-type and alsR::spc knockout mutant strains, resulting 

in strains WN1079 and WN1152, respectively (Table 2-1). Each strain was cultivated in LB 

medium either in the presence or absence of glucose (1% w/v) and with either high or low 

aeration. Growth (OD660) and -galactosidase activity from bdhA-lacZ expression was measured 

during exponential growth and for 5 hours into stationary phase (Figure 2-2). When cells were 

grown in LB without glucose and at high aeration (Figure 2-2A), bdhA-lacZ fusion expression in 

wild-type strain WN1079 was relatively low during exponential growth, peaked ~1.5 hours after 

the onset of stationary phase (i.e., t1.5) at ~1,100 Miller U, then declined (Figure 2-2A). Kinetics 

of the bdhA-lacZ fusion expression in alsR::spc mutant strain WN1152 grown under the same 

conditions paralleled expression by the wild-type strain, but peaked at ~400 Miller U (Figure 2-

2A). Growth of cells in LB lacking glucose but under reduced aeration (Figure 2-2B) resulted in 

similar kinetics of bdhA-lacZ fusion expression to a maximum at ~ t1.5, but expression was 

activated to a higher absolute level (Figure 2-2B). Again, peak fusion expression by the wild-

type strain WN1079 (~2,600 Miller U) was higher than the alsR::spc mutant (~1,300 Miller U) 

(Figure 2-2B). Growth of wild-type strain WN1079 in LB containing 1% glucose at high 

aeration resulted in maximal postexponential activation of bdhA-lacZ fusion expression, and 
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expression continued to increase throughout stationary phase, reaching ~3,200 Miller U by t5 

(Figure 2-2C). In contrast, bdhA-lacZ fusion expression in the alsR::spc mutant strain WN1152 

behaved in a markedly different manner, peaking at ~900 Miller U at ~t1.5 then declining (Figure 

2-2C). Finally, wild-type cells cultivated in LB containing 1% glucose under reduced aeration 

(Figure 2-2D) showed similar kinetics, but a somewhat lower level, of postexponential activation 

of bdhA-lacZ expression (i.e., ~2,000 Miller U at t5) than the same strain grown with high 

aeration (compare Figure 2-2C and Figure 2-2D), whereas expression of bdhA-lacZ by the 

alsR::spc mutant strain showed similar kinetics and expression level as the same strain grown in 

LB lacking glucose at reduced aeration (compare Figure 2-2B and Figure 2-2D). The expression 

data revealed some observations worthy of note. (i) Activation of bdhA-lacZ expression occurred 

in the early stationary phase. (ii) Expression of the bdhA-lacZ fusion was dramatically enhanced 

either by glucose alone (compare Figure 2-2A and Figure 2-2C) or by reduced aeration alone 

(compare Figure 2-2A and Figure 2-2B). (iii) Fusion expression appeared to be somewhat 

decreased when glucose and lowered aeration were both applied (Figure 2-2D). (iv) Inactivation 

of alsR resulted in a reduction, but not a total abolition, of bdhA-lacZ fusion expression. 

Measurement of bdhA transcript levels by qRT-PCR 

Results obtained using the transcriptional bdhA-lacZ fusion (Figure 2-2) implied that 

transcription of bdhA was lowered in the alsR::spc mutant. To test this notion directly, steady-

state levels of bdhA mRNA were measured using qRT-PCR (Figure 2-3). Triplicate cultures of 

strains WN1038 (w.t.) and WN1192 (alsR::spc) were cultivated with aeration in LB either with 

or without 1% glucose. Total RNA was isolated from cells harvested at t3 (i.e., 3 hours after the 

onset of stationary phase), when the bdhA-lacZ fusion (Figure 2-2C) was fully activated, and 

bdhA mRNA levels were measured by qRT-PCR as described in Materials and Methods. The 

relative level of bdhA transcripts was not significantly different between the wild-type and 



33 

alsR::spc strains grown in LB in the absence of glucose (Figure 2-3). In contrast, growth in LB + 

1% glucose strongly increased (~26-fold) bdhA transcript levels in the wild-type strain WN1038, 

but not significantly in the alsR::spc knockout strain WN1192 (Figure 2-3). The results indicated 

that inactivation of alsR reduced the observed postexponential increase in the steady-state level 

of bdhA mRNA. 

BDH activity in w.t. vs. alsR::spc strains 

In order to ascertain if expression of the bdhA-lacZ fusion (Figure 2) and bdh mRNA 

levels (Figure 2-3) were consistent with BDH activity levels, BDH specific activity was 

measured in wild-type strain WN1038 and in alsR::spc knockout strain WN1192 after 24 h of 

aerobic growth in LB alone or LB containing 1% glucose (Figure 2-4A). In LB without glucose, 

both strains produced essentially the same low amount of BDH activity (27.7 ± 7.2 and 22.3 ± 

9.3 U, respectively) (Figure 2-4A). In LB containing 1% glucose, BDH activity in wild-type 

strain WN1038 was 171 ± 25.2 U, and activity in the alsR::spc knockout mutant was ~2.3-fold 

lower (74.7 ± 5.7 U). While this difference was statistically significant, it was clear that the 

alsR::spc knockout mutation did not abolish production of BDH (Figure 2-4A). Examination of 

the kinetics of BDH activity during exponential growth and early stationary phase of w.t. strain 

WN1038 (Figure 2-4B) showed essentially the same expression pattern as that observed by the 

transcriptional bdhA-lacZ fusion in WN1038 (Figure 2-2C) and was consistent with the higher 

steady-state level of bdhA mRNA at t3 (Figure 2-3), suggesting that the increase of BDH activity 

was a direct consequence of an increase in bdhA mRNA levels. In contrast, BDH activity in the 

alsR::spc mutant strain WN1192 also exhibited a low basal level of activity during exponential 

growth, and was activated to a ~4.5-fold lower level than in the wild-type strain by t3 (Figure 2-

4B). Again, levels of BDH activity mirrored expression of the bdhA-lacZ fusion observed in the 

alsR::spc mutant (Figure 2-2B) and steady-state bdhA mRNA levels measured at t3 (Figure 2-3). 



34 

Mapping the bdhA transcription initiation site 

The transcription initiation site of the bdhA gene was mapped by primer extension using 

total RNA isolated from t3 cultures of either wild-type strain WN1038 or alsR::spc mutant strain 

WN1192, grown in either LB or LB+1% glucose (Figure 2-5). In all four cases a full-length 

extension product was detected (Figure 2-5 inset) corresponding to an adenine nucleotide 

situated 268 nt. upstream from the bdhA initiation methionine codon, and three minor extension 

products were identified at 153, 146, and 137 nt. preceding the bdhA initiation methionine codon 

(marked by asterisks in Figure 2-5). The longest extension product was presumed to represent 

the full-length transcript; visual inspection of the sequence preceding this site revealed the 

presence of a region with excellent homology to the consensus -10 region characteristic of B. 

subtilis promoters recognized by the major sigma-A form of RNA polymerase (Helmann, 1995, 

Jarmer et al., 2001, Moran et al., 1982), but with poor homology to the consensus -35 region 

(Figure 2-5). Quantification of transcript levels by densitometry (Figure 2-5 inset) revealed that 

both wild-type and alsR::spc mutant cells grown in LB+1% glucose exhibited ~5-fold more 

bdhA mRNA than cells grown in the absence of glucose. Interestingly, similar amounts of bdhA 

mRNA were detected by LB+1% glucose-grown cells of both the wild-type and alsR::spc 

mutant strain (Figure 2-5 inset). This result was surprising and did not appear consistent with the 

results of bdhA mRNA quantification by qRT-PCR (Figure 2-3) which indicated that the 

alsR::spc mutation resulted in a dramatic lowering of bdhA mRNA at t3. 

Purified AlsR protein does not bind the bdhA promoter region 

Previous work had demonstrated a direct role for AlsR in binding to, and stimulating 

transcription from, the alsSD promoter (Frädrich et al., 2012, Ong et al., 2011). To test possible 

binding of AlsR to the bdhA promoter region, we cloned the wild-type alsR gene into an IPTG-

inducible expression plasmid that would result in overexpression of AlsR protein with a 
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carboxyl-terminal histidine tag, purified AlsR protein, and performed binding studies using 

EMSA (Figure 2-6). In the first experiment (Figure 2-6A), a 2.5-fold molar excess of AlsR 

protein was mixed with three different PCR fragments, spanning: (i) the alsR-alsS intergenic 

region, known to bind AlsR (Frädrich et al., 2012, Ong et al., 2011) and serving as a positive 

control; (ii) the ydjM-bdhA intergenic region; and (iii) a PCR product corresponding to an 

internal segment of the rpoB gene (Nicholson & Maughan, 2002), serving as a negative control. 

In this experiment, AlsR bound to the alsS promoter region, but not to the bdhA promoter region 

or the rpoB internal coding fragment (Figure 2-6A). However, a small amount of smearing was 

noted in all complexes formed with a molar excess of AlsR, which may have obscured the bound 

form, so the experiment was performed again with limiting amounts of AlsR and a molar excess 

of target DNA (Figure 2-6B). This experiment showed AlsR binding to the alsSD promoter 

region at a protein:DNA ratio as low as 0.07, but no detectable binding of AlsR to the bdhA 

promoter region at this molar ratio (Figure 2-6B). 

Discussion 

It has previously been demonstrated that expression of the alsSD operon encoding ALS 

and ALDC is under direct positive transcriptional control of the LTTR family protein AlsR 

(Frädrich et al., 2012, Ong et al., 2011, Renna et al., 1993). The results presented here are also 

consistent with a positive role for AlsR in bdhA expression, but this role may not be direct. First, 

expression of a transcriptional bdhA-lacZ fusion was lowered, but not abolished, in the alsR::spc 

mutant strain (Figures 2-2A,B,C). However, bdhA-lacZ expression in cells grown with 1% 

glucose under low aeration appeared not to depend on a functional alsR gene (Figure 2-2D), 

suggesting that bdhA expression may not be absolutely dependent on AlsR. Second, as measured 

by qRT-PCR, the steady-state level of bdhA mRNA was dramatically lower in the alsR::spc 

mutant than in the wild-type strain at t3 grown in LB with 1% glucose (Figure 2-3); but, as 
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measured by primer extension, levels of bdhA mRNA were essentially the same at t3 in both the 

wild-type and alsR::spc mutant strain grown under the same conditions (Figure 2-5). Third, 

BDH enzymatic activity was lowered somewhat in the alsR::spc strain measured at either t3 or at 

t24 (Figure 2-4B), but again BDH activity was not abolished in the alsR::spc mutant. And fourth, 

we were unable to detect direct binding of purified AlsR protein to the bdhA promoter region, 

although it quite clearly bound to the alsSD promoter region (Figure 2-6). 

The above results indicate that regulation of bdhA expression depends only indirectly, 

and only in part, upon the alsR gene product and that its regulation is more complex than 

previously supposed. In line with this notion, mapping of the bdhA transcription start site 

revealed that it was separated from the BdhA initiation methionine codon by a 268-nt 5'-UTR 

(Figure 2-5). In recent years it has become increasingly evident that such 5'-UTR regions are 

associated with attenuators or riboswitches which respond directly to a wide range of small 

metabolites to exert regulatory control at the level of transcription termination/antitermination, 

translation, or mRNA stability (Gelfand, 2006, Henkin, 2008, Serganov & Nudler, 2013). This 

possibility could explain why the primer extension experiment, which targeted mainly the 5'-

UTR, detected essentially equivalent amounts of bdhA transcripts initiated by the wild-type and 

alsR::spc strains (Figure 2-5 inset), whereas the qRT-PCR experiment, which targeted mRNA in 

the downstream bdhA coding region, (see primer locations in Figure 2-5) detected a large 

difference in bdhA mRNA levels (Figure 2-3). One feature of riboswitches and other attenuators 

is sequences with potential to form alternate stem-loop secondary structures; inspection of the 

bdhA 5'-UTR reveals a number of such regions (data not shown), but their possible significance 

in bdhA regulation has not yet been tested experimentally. In this light it is interesting to note 

that primer extension revealed three apparently truncated extension products within the 5'-UTR 
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(Figure 2-5). These may have resulted from blockage of reverse transcriptase at regions of 

secondary structure in the 5'-UTR, or alternatively may simply be due to stalling reverse 

transcriptase during its passage through monotonous poly-T tracts (Figure 2-5). These 

possibilities will require further experimentation to elucidate. 

One could envision a number of possible testable explanations for the observed effect of 

the alsR::spc mutation on bdhA expression. For example, it has been demonstrated that 

mutations inactivating alsR cause severe down-regulation of alsSD expression (Renna et al., 

1993), and thus a dramatic reduction the amount of ALS and ALDH, hence acetolactate and 

acetoin, produced. Because ALS and ALDH do not directly participate in re-oxidation of 

reduced NADH during fermentation, expression of bdhA may be directly responsive to 

intracellular acetolactate and/or acetoin levels in the cell as a measure of the intracellular redox 

state. Such regulation might not be exerted at the level of transcription initiation, but by a 

mechanism mediated through the 5'-UTR as in other attenuator or riboswitch systems. Improving 

our understanding of the regulatory circuitry governing 2,3-BD production in the model Gram-

positive platform organism B. subtilis can ultimately lead to its rational manipulation with the 

goal of maximizing 2,3-BD productivity in a variety of industrially important Gram-positive 

microorganisms. 
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Table 2-1.  Strains and plasmids used in this study 

Strain or 

plasmid 

 

Genotype or relevant characteristics
 

 

Source (reference) 

B. subtilis: 

WN1038
 

Prototroph (Nicholson, 2008) 

WN1079 Prototroph, bdhA-lacZ; Em
R
 
 

pWN1078WN1038 

tf; Em
R
 
 

WN1148 

(AMBs2) 

trpC2, pheA1, alsR::spc; Spc
R 

E. Härtig (Cruz 

Ramos et al., 2000) 

WN1152 alsR::spc, bdhA-lacZ; Spc
R
, Em

R
 WN1148WN1079 

tf; Spc
R
/Em

R
 

WN1192 Prototroph, alsR::spc; Spc
R 

WN1148WN1038 

tf; Spc
R 

E. coli: 

 H5α deoR, endA1, gyrA96, hsdR17, (rk
-
, mk

+
), recA1, 

relA1, supE44, thi-1, (lacZYA-  

argFV169), 80lacZM15, F
-
, 

-
 

(Hanahan, 1983) 

BL21(DE3) F
–
, ompT, hsdSB(rB

–
, mB

–
), gal, dcm (DE3) Novagen 

WN1078 DH5 carrying plasmid pWN1078; Ap
R This study 

WN1471 BL21(DE3) carrying plasmid pWN1471 This study 

Plasmids 

pMUTIN4 Integrative vector for B. subtilis (Em
R
); replicates 

in E. coli (Ap
R
) 

(Vagner et al., 1998) 

pWN1078 pMUTIN4 carrying 0.6 kb HindIII/BamHI insert 

internal to bdhA coding region; bdhA-lacZ fusion; 

Ap
R
 in E. coli; Em

R
 in B. subtilis 

This study 

pET24a Protein expression vector, replicates in E. coli 

(Km
R
) 

Novagen 

pWN1471 pET24a carrying 0.918 kb NheI/XhoI insert of the 

alsR-6xHis gene; replicates in E. coli (Km
R
) 

This study 

Abbreviation: tf, transformation 
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Table 2-2.  Oligonucleotide primers used in this study 

Primer
A
 Sequence Purpose 

 alsR+1F 5-CTTAGCTAGCATGGAGCTTCGCCATCTTCA-3’ Cloning into pET24a; 

AlsR overproduction 

 alsR+880R 5’-ATACTCGAGTGTACCTGCATCACTCTCTTTAGTTC-3’ Cloning in pET24a; AlsR 

overproduction 

bdhA+211F
 5’-GCGAAGCTTGAATTCTCCGGTGAAGTTGCG-3’ Cloning in pMUTIN4; 

bdhA-lacZ construction 

bdhA+812R
 5’-CCCGGATCCTTTTCCCAAATGCTGACGAT-3’ Cloning in pMUTIN4; 

bdhA-lacZ construction 

bdhA+5F
 5’-AGGCAGCAAGATGGCATAAC-3’ qRT-PCR 

bdhA+197R
 5’-ACAGGTGCCGTTTCATTTGT-3’ qRT-PCR 

16S+1075F
 5’-CAGCTCGTGTCGTGAGATGT-3’ qRT-PCR 

16S+1295R
 5’-TGTGGGATTGGCTTAACCTC-3’ qRT-PCR 

bdhA-438F 

(ydjM-bdhA 

intergenic 

region) 

5’-TTCGTCCCCCTGTTTGTTAA-3’ PCR template for 

sequencing; EMSA of 

bdhA promoter region 

bdhA-1R 

(ydjM-bdhA 

intergenic 

region) 

5’-GGATTACCACTCCTATAACTTTTGATG-3’ EMSA of bdhA promoter 

region 

bdhA+60R 5’-TGGCTCTTCGATATGTTCAATACGGATATCC-3’ PCR template for 

sequencing and primer 

extension 

alsR-alsS 

intergenic 

region-F 

5’-CCCTCACTCCTTATTATGCATTT-3’ EMSA of alsS promoter 

region 

alsR-alsS 

intergenic 

region-R 

5’-TTCAATATGCATTCCTTTCCA-3’ EMSA of alsS promoter 

region 

rpoB 

internal-F 

5’-CGTCCTGTTATTGCGTCC-3’ EMSA of internal rpoB 

coding sequence 

rpoB 

internal-R 

5’-TCCGGCACGCTCACG-3’ EMSA of internal rpoB 

coding sequence 

A
Coordinates in primers are relative to the bdhA translation initiation codon. F, forward; R, 

reverse. Sequences in italics denote cleavage sites for BamHI, HindIII, NheI, and XhoI. 

 

 

 



40 

 
 

Figure 2-1. The 2,3-BD biosynthetic pathway in B. subtilis. Genetic organization of the divergent 

alsR gene and alsSD operon and the unlinked monocistronic bdhA gene (top line). 

The pathway from pyruvate to 2,3-BD (bottom line). AlsR is a positive regulator of 

alsSD transcription (Frädrich et al., 2012, Renna et al., 1993), denoted by the plus 

sign. 
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Figure 2-2. Beta-galactosidase activities (squares) expressed from the bdh-lacZ transcriptional 

fusion during growth (circles) of strains WN1079 (w.t., open symbols) and WN1152 

(alsR::spc; filled symbols). Cultures were grown in LB either with or without glucose 

(1% w/v) and with or without vigorous aeration (denoted by high or low O2), as 

indicated in each panel A through D. Data shown are averages ± standard deviations 

(n = 3); Beta-galactosidase activity error bars not visible are smaller than the plot 

symbols.β 
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Figure 2-3. Levels of bdhA mRNA measured by qRT-PCR. WN1038 (w.t.; light gray bars) and 

WN1192 (alsR::spc; dark gray bars) were grown aerobically in LB with or without 

glucose (1% w/v). Data were normalized to both 16S rRNA and strain WN1038 

grown in LB without glucose as described in the text. Data shown are averages ± 

standard deviations (n = 3). Lowercase letters denote groups significantly different by 

ANOVA (P ≤ 0.05). 
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Figure 2-4. Units of BDH activity in 24 h and time course. A) BDH activity in 24-h cultures of 

strains WN1038 (w.t.; light bars) and WN1192 (alsR::spc; dark bars) grown 

aerobically in LB or in LB + 1% glucose (LB + Glc). Data shown are averages ± 

standard deviations (n = 3). Lowercase letters denote groups significantly different by 

ANOVA (P ≤ 0.05). B) Time course of BDH activity (squares) during growth 

(circles) of strains WN1038 (w.t.; open symbols) and WN1192 (alsR::spc; filled 

symbols) cultured in LB with both glucose (1% w/v) and aeration. Downward arrow 

denotes t0, the transition between exponential and stationary growth phase. 
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Figure 2-5. Results of primer extension experiment (inset) in the context of the nucleotide 

sequence of the bdhA upstream regulatory region. Primer bdhA + 60R was 5’-end 

labeled with 
32

P and hybridized with total RNA extracted from strain WN1038 (w.t.) 

or strain WN1192 (alsR::spc) grown to t3 in LB in the presence (+) or absence (-) of 

1% glucose. Extension products were mapped relative to a sequencing ladder of the 

corresponding DNA region using the same primer. The identified transcription 

initiation site is marked +1. The numbers below each full-length extension product 

represent relative intensity of each transcript band, normalized to w.t. grown in LB 

without glucose. The three bands marked with asterisks denote incomplete extension 

products; the locations of which are denoted in the sequence. In the sequence, the 

transcription initiation site (+1), putative -10, and -35 promoter regions are denoted 

by bold capital letters, and the putative ribosome binding site (rbs) is denoted by bold 

italic capitals. Above each sequence are listed the consensus -35 and -10 regions of 

sigma-A-dependent promoters and the consensus ribosome binding sites determined 

for B. subtilis (Helmann, 1995, Moran et al., 1982); matches are denoted by 

underlines. 
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Figure 2-6. Electrophoretic mobility shift assay of purified AlsR protein with the promoter 

region of bdhA. DNA fragments used were: alsSD promoter (alsSDP; positive 

control), bdhA (bdhAP), and an internal coding sequence fragment of the rpoB gene 

(rpoBI; negative control). Concentrations of DNA targets and AlsR protein are 

denoted above the lanes. B, DNA bound to AlsR; F, free DNA. A) EMSA performed 

with excess AlsR. B) EMSA performed with excess DNA. 
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CHAPTER 3 

SYNTHETIC OPERON FOR 2,3-BUTANEDIOL PRODUCTION IN BACILLUS SUBTILIS 

AND ESCHERICHIA COLI 

Introduction 

Although the discovery of new oil and gas reserves and development of more efficient 

utilization technologies may temporarily stave off an immediate crisis, petroleum depletion over 

the long term will inexorably lead to steeply increased prices and supply shortages (Aguilera, 

2014, Murray & King, 2012). To alleviate this situation, alternative sources for energy 

generation are either already established or rapidly coming online. Examples include: nuclear, 

solar, wind, geothermal, tidal or wave energy; microbial fuel cells or hydrogen fuel cells; and 

biomass thermal conversion. However, petroleum not only provides energy for transport and 

electricity generation, but is a valuable source of chemical feedstock compounds for the 

petrochemical industry. The abovementioned alternative sources do not provide carbon 

feedstocks for chemical production   itt ar         er er    ar c a          und ac  et al., 

2012, Lumbreras & Ramos, 2012, Rabaey et al., 2004, Rourke et al., 2010, Steubing et al., 2011, 

Villa et al., 2013). 

Microbial fermentation of renewable carbon sources such as lignocellulose can be 

employed as a sustainable alternative to petroleum for production of chemical feedstocks. More 

than thirty years ago it was suggested that a major fraction of the US chemical industry could be 

supplied by four feedstocks derived from biological fermentation: ethanol, isopropanol, n-

butanol, and 2,3-butanediol (Palsson et al., 1981). Since then, however, only bioethanol 

production has been actively developed into a mature industry (Otero et al., 2007). Thus, 

exploration of economic routes to the large-scale synthesis of other chemical feedstocks is a high 

priority. The secondary alcohol 2,3-butanediol (2,3-BD) is amenable to a large number of 

applications such as an industrial solvent, fuel additive, jet fuel, antifreeze, building block for 
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synthetic rubber and bioplastics, food additives, and printer ink (Cruz Ramos et al., 2000, 

Ce ińska    rajek     9  Ji et al., 2011, Nicholson, 2008, Nakano & Zuber, 1998). Some 

members of the family Enterobacteriaceae, such as Klebsiella oxytoca, K. pneumoniae, and 

Serratia marcescens, produce high amounts of 2,3-BD. However, because these organisms are 

nosocomial pathogens, they are inappropriate for synthesis of products for human consumption 

(Moet et al., 2007, Podschun & Ullmann, 1998). As an alternative, the GRAS (Generally 

Regarded As Safe) organism Bacillus subtilis produces 2,3-BD and has recently been engineered 

for efficient cellulolytic breakdown of renewable biomass (Anderson et al., 2013). 

The pathway leading from pyruvate to 2,3-BD in B. subtilis consists of two pyruvate 

 o ecu es  eing condensed to α-aceto actate  y t e enzy e α-acetolactate synthase (ALS) 

encoded by the alsS gene  fo  owed  y decar oxy ation of α-acetolactate to acetoin by alsD-

encoded α-acetolactate decarboxylase (ALDC) (Renna et al., 1993, Voloch et al., 1985). Acetoin 

is then reduced to 2,3-BD by the enzyme butanediol dehydrogenase (BDH) encoded by the bdhA 

gene (Nicholson, 2008). The genes alsS and alsD form a bicistronic operon located at 3,707.8 to 

3,710.4 kilobases (kb) on the B. subtilis chromosomal map (Kunst et al., 1997). The alsSD 

operon is under positive transcriptional control by the AlsR protein which is expressed from the 

divergent alsR gene (Renna et al., 1993). In contrast, the monocistronic bdhA gene is located 

separately from the alsRSD divergon at 677.5 to 678.5 kb and is indirectly regulated by AlsR 

(Oliveira & Nicholson, 2013). 

The poor anaerobic growth capability of B. subtilis, coupled with the complex regulation 

of its 2,3-BD pathway, limits its use in industrial scale fermentation processes (Nakano & Zuber, 

1998, Nicholson, 2008, Schallmey et al., 2004). In contrast, the biotechnology workhorse 

Escherichia coli lacks a 2,3-BD fermentation pathway but grows well anaerobically, making it 
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an interesting potential heterologous host for industrial scale production of enantiomerically pure 

2,3-BD (Ji et al., 2011). It was therefore considered desirable to simplify genetic manipulation of 

the 2,3-BD pathway and its high-level expression in either E. coli or B. subtilis. In this study we 

describe the construction and characterization of a synthetic alsSDbdhA operon under IPTG-

inducible control and carried on an E. coli-B. subtilis shuttle plasmid, with the goal of 

investigating how to optimize high-level production of 2,3-BD production in both platform 

microorganisms. 

Materials and Methods 

Bacterial strains, plasmids, and growth conditions 

The bacterial strains and plasmids used in this study are listed in Table 3-1. Miller LB 

medium (Miller, 1972) was used throughout. Where indicated, glucose was added to LB to a 

final concentration of 2% (w/v). When appropriate, antibiotics were added to media at the 

fo  owing fina  concentrations: a pici  in  Ap)      μg/mL; kana ycin  K )     μg/mL; and 

spectino ycin  Spc)      μg/mL. All cultivations were performed at 37°C. Optical density was 

monitored either with a Klett-Summerson colorimeter fitted with the no. 66 (660 nm; red) filter 

or in a spectrophotometer set at 660 nm. Under these conditions, 100 Klett units = 1 OD660. 

When required, logarithmic-phase cells (0.5 OD660) were induced wit  isopropy  β-D-1-

thiogalactopyranoside (IPTG) at the indicated final concentration. Oxygen-reduced growth was 

performed by cultivating 40 mL of cell culture in a 250-mL sidearm flask on a rotary shaker at a 

speed of 100 rpm. 

Recombinant DNA techniques 

Chromosomal DNA was isolated from B. subtilis overnight cultures using a standard 

protocol (Cutting & Vander Horn, 1990). DNA concentration was determined by fluorometry 

using the Qubit system (Invitrogen, Carlsbad, CA, USA). All PCR reactions were performed 
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using Phusion High-Fidelity DNA polymerase with HF buffer (New England Biolabs, Beverly, 

MA, USA) according to the manufacturer's instructions. Plasmid pDG148-Stu (Joseph et al., 

2001) was digested with the restriction enzyme StuI. T4 DNA polymerase (New England 

Biolabs) was used to treat StuI-digested pDG148-Stu and PCR generated fragments (Joseph et 

al., 2001). Competent E. coli and B. subtilis cells were prepared and transformed by standard 

techniques (Boylan et al., 1972, Sambrook & Russell, 2001). 

Plasmid construction 

A plasmid carrying a synthetic operon containing the B. subtilis alsSD operon fused to 

bdhA was constructed using the primer pairs described in Figure 3-1A and B. subtilis strain 

WN1038 genomic DNA as the template. The alsSD operon (with a modified alsS initiation 

methionine codon from TTG to the canonical ATG sequence), lacking its natural promoter and 

rho-independent transcriptional terminator was amplified by PCR using Primers 1 and 2 (Figure 

3-1A). The bdhA gene was amplified using Primers 3 and 4, which removed the native bdhA 

promoter but kept the rho-independent transcriptional terminator (Figure 3-1A). After individual 

PCR amplification of alsSD and bdhA with their respective sets of primers, a PCR fusion-based 

approach (Hobert, 2002) was performed to link both fragments into a single synthetic operon, 

alsSDbdhA. The fusion PCR products were cloned into pDG148-Stu and introduced into 

competent cells of E. coli strain  H5α se ecting for Ap
R
. Individual Ap

R
 transformants were 

grown overnig t at 37˚C in  iquid LB+Ap containing  %  w/v)  fina  concentration) g ucose  and 

screened for acetoin production using a modified Voges-Proskauer assay (Nicholson, 2008) 

(Figure 3-1B). The acetoin-positive clones were then assayed quantitatively for BDH activity 

(Nicholson, 2008) (Figure 3-1C). Transformant #16 (strain WN1390) was chosen based on its 

elevated production of both acetoin and BDH activity. Production of high levels of ALS, ALDC 

and BDH proteins was confirmed by SDS-PAGE of cell lysates (Figure 3-1D). Plasmid DNA 
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was isolated from strain WN1390 and its proper construction was confirmed by sequencing the 

insert at the University of Florida Interdisciplinary Center for Biotechnology Research (UF-

ICBR). Plasmid DNA from transformant #16, designated pWN1390, was used in subsequent 

experiments. 

Gel electrophoresis 

DNA and protein were analyzed by agarose gel electrophoresis and sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE), respectively, using standard protocols 

(Sambrook & Russell, 2001). 

Assays 

Butanediol dehydrogenase (BDH) activity was assayed from cell-free extracts as 

described previously (Nicholson, 2008); 1 unit of B H activity is defined as   μ o  NA H 

produced per minute per milliliter per OD660 of culture. Acetoin from culture supernatants was 

assayed by a modified Voges-Proskauer test as described in detail previously (Nicholson, 2008). 

Assay of fermentation products by HPLC 

High-performance liquid chromatography (HPLC) analyses of fermentation products 

were performed as described in detail previously (Nicholson, 2008, Underwood et al., 2002), 

with the exception that the column was operated at a pressure of 90 bars, a temperature of 60°C, 

and a flow rate of 0.7 mL/min. Chromatograms were processed using Chemstation software 

(Agilent). Compounds were identified on the basis of their retention times vs. pure standards and 

the concentration of each fermentation product was determined by peak area integration. 

Statistical analyses 

Basic statistical parameters and analyses of variance (ANOVA) were performed using 

commercial statistical software (KaleidaGraph, version 3.6.2; Synergy Software, Reading, PA). 

Differences with P ≤  . 5 were considered statistica  y significant. 
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Results 

Construction of a synthetic alsSDbdhA operon 

With the aim of increasing 2,3-BD production in either E. coli or B. subtilis, an IPTG-

inducible expression system was constructed in shuttle plasmid pDG148-Stu (Joseph et al., 

2001) capable of replication and expression in either host. Figure 3-1A depicts the scheme for 

construction of a single synthetic operon encoding the entire 2,3-BD pathway of B. subtilis under 

control of the IPTG-inducible Pspac promoter. Notably, construction involved removal of the 

following natural regulatory regions: (i) the alsSD promoter region; (ii) the alsSD rho-

independent transcriptional terminator, and; (iii) the bdhA promoter and 5'-untranslated region. 

The bdhA ribosome binding site was placed directly downstream from the alsD stop codon, the 

alsS initiation codon was changed from TTG to the canonical ATG, and the natural bdhA rho-

independent transcriptional terminator was retained (Figure 3-1A). 

After PCR amplifying the alsSD and bdhA sequences as decribed above, both fragments 

were linked together using fusion PCR (Hobert, 2002). The resulting synthetic alsSDbdhA 

construct was incorporated into digested pDG148-Stu and then transformed into competent E. 

coli strain DH5ransformants were picked from LB ampicillin plates and inoculated 

overnight in LB + 1% glucose. Culture supernatants were screened for acetoin production using 

a rapid Voges-Proskauer test (Figure 3-1B). Thirteen out of 25 transformants screened were 

acetoin-positive, indicating that ALS and ALDC were being expressed, and these isolates were 

subsequently screened for BDH activity (Figure 3-1C). All 13 acetoin-positive clones also 

expressed BDH, and plasmid DNA from strain WN1390, the clone exhibiting the highest 

expression, was chosen for further examination. 
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Production of 2,3-BD by B. subtilis background strains 

The construction of wild-type B. subtilis reference strain WN1038 was previously 

described by Nicholson (2008) and its alsR::spc knockout derivative, strain WN1192 was 

described in Chapter 2. Because these two strains were to serve as the B. subtilis host strains for 

expression of 2,3-BD from the synthetic alsSDbdhA operon, we first characterized their 

conversion of glucose to acetoin and 2,3-BD in liquid LB medium containing 2% (111 mM) 

glucose (Figure 3-2). After 48 h, w.t. strain WN1038 had consumed 107.1 ± 4.4 mM glucose 

from the medium, whereas WN1192 only consumed 16 ± 6 mM (Figure 3-2). Strain WN1038 

produced a maximum 2,3-BD concentration of 9.5 ± 1 mM by 24 h, and production remained 

constant at 48 h; in contrast, strain WN1192 produced no detectable 2,3-BD (Figure 3-2). Wild-

type strain WN1038 produced 63 ± 0.7 mM acetoin by 48 h, whereas alsR::spc strain WN1192 

produced only 6.5 ± 0.1 mM acetoin during the same time period (Figure 3-2). 

Production of 2,3-BD in B. subtilis strains carrying the synthetic alsSDbdhA operon 

The complete 2,3-BD pathway from B. subtilis was constructed as a synthetic tricistronic 

operon, cloned into the IPTG-inducible shuttle plasmid pDG148-Stu, and the resulting plasmid 

(pWN1390) was introduced by transformation into B. subtilis wild-type strain WN1038 and 

alsR::spc knockout strain WN1192, resulting in strains WN1394 and WN1468, respectively 

(Table 3-1). Production of 2,3-BD and acetoin from glucose by strains WN1394 and WN1468 

was determined in LB medium containing 2% (w/v) glucose (Figure 3-3). 

Over the course of 48 h, strain WN1394 (w.t.) consumed essentially all the glucose, 

produced a maximum of 20 ± 1 mM 2,3-BD at 24 h, and a maximum of 90 ± 1 mM acetoin at 48 

h (Figure 3-3A). Induction of expression of the alsSDbdhA synthetic operon with 1 mM IPTG 

caused strain WN1394 to produce 27 ± 1 mM 2,3-BD and 93 ± 4 mM acetoin by 24 h and 48 h 

respectively (Figure 3-3B). Compared to control strain WN1038 at the same time points (Figure 
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3-2A), IPTG induction of strain WN1394 led to a 2.8-fold and 1.4-fold increase in 2,3-BD and 

acetoin titer respectively. 

In contrast, uninduced cells of strain WN1468 (alsR::spc) consumed very little glucose 

over 48 h and yielded only 0.55 ± 0.02 mM 2,3-BD and 7.1 ± 0.11 mM acetoin by 48 h (Figure 

3-3C). This was due to the alsR::spc knockout mutation in its parental strain WN1192 (Figure 3-

2B). However, IPTG induction of alsSDbdhA expression in strain WN1468 resulted in 

consumption of nearly all the glucose and yielded 12.5 ± 1.2 mM 2,3-BD and 64.7 ± 2.3 mM 

acetoin by 24 h and 48 h respectively (Figure 3-3D). From these results it appeared that 2,3-BD 

production in strain WN1468 was derived nearly exclusively from the synthetic alsSDbdhA 

operon. 

Production of 2,3-BD in E. coli 

During construction of the synthetic alsSDbdhA operon in plasmid pDG148-Stu it was 

noted that E. coli transformant WN1390 exhibited high levels of extracellular acetoin (Figure 3-

1B), BDH enzymatic activity (Figure 3-1C) and ALS, ALDC, and BDH protein (Figure 3-1D). 

These results suggested that strain WN1390 might also produce high quantities of 2,3-BD. In 

order to investigate its fermentation profile and to test the maximum amount of 2,3-BD 

produced, a fed-batch experiment was performed in which strain WN1390 was inoculated into 

LB medium containing 2% (111 mM) glucose either lacking (Figure 3-4A) or containing 1 mM 

IPTG (Figure 3-4B). In the uninduced culture, after 24 h nearly all the glucose was consumed 

and a high amount of 2,3-BD (65 ± 4 mM) and acetoin (20 ± 6 mM) was produced (Figure 3-

4A). The 24-h culture was then fed another 111 mM glucose and incubation continued. By the 

end of 48 h, again most of the glucose was consumed leaving 32 ± 21 mM glucose, and the 48-h 

concentrations of 2,3-BD and acetoin had increased to 98 ± 21 mM and 35 ± 1 mM, respectively 

(Figure 3-4A). Another 111 mM glucose was added to the 48-h culture and incubation continued. 
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It appeared that 2,3-BD production had ended between 48 h and 72 h, as by 72 h glucose 

consumption had essentially ceased, and the titers of 2,3-BD (105.3 ± 33 mM) and acetoin (48 ± 

15.2 mM) had increased by only modest amounts (data not shown). In stark contrast, induction 

with IPTG appeared to be exerting an inhibitory effect on the performance of strain WN1390 in 

fed-batch culture (Figure 3-4B). Only ~28 mM glucose was consumed by 24 h, and glucose 

consumption had ceased by 48 h (Figure 3-4B). Only 4.6 ± 0.4 mM 2,3-BD was produced by 48 

h, and essentially no acetoin was produced (Figure 3-4B). 

Discussion 

Lignocellulosic biomass is an abundant and renewable feedstock employable in 

production of bio-based chemicals (Pauly & Keegstra, 2010). The commonly-used laboratory 

strain of B. subtilis, strain 168, secretes a number of extracellular glucanases, xylanases and 

arabinases useful for converting plant biomass into fermentable substrates (Antelmann et al., 

2001). Strain 168 and its derivatives such as WN1038 can produce 2,3-BD (Figure 3-2A); 

however their productivity of 2,3-BD is lower than other platform organisms like the pathogen 

Klebsiella pneumoniae (Ji et al., 2011); in addition, B. subtilis grows poorly under anaerobic 

conditions. On the other hand, the biotechnology workhorse E. coli is capable of growing 

anaerobically, a required trait for industrial scale fermentation; however, it presents an inferior 

capacity for secreting cellulases and other extracellular enzymes (Bokinskya et al., 2011), and it 

completely lacks the 2,3-BD pathway. 

With the intent of producing high levels of 2,3-BD in either B. subtilis or E. coli, we 

constructed a synthetic alsSDbdhA operon in a bifunctional, IPTG-inducible expression plasmid 

pWN1390, which was introduced into both bacteria. IPTG induction of the synthetic operon 

expression in B. subtilis strain WN1394 led to peak production of 27 ± 1 mM 2,3-BD in 24 h 

(Figure 3-3B), corresponding to a 2.8-fold increased production in comparison to wild type strain 
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WN1038 (9.5 ± 0.7 mM) (Figure 3-2A). Enhanced production of 2,3-BD was shown to be 

attributable to the synthetic alsSDbdhA operon, as IPTG-inducible 2,3-BD production was 

demonstrated in B. subtilis strain WN1468 (Figure 3-3C,D), whose parent strain B. subtilis strain 

WN1192 carries an alsR::spc knockout mutation abolishing production of 2,3-BD from the 

endogenous alsSD operon and bdhA gene (Figure 3-2B). 

Placement of the synthetic alsSDbdhA operon into E. coli strain WN1390 led to a 

dramatically increased titer of 2,3-BD in the culture medium (98 ± 21 mM at 48 h) (Figure 3-

4A), which corresponded to ~10-fold increase over that seen in the benchmark strain B. subtilis 

WN1038. It was interesting to note that IPTG induction of strain WN1390 actually resulted in 

lower conversion of glucose to 2,3-BD and acetoin (Figure 3-4B). We attribute this to toxic 

effects resulting from dramatic overproduction of ALS, ALDC, and BDH in E. coli. This 

suggestion is supported by the observation that cell growth was impaired in strain WN1390 by 

IPTG induction; uninduced cells reached ~4 OD660 units, whereas IPTG-induced cells only 

attained ~2 OD660 units (data shown). However, high-titer production of 2,3-BD in the absence 

of IPTG induction would potentially be a desirable feature to reduce large scale production costs 

(Van Dien, 2013). Given the dramatically higher 2,3-BD titers attained in E. coli relative to B. 

subtilis, current experiments are aimed toward maximizing 2,3-BD production in E. coli. 

We were able to increase 2,3-BD production in both B. subtilis and E. coli by 

introduction and expression of a synthetic tricistronic operon derived from the B. subtilis alsS, 

alsD, and bdhA genes under control of the IPTG-inducible Pspac promoter. Both engineered 

strains, especially E. coli strain WN1390, showed superior fermentative traits. Further 

development of both strains will still be required to attain industrial requirements of productivity. 
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Table 3-1. Bacterial strains and plasmids used in this study 

Strain or 

plasmid 

Genotype or relevant characteristics Source (reference) 

B. subtilis: 

WN1038 Prototroph (Nicholson, 2008) 

WN1192 WN1038 carrying alsR::spc; Spc
R 

(Oliveira & Nicholson, 2013) 

WN1394 WN1038 carrying pWN1390 This study 

WN1468 WN1192 carrying pWN1390 This study 

WN1465 WN1038 carrying pDG148-Stu This study 

WN1467 WN1192 carrying pDG148-Stu This study 

E. coli: 

 H5α 

 

deoR, endA1, gyrA96, hsdR17, (rk
-
, mk

+
), 

recA1, relA1, supE44, thi-   Δ lacZYA-

argFV169), ϕ80lacZΔM15, F
-
  λ

- 

(Hanahan, 1983) 

WN1390 

 

Strain  H5α carrying alsSDbdhA synthetic 

operon cloned into pDG148-Stu  

This study 

WN1448 Strain  H5α carrying p   48-Stu empty 

vector 

This study 

Plasmids 

pDG148-

Stu 

Shuttle vector for protein expression; Ap
R
 (E. 

coli); Km
R
 (B. subtilis) 

Bacillus Genetic Stock 

Center (Joseph et al., 2001) 

pWN1390 pDG148-Stu carrying the synthetic operon 

alsSDbdhA under Pspac control 

This study 
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Figure 3-1. Construction of synthetic alsSDbdhA operon. A) Schematic diagram of the B. subtilis 

alsSD operon and unlinked bdhA gene. Hooked arrows, transcription initiation sites. 

Stem-loops, rho-independent transcription terminators. Numbered arrows, 

oligonucleotide primers used. Colored portions of primers correspond to highlighted 

sequences below. B) Liquid overnight cultures of 25 Ap
R
 transformants were 

screened for acetoin production by Voges-Proskauer assay. Negative controls 

consisted of E. coli strain  H5α grown in LB or LB+ % g ucose  LB+ ). Red we  s 

are acetoin-positive. C) BDH activity of Ap
R
 transformants from panel B) 

Transformant #16 (highlighted in orange) was selected for further analysis and 

designated strain WN1390 harboring plasmid pWN1390. D) Analysis of proteins on 

Coomassie Blue-stained 10% SDS-PAGE. Equivalent amounts of cell-free extract, 

adjusted by OD660, were loaded on each lane. ALS, acetolactate synthase; ALDC, 

acetolactate decarboxylase; BDH, butanediol dehydrogenase. 
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Figure 3-2. Glucose consumption and production of 2,3-BD and acetoin by B. subtilis 

background strains. A) Wild-type strain WN1038 and B) alsR::spc knockout strain 

WN1192 were cultivated in LB+2% glucose and assayed at 0 h (black bars), 24 h 

(white bars), and 48 h (gray) bars. Data are expressed as averages ± standard 

deviations (n = 3). n.d., not detected. 
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Figure 3-3. Glucose consumption and production of 2,3-BD and acetoin by B. subtilis strains 

carrying plasmid pWN1390. Wild-type strain WN1394 (A, B) and alsR::spc 

knockout strain WN1468 (C, D) each carrying plasmid pWN1390 (PspacalsSDbdhA) 

were cultivated either without induction (A, C) or after induction with 1 mM IPTG 

(B, D). Samples were taken for assay at 0 h (black bars), 24 h (white bars), and 48 h 

(gray) bars. Data are expressed as averages ± standard deviations (n = 3). n.d., not 

detected. 
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Figure 3-4. Fed-batch flask fermentation profile of E. coli strain WN1390 carrying the synthetic 

alsSDbdhA operon. Consumption of glucose and production of 2,3-BD and acetoin 

were assayed in uninduced (A) and IPTG-induced (B) cultures grown in LB+2% 

glucose. Samples were taken for assay at 0 h (black bars), 24 h (white bars), and 48 h 

(gray) bars. Data are expressed as averages ± standard deviations (n = 3). n.d., not 

detected. 
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CHAPTER 4 

REDOX BALANCED PRODUCTION OF ISOMERICALLY PURE (R,R)-2,3-BUTANEDIOL 

IN ESCHERICHIA COLI 

Introduction 

High petroleum prices and excessive carbon dioxide emissions have prompted the need 

of developing processes to produce chemicals and fuels from renewable carbon sources. Through 

microbial fermentation the promising commodity chemical 2,3-butanediol (2,3-BD) can be 

produced, and its further processing can yield important chemicals including: methyl ethyl 

ketone (an important industrial solvent formed by dehydration of 2,3-BD), 1,3-butadiene (a 

precursor for synthetic rubber obtained by 2,3-BD diacetate pyrolysis), 2-butanol (an industrial 

solvent and promising biofuel produced by enzymatic dehydration and dehydrogenation of 2,3-

BD), diacetyl (butter flavor, obtained from 2,3-BD dehydrogenation) and others (Ji et al., 2011, 

Speranza et al., 1997). 

Klebsiella oxytoca, K. pneumoniae and Serratia marcescens produce high levels of 2,3-

BD, but are human health-threatening nosocomial pathogens (Jung et al., 2013). Bacillus subtilis 

is a Generally Recognized As Safe (GRAS) organism, but produces low amounts of 2,3-BD 

when compared with other species and has a very inefficient glucose fermentation pathway, 

hindering its usage for industrial scale production of 2,3-BD (Ji et al., 2011, Nakano & Zuber, 

1998). The non-pathogenic Escherichia coli strain W1330 grows anaerobically and possesses no 

2,3-BD pathway, allowing the production of isomerically pure 2,3-BD molecules in this 

heterologous host (Yan et al., 2009, Ui et al., 1996). 

The best studied 2,3-BD synthesis pathway consists of: (i) condensation of 2 pyruvates 

into α-acetolactate by the enzyme α-acetolactate synthase (ALS); (ii) decarboxylation of α-

acetolactate into acetoin by the enzyme α-acetolactate decarboxylase (ALDC); and (iii) NADH-

dependent reduction of acetoin into 2,3-BD, performed by the acetoin reductase activity of the 
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enzyme 2,3-butanediol dehydrogenase (BDH)  Ce ińska    rajek     9  Ji et al., 2011). A 

similar but less understood pathway requires no ALDC enzyme, relying on spontaneous 

decarboxylation of α-acetolactate into diacetyl (Bryn et al., 1971). BDH can convert diacetyl into 

2,3-BD through two successive NADH-dependent reduction steps regenerating 2 NAD
+
, thus 

establishing redox balance when using glucose as a fermentable substrate (Li et al., 2012, Willey 

et al., 2008).  

Using the B. subtilis genes encoding the 2,3-BD pathway, we constructed two synthetic 

operons, one which included all three genes of the pathway (alsS-alsD-bdhA) and another 

lacking the alsD gene (alsS-bdhA). After introducing the synthetic operons into E. coli strain 

YK29  Δpfl and Δldh), we were able to produce high amounts of (R,R)-2,3-BD and also to prove 

the viability of a proposed shunt on the 2,3-BD pathway in order to attain the redox-balanced 

2,3-BD production in E. coli. 

Materials and Methods 

Bacterial strains, plasmids, and growth conditions 

The bacterial strains and plasmids used in this study are listed in Table 4-1. Miller LB 

medium (Miller, 1972) was used for gene cloning, engineering steps. Fermentation experiments 

were performed in a medium containing mineral salts, per L: Na2HPO4, 6.25 g; KH2PO4, 0.75 g; 

NaCl, 2 g; (NH4)2SO4, 1 g; MgSO4
.
7H2O, 0.2 g; FeSO4

.
7H2O, 0.01g; NaMoO4

.
2H2O, 0.01g; 

Na2SeO3, 0.263 mg (Lee et al., 1985), supplemented with 10 g tryptone, 2 g potassium acetate 

and 50 g glucose. 

When appropriate, antibiotics were added to media at the following final concentrations: 

ampicillin (Ap), 100 μg/mL or kana ycin  K )     μg /mL. When required, cells at 0.5 OD660 of 

logarithmic phase were induced with 0.04 mM IPTG final concentration. All cultivations were 
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performed by incubating 20 mL of cell culture in a 125-mL sidearm flask at 37˚C on a rotary 

shaker at a speed of 100 rpm. When required, anaerobic conditions were established by flushing 

the medium with N2 gas, and air locks were used to prevent O2 from entering the flasks. Optical 

density was monitored as described before (Chapter 2). 

Recombinant DNA techniques and plasmid constructions 

Chromosomal DNA was isolated from B. subtilis overnight cultures using a standard 

protocol (Cutting & Vander Horn, 1990). DNA concentration was determined by fluorometry 

using the Qubit® system (Invitrogen, Carlsbad, CA, USA). All PCR reactions were performed 

using Phusion High-Fidelity DNA polymerase with HF buffer (New England Biolabs, Beverly 

MA, USA) according to the manufacturer's instructions. Plasmid pET24a (EMD Millipore, 

Billerica, MA, USA) was digested with the restriction enzymes NheI and XhoI. Competent E. 

coli was prepared and transformed by standard techniques (Boylan et al., 1972, Sambrook & 

Russell, 2001). 

Plasmids carrying a synthetic operon containing either alsS-alsD-bdhA or alsS-bdhA were 

constructed as follows. In order to construct alsS-alsD-bdhA synthetic operon, the entire alsSD 

operon was amplified from the B. subtilis strain WN1038 genome by PCR, using the forward 

pri er 5’- cttagctagcatgttgacaaaagcaacaaaagaa - 3’  underlined sequence indicates the NheI 

enzyme restriction site; bold sequence indicates the initiation methionine codon) and the reverse 

pri er 5’-atggattaccactcctataactttttattcagggcttccttcagttg-3’  underlined sequence indicates the 

bdhA overlapping region for PCR fusion-based approach; bold sequence indicates alsD stop 

codon) were used. In order to PCR amplify the bdhA gene from the genome of strain WN1038, 

t e forward pri er 5’-caactgaaggaagccctgaataaaaagttataggagtggtaatccatgaa-3’  underlined 

sequence indicates the alsD overlapping region for PCR fusion-based approach, italic sequence 

indicates the bdhA RBS region, and bold indicates the bdhA initiation methionine codon) and the 
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reverse pri er 5’- atactcgagaaggattctggggctgaagt -3’  under ined sequence indicates t e XhoI 

enzyme restriction site) were designed. To construct the synthetic alsS-bdhA operon lacking the 

alsD gene, the entire alsS coding sequence was amplified again from the B. subtilis strain 

WN1038 genome by PCR with the same forward primer used to amplify alsSD and with the 

reverse pri er 5’- atggattaccactcctataactttctagagagctttcgttttcatga -3’  under ined sequence 

indicates the bdhA overlapping region for PCR fusion-based approach and bold sequence 

indicates alsS stop codon). To amplify the bdhA gene, the same reverse primer used for 

alsSDbdhA construction was a so used toget er wit  t e forward pri er 5’- 

tcatgaaaacgaaagctctctagaaagttataggagtggtaatccatgaa - 3’  under ined sequence indicates t e alsS 

overlapping region for PCR fusion-based approach and bold sequence indicates the bdhA 

initiation methionine codon). After individual PCR amplification of alsSD, alsS and bdhA with 

their respective sets of primers, a PCR fusion-based approach (Hobert, 2002) was performed to 

link the corresponding fragments into a single synthetic operon, alsS-alsD-bdhA or alsS-bdhA. 

The fusion PCR products were digested with NheI and XhoI, cloned into NheI-XhoI digested 

plasmid pET24a, and introduced into competent cells of E. coli strain  H5α selecting for Km
R
 

(Hobert, 2002, Joseph et al., 2001, Sambrook & Russell, 2001). The proper constructs were 

identified by inoculation of kanamycin resistant transformants into liquid LB+Km containing 1% 

(w/v) glucose, and screening for acetoin production after 24 h using a modified Voges-Proskauer 

assay (Nicholson, 2008). The resulting plasmids were designated pWN1526 (alsS-bdhA) and 

pWN1528 (alsS-alsD-bdhA), respectively. 

Introduction of T7 RNA polymerase gene into E. coli W1330 and YK29 backgrounds 

Using the DE3 lysogenization kit (Novagen) according to the manufacturer's directions, 

prophage DE3 was used to place the IPTG-inducible phage T7 RNA polymerase gene into E. 
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coli strains W3110 (w.t.) and YK29 [Δ(ldhA) Δ(focA-pflB)], resulting in strains WN1533 and 

WN1531, respectively (Table 4-1). 

Growth tolerance on diacetyl 

In order to determine the inhibitory effect of exogenous diacetyl, wild type E. coli W3110 

cells were inoculated at an initial turbidity of 0.05 OD660 into liquid LB containing various final 

concentrations of diacetyl ranging from 0 to 10 mM. Cell OD660 was measured after 24 h. 

Measurements were performed on triplicate cultures incubated at each diacetyl concentration. 

Detection and quantification of fermentation products by HPLC 

High-performance liquid chromatography (HPLC) analyses of fermentation products 

were performed as described in detail previously (Nicholson, 2008, Underwood et al., 2002), 

with the exception that the column was operated at a temperature of 45°C, and a flow rate of 0.4 

mL/min. Samples of culture supernatant were run on a Hewlett-Packard HP1090 HPLC 

instrument equipped with an Aminex HPX87-H column (Bio-Rad laboratories, Hercules, CA) 

and UV absorbance and refractive index detectors in series (Agilent Technologies, Santa Clara, 

CA). Compounds were identified by their retention times relative to pure standards, and the 

concentration of each fermentation product was determined by peak area integration. 

Statistical analyses 

 Basic statistical parameters and analyses of variance (ANOVA) were performed using 

commercial statistical software (KaleidaGraph, version 3.6.2; Synergy Software, Reading, PA). 

Differences with P ≤  . 5 were considered statistica  y significant. 

Results 

Construction of alsS-alsD-bdhA and alsS-bdhA synthetic operons 

Two synthetic operons, alsS-alsD-bdhA (Figure 4-1A) and alsS-bdhA (Figure 4-1B) were 

constructed and independently cloned into the expression vector pET24a under T7 
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transcriptional promoter regulation. Strains were transformed with empty pET24a vector 

(control), vector pWN1526 containing the alsS-alsD-bdhA construct and vector pWN1528 

containing the alsS-bdhA construct. The construct alsS-alsD-bdhA harbors the entire B. subtilis 

2,3-BD pathway (Figure 4-1A). Glycolysis generates 2 NADHs per glucose consumed, of which 

only one is regenerated into NAD
+
 through the B. subtilis 2,3-BD pathway (Figure 4-1A). The 

elimination of alsD  invo ved in t e enzy atic decar oxy ation of α-acetolactate) from the 

synthetic operon (Figure 4-1B), alters the 2,3-BD pathway as follows. Alpha-acetolactate is 

converted into diacetyl by non-enzymatic, spontaneous decarboxylation. BDH reduces diacetyl 

into acetoin, then into 2,3-BD, in the process regenerating 2 NAD
+
s and consequently 

establishing the redox balance of the pathway. 

Redox-balanced 2,3-BD fermentation by WN1538 (alsS-bdhA) 

Batch fermentation was conducted under anaerobic conditions for 120 hours in medium 

containing an initial glucose concentration of 50 g/L. After 120 hours ~half of the glucose had 

been consumed in both uninduced and induced strain WN1538, producing 0.55 ± 0.03 g/L and 

0.97 ± 0.04 g/L 2,3-BD respectively (Figure 4-2A, B; Table 4-2). The yield obtained with 

induced cells represents 0.04 g of 2,3-BD per g of glucose, being equivalent to 8% of the 

theoretical maximum (0.5 g 2,3-BD/g glucose). In 120 h induced cells produced 0.6 ± 0.05 g/L 

acetoin, whereas uninduced cells produced 0.2 ± 0.1 g/L acetoin (Figure 4-2A, B). Induced 

WN1538 produced 0.3 ± 0.48 g/L of diacetyl in 120 h, whereas uninduced cells produced 0.02 

g/L during the same period of time. Both uninduced and induced WN1538 cells grew better than 

strains WN1534 and WN1535 carrying the empty vector pET42a in 120 h, however worse than 

strain WN1539 carrying the complete alsS-alsD-bdhA synthetic operon (Table 4-2). 
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Redox-unbalanced 2,3-BD fermentation by strain WN1539 (alsS-alsD-bdhA) 

The same conditions as for WN1538 above were used to assess strain WN1539 2,3-BD 

fermentation performance. Most of the glucose was consumed in 120 h, leaving in the medium 

only 4.75 g/L for the uninduced condition, and 5.93 g/L for the induced condition (Figure 4-2 C, 

D; Table 4-2). Strain WN1539 produced the most 2,3-BD, 17.1 g/L and 14.3 g/L for uninduced 

and induced cells, respectively. After 120 h, uninduced strain WN1539 yielded 0.4 g of 2,3-BD 

per gram of glucose consumed, corresponding to 80% of the theoretical maximum with a 

productivity of 0.14 g/[L h]. Also the highest cell density (3.21 OD660) was reached with 

uninduced WN1539 in 120 h (Table 4-2). A very small amount of acetoin (~0.2 g/L) was 

produced in 120 h by strain WN1539 under either uninduced and induced conditions. A trace of 

diacetyl was detected in both conditions (~0.075 ± 0.03 g/L). Induction of strain WN1539 with 

0.04 mM IPTG resulted in an overall lower performance, resulting in lower 2,3-BD production 

(14.3 ± 2.08 g/L) and leaving more glucose (6 ± 7.17 g/L) in the medium. 

Fermentation products of WN1534, WN1535, WN1538 and WN1539 

E. coli W3110 uses mixed-acid fermentation to grow anaerobically, producing acetate, 

ethanol, lactate, formate and succinate when growing in LB + 50 g/L glucose (Kim et al., 2007). 

Lactate was the predominant fermentation product for strain WN1534 in 120 h (7 ± 0.7 g/L), 

whereas WN1535 produced no detectable amount of lactate (Table 4-2). Strains WN1538 and 

WN1539, uninduced or induced, accumulated ~0.2 g lactate/L after 120 h (Table 4-2). With the 

exception of the target fermentation product 2,3-BD, all remaining products accumulated at very 

low concentrations after 120 h for all strains carrying any of the synthetic operons (Table 4-2). 

Accu u ation of α-acetolactate was not quantified; however diacetyl accumulated at its highest 

concentration (0.3 g/L) in strain WN1538 lacking the alsD gene. 
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Diacetyl effect on growth 

Diacetyl is known to react with arginyl residues on proteins (Mathews et al., 2010, 

Yankeelov et al., 1968). Due to the absence of alsD in strain WN 538  α-acetolactate 

spontaneously decarboxylates into diacetyl and may accumulate to toxic levels if not 

subsequently converted into acetoin and 2,3-BD. In order to assess the impact of diacetyl on E. 

coli W3110 growth, cells were inoculated at a initial OD660 of 0.1 and grown for 24 h in LB 

containing a final concentration of diacetyl ranging from zero to 10 mM (Figure 4-3). Diacetyl 

concentrations of 5 mM (0.43 g/L) or higher completely suppressed cell growth during the first 

24 h. 

Discussion 

The B. subtilis 2,3-BD pathway is not redox balanced, containing only a single NAD
+
 

regeneration step (Oliveira & Nicholson, 2013). This presents a major constraint on the 

industrial-scale fermentation of this secondary alcohol requiring O2 to oxidize the second NADH 

generated during glycolysis. Here, we propose and demonstrate a functional alternative redox-

balanced pathway for 2,3-BD production in E. coli. The engineered 2,3-BD pathway lacks the 

gene for ALDC (alsD), thus introducing an extra NAD
+
 regeneration step (Figure 4-1B). E. coli 

strain YK29 is not capable of growing anaerobically due to redox-unbalanced metabolism. 

Introducing the synthetic operon alsS-bdhA provides a redox-balanced pathway for anaerobic 

growth. However strain WN1539, carrying the redox-unbalanced pathway alsS-alsD-bdhA grew 

better than redox-balanced strain WN1538 after 120 h of batch fermentation (Figure 4-2 A, B, C 

and D; Table 4-2). Examining WN1538 and WN1539 (uninduced and induced) fermentation 

products, WN1539 yields a significantly higher concentration of 2,3-BD and consumes more 

glucose after 120 h (Figure 4-2 A, B, C and D). Even though strain WN1538 produced acetoin, 

diacetyl and 2,3-BD, the concentrations levels of these compounds never reached concentrations 
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as high as for WN1539 (Table 4-2). One possible explanation for this observation is that 

spontaneous decar oxy ation of α-acetolactate occurs much more slowly than does the ALDC-

mediated step in the pathway, thus leading to the low 2,3-BD yields seen in strain WN1538 

(Figure 4-2A, B). Another aspect to be considered is diacetyl toxicity shown in Figure 4-3, where 

a concentration higher than 5 mM in the medium proved to be enough to completely hinder E. 

coli (w.t.) growth (Figure 4-3). Uninduced strain WN1538 accumulated toxic levels of ~3.5 mM 

diacetyl in the medium. Accumulation of diacetyl in the fermentation broth of WN1538 suggests 

that B. subtilis BDH did not efficiently reduce diacetyl to acetoin. Bacteria that produce high 

levels of 2,3-BD, such as K. pneumoniae, possess a BDH enzyme with a Kcat 60x higher than B. 

subtilis BDH used here (Yan et al., 2009). Even though K. pneumoniae BDH has a higher Kcat, 

this enzyme reduces acetoin into meso-2,3-BD, an stereoisomer with inferior antifreeze 

properties than the R,R-2,3-BD produced by B. subtilis BDH (Boutron, 1990, Yan et al., 2009). 

A construct carrying a more efficient BDH could prevent diacetyl accumulation and increase the 

2,3-BD production levels. The above considerations must certainly be addressed by future 

research. 
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Table 4-1.  Bacterial strains and plasmids used in this study 

Strain or plasmid Genotype or relevant characteristics Source (reference) 

B. subtilis: 

WN1038 Prototroph (Nicholson, 2008) 

E. coli: 

 H5α 

 

deoR, endA1, gyrA96, hsdR17, (rk
-
, mk

+
), 

recA1, relA1, supE44, thi-   Δ lacZYA-

argFV169)  ϕ8 lacZΔM15, F
-
, λ

- 

(Hanahan, 1983) 

W3110 Wild-type E. coli K-12 ATCC 27325 

YK29 W3    Δ(ldhA) Δ(focA-pflB) Km
s
 (Kim et al., 2007) 

WN1526  H5α carrying alsS-bdhA synthetic 

operon cloned into pET24a 

 

This study 

WN1528  H5α carrying alsS-alsD-bdhA synthetic 

operon cloned into pET24a 

This study 

WN1531 YK29 (DE3) DE3YK29 

WN1533 W3110 DE3) DE3W3110 

WN1534 W3110 (DE3) carrying pET24a vector pET24aWN1533 

WN1535 YK29 (DE3) carrying pET24a vector pET24aWN1531 

WN1536 W3110 (DE3) carrying alsS-bdhA 

synthetic operon cloned into pET24a 

pWN1526WN1533 

WN1537 W3110 (DE3) carrying alsS-alsD-bdhA 

synthetic operon cloned into pET24a 

pWN1528WN1533 

WN1538 YK29 (DE3) carrying alsS-bdhA synthetic 

operon cloned into pET24a 

pWN1526WN1531 

WN1539 YK29 (DE3) carrying alsS-alsD-bdhA 

synthetic operon cloned into pET24a 

pWN1528WN1531 

Plasmids 

pET24a Protein over expression vector, f1 ori; 

Km
R
 

Novagen 

pWN1526 pET24a carrying the alsS-bdhA synthetic 

operon; Km
R

 

This study 

pWN1528 pET24a carrying the alsS-alsD-bdhA 

synthetic operon; Km
R

 

This study 
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Table 4-2. Fermentation products, glucose consumption and cell growth after 120 h batch fermentation 

Strain 

Cell 

density 

(OD660) 

Glucose 

consumed 

(g/L) 

2,3-

Butane

diol 

(g/L) 

Acetoin 

(g/L) 

Diacetyl 

(g/L) 

Pyruvate 

(g/L) 

Succinate 

(g/L) 

Lactate 

(g/L) 

Ethanol 

(g/L) 

Acetate 

(g/L) 

2,3-BD  

(g/[L h]) 

2,3-

BD 

(g/g) 
WN1534 1.91 ± 0.03 14.66 ± 0.08 ND 0.2 ± 0.06 ND 0.40 ± 0.07 0.06 ± 0.007 7 ± 0.7 0.15 ± 0.006 0.66 ± 0.06  − − 

WN1535 1.46 ± 0.02 15.32 ± 0.14 ND 0.6 ± 0.05 ND 0.60 ± 0.06 0.08 ± 0.005 ND 0.25 ± 0.02 1 ± 0.009 − − 

WN1538 

uninduced 

2.34 ± 0.11 27.01 ± 0.08 0.55 ± 0.03 0.2 ± 0.1 0.3 ± 0.48 0.30 ± 0.06 0.6 ± 0.016 ND 0.08 ± 0.07 0.53 ± 0.17 0.0046 0.02 

WN1538 

induced 

2.54 ± 0.01 24.26 ± 1.58 0.97 ± 0.04 0.6 ± 0.05 0.02 ND 0.37 ± 0.053 0.2 ± 0.3 0.86 ± 0.07 0.84 ± 0.04 0.008 0.04 

WN1539 

uninduced 

3.2 ± 0.01 45.25 ± 2.54 17.1 ± 0.88 0.2 ± 0.06 0.07 ± 0.02 1.13 ± 0.01 0.21 ± 0.06 0.2 ± 0.07 0.56 ± 0.05 0.11 ± 0.006 0.14 0.38 

WN1539 

induced 

3.0 ± 0.44 44.07 ± 7.17 14.3 ± 2.08 0.2 ± 0.1 0.08 ± 0.05 0.20 ± 0.17 0.48 ± 0.076 0.2 ± 0.2 0.92 ± 0.16 0.12 ± 0.06 0.12 0.32 

 

Data are expressed as averages ± standard deviations (n = 3). ND, not detected. 
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Figure 4-1. 2,3-BD synthetic operons and corresponding pathways. A) Genetic organization of 

the redox-unbalanced alsS-alsD-bdhA synthetic operon and relevant pathway steps 

from 2 pyruvates to 2,3-BD, B) genetic organization of the redox-balanced alsS-bdhA 

synthetic operon and relevant pathway steps from pyruvate to 2,3-BD. Arrows are 

color coded with the constructs, indicating where each enzyme acts in the pathway. 

Black arrow indicates the non-enzymatic step of the pathway. Structural formulae of 

each molecule involved in the pathways are represented below each corresponding 

step. 
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Figure 4-2. Fermentation products, growth and glucose consumption of uninduced and induced 

strains WN1538 and WN1539 during 120 h of anaerobic batch culture with 50 g/L 

glucose. Strain WN1538 (A, B) and WN1539 (C, D) were cultivated in LB+2% 

glucose either uninduced (A, C) or induced with 0.04 mM IPTG (B, D).  Symbols 

are: growth (diamonds); 2,3-BD (circles), acetoin (crossed squares); diacetyl 

(inverted triangles); and glucose (vertical dashes). Data are expressed as averages ± 

standard deviations (n = 3). 
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Figure 4-3. Diacetyl effect on E. coli W3110 growth after 24 h. Blue bars indicate cell growth 

measured 24 h after inoculation in LB + diacetyl ranging from 0 to 10 mM final 

concentration. Data are expressed as averages ± standard deviations (n = 3). 
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CHAPTER 5 

SUMMARY OF RESEARCH 

According to the American Petroleum Institute, oil reserves will be depleted by 2062. 

Utilization of renewable carbon sources to produce plastics, chemicals, and fuels can alleviate 

dependence on oil. Because 2,3-BD has multiple applications such as industrial solvents, food 

additives, jet fuel, building blocks for synthetic rubber, and others, engineering biocatalysts 

capable of mass-producing this chemical feedstock is desirable en route to reduced reliance on 

petroleum. 

A better understanding of the 2,3-BD pathway regulation in B. subtilis is critical to the 

rational design of strategies for improving 2,3-BD production by this bacterium. It is well 

established that the LysR like transcriptional factor AlsR directly regulates alsSD operon 

transcription (Frädrich et al., 2012, Renna et al., 1993), which corresponds to the first two steps 

of the 2,3-BD pathway. We examined the not well understood AlsR influence on B. subtilis bdhA 

expression, and our results suggested that bdhA is indirectly regulated by AlsR (Chapter 2). 

Organisms producing high amounts of 2,3-BD such as K. pneumoniae and E. cloacae 

have their 2,3-BD pathway genes (alsS, alsD, and bdhA) arranged as a single operon, whereas in 

B. subtilis the bdhA gene is unlinked to the alsSD operon. In an attempt to increase native 

production of 2,3-BD, an IPTG-inducible synthetic operon was constructed placing the pathway 

genes alsS, alsD, and bdhA as part of a single operon. The new genetic organization and 

regulation increased 2,3-BD production in B. subtilis ~2.8 fold (Figure 3-3B; Chapter 3). 

Although E. coli lacks a native 2,3-BD producing pathway it has the great advantage over 

B. subtilis of being capable to grow anaerobically, a required feature for economically feasible 

industrial scale fermentation. In order to perform anaerobic fermentation, the pathway to produce 

a certain compound is required to be in a redox-balanced state. Unfortunately, the native B. 
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subtilis 2,3-BD pathway is not redox-balanced, regenerating only a single NAD
+
 per glucose 

molecule fermented. Therefore in Chapter 4 we described the engineering of a redox-balanced 

synthetic pathway for 2,3-BD production. In order to achieve this goal, an operon carrying only 

the genes alsS and bdhA was constructed. T e a sence of t e enzy e α-acetolactate 

dehydrogenase, coded by alsD, leads to α-acetolactate accumulation, an unstable molecule that 

spontaneously decarboxylates into diacetyl, whereas in its presence α-acetolactate is 

enzymatically decarboxylated into acetoin. The great advantage of decarboxylating α-

acetolactate into diacetyl rather then into acetoin is the fact that diacetyl can suffer two reduction 

rounds due to the presence of two carbonyl groups. In an NADH-dependent manner, the enzyme 

butanediol dehydrogenase is capable of subsequentially reducing diacetyl into acetoin and 2,3-

BD, regenerating 2 NAD
+
s and establishing the redox balance of the pathway. Glucose 

fermentation by strain WN1538 (alsS-bdhA), however, yielded less 2,3-BD than did strain 

WN1539 (alsSalsDbdhA). Because of the observed accumulation of diacetyl in the culture after 

120 h by strain WN1538 (Table 4-2), we tested the possible toxicity of diactyl in E. coli (Figure 

4-3). Our results showed that the level of diacetyl seen in 120 h (3.5 mM) is toxic to the cells. 

Thus, diacetyl toxicity could be preventing WN1538 from reaching high titers of 2,3-BD. 

Evolving strain WN1538 to tolerate higher concentrations of diacetyl might be an important step 

for future work. This work describes the first rational engineering of the 2,3-BD pathway to 

obtain redox-balanced production of 2,3-BD through glycolysis. 
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