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ABSTRACT: Spo0A is a master regulator that governs the
metabolic shift of solventogenic Clostridium species such as
Clostridium beijerinckii. Its disruption can thus potentially cause
a significant alteration of cellular physiology as well as metabolic
patterns. To investigate the specific effect of spo0A disruption in
C. beijerinckii, a spo0A mutant of C. beijerinckii was character-
ized in this study. In a batch fermentation with pH control at 6.5,
the spo0A mutant accumulated butyrate and butanol up to
8.96 g/L and 3.32 g/L, respectively from 60 g/L glucose. Noticing
the unique phenotype of the spo0A mutant accumulating both
butyrate and butanol at significant concentrations, we decided to
use the spo0A mutant for the production of butyl butyrate that
can be formed by the condensation of butyrate and butanol
during the ABE fermentation in the presence of the enzyme
lipase. Butyl butyrate is a value-added chemical that has
numerous uses in the food and fragrance industry. Moreover,
butyl butyrate as a biofuel is compatible with Jet A-1 aviation
kerosene and used for biodiesel enrichment. In an initial trial of
small-scale extractive batch fermentation using hexadecane as
the extractant with supplementation of lipase CalB, the spo0A
mutant was subjected to acid crash due to the butyrate
accumulation, and thus produced only 98 mg/L butyl butyrate. To
alleviate the butyrate toxicity, the biphasic medium was
supplemented with 10 g/L CaCO3 and 5 g/L butanol. The butyl
butyrate production was then increased up to 2.73 g/L in the

hexadecane layer. When continuous agitation was performed to
enhance the esterification and extraction of butyl butyrate,
3.32 g/L butyl butyrate was obtained in the hexadecane layer.
In this study, we successfully demonstrated the use of the
C. beijerinckii spo0A mutant for the butyl butyrate production
through the simultaneous ABE fermentation, condensation, and
extraction.
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Introduction

Spo0A is a master regulator involved in sporulation, colony
morphology, motility and chemotaxis in spore-forming Gram-
positive bacteria such as Bacillus and Clostridium species (Huang
and Sarker, 2006; Lee et al., 2016; Molle et al., 2003; Steiner et al.,
2011; Verhamme et al., 2009). Particularly in the solventogenic
clostridia including Clostridium acetobutylicum and C. beijerinckii
which can produce a mixture of acetone, butanol, ethanol from
sugars, Spo0A is also involved in the metabolic shift from
acidogenesis to solventogenesis by controlling the expression of
metabolic enzymes that are essential for solvent production
(Alsaker et al., 2004; Harris et al., 2002; Liao et al., 2015; Ravagnani
et al., 2000; Tomas et al., 2003). To investigate the effect of spo0A
gene disruption in C. beijerinckii, we have constructed a
C. beijericnkii spo0A mutant involving deletion of 262 bp genomic
DNA fragment including the promoter region and initial part of the
spo0A ORF using CRISPR/Cas9-based genome engineering (Wang
et al., 2015). In this study, we characterized the fermentative
behavior of the C. beijerinckii spo0Amutant in batch fermentations.
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In a batch fermentation with pH control, the spo0A mutant
accumulated both butyrate and butanol over the course of
the fermentation unlike a typical fermentation profile by wild-type
C. beijerinckii. The wild-type strain produces acetate and butyrate
first in the acidogenic phase and later converts the formed acids into
acetone, butanol, and ethanol in the solventogenic phase (Jones and
Woods, 1986). As the solventogenic shift occurs when a critical
butyrate concentration is reached (usually less than 2 g/L), the wild-
type strain does not accumulate butyrate to a high level in the
medium (Husemann and Papoutsakis, 1988; Jones andWoods, 1986;
Wang et al., 2012). However, the spo0A mutant produced significant
amounts of butyrate as well as butanol in a pH-controlled batch
fermentation in this study, suggesting that the transition from
acidogenic to solventogenic phases of the spo0Amutant is disrupted.
Based on the unique phenotype, that is, accumulating butyrate

and butanol, of the C. beijerinckii spo0A mutant, we considered
utilizing this strain to produce butyl butyrate that can be formed by
the condensation of butyrate and butanol in the presence of lipase.
For efficient butyl butyrate production, it is necessary to provide
both butanol and butyrate simultaneously during the course of the
fermentation. However, the wild-type C. beijerinckii strain
generates butyrate and butanol with unfavorable concentrations
for the condensation reaction to occur, therefore butyl butyrate
production can be limited if the wild-type C. beijerinckii is used.
Consequently, the spo0A mutant is considered an advantageous
solventogenic strain for the in situ butyl butyrate production.
Butyl butyrate is a value-added chemical that has numerous

applications, for example, in the food and fragrance industry as a
flavor compound and solvent (Berger, 2009; Park et al., 2009;
Rajendran et al., 2009; Rodriguez et al., 2014). Also, butyl butyrate as
a biofuel is compatible with Jet A-1 aviation kerosene and can be used
for enrichment of biodiesels (Chuck and Donnelly, 2014; Li et al.,
2010). Moreover, there is a growing interest in upgrading the ABE
fermentation products to jet and diesel fuels via catalysis (Anbarasan
et al., 2012; Sreekumar et al., 2014), thus butyl butyrate that can be
produced from the ABE fermentation may be a promising target
chemical. The production of butyl butyrate by simultaneous
esterification and extraction during the ABE fermentation using
C. acetobutylicum wild-type strain has been reported (van den Berg
et al., 2013). In situ extraction was applied to the process since butyl
butyrate is more hydrophobic than other ABE products and can be
concentrated into the organic solvent phase. However, additional
butyrate was fed into the system to overcome the substrate imbalance
between butyrate and butanol produced by the wild-type strain.
In this study, we eliminated the need for butyrate feeding since

the C. beijerinckii spo0A mutant already accumulated a high level
of butyrate along with butanol. To reduce the initial butyrate
toxicity due to the accumulation of butyrate by the spo0A mutant,
we maintained the pH of the medium using a calcium carbonate
(CaCO3) buffer and supplemented the medium with butanol to
initiate the esterification of butyl butyrate. As soon as butyrate is
produced, the produced butyrate in the presence of the
supplemented butanol is converted to butyl butyrate by the
lipase CalB and extracted into the hexadecane layer. Continuous
agitation was also performed in order to enhance the enzymatic
esterification and extraction process of butyl butyrate production
during the fermentation.

Materials and Methods

Bacterial Strains, Media and Growth Conditions

C. beijerinckii NCIMB 8052 wild-type strain, and the spo0A mutant
(Wang et al., 2015) constructed by CRISPR/Cas9-based marker-less
genome engineering were used for this study. Laboratory spore
stocks of C. beijerinckii 8052 were heat-shocked at 80�C for 10min
and inoculated into tryptone–glucose–yeast extract (TGY) medium
containing 30 g/L tryptone, 20 g/L glucose, 10 g/L yeast extract, and
1 g/L L-cysteine with a 1% (v/v) ratio as previously described by
Wang et al. (2012). For the spo0A mutant, frozen cell stock stored
at �80�C was inoculated into TGY medium. The TGY culture was
incubated at 35�C for 12 h in an anaerobic chamber under N2:CO2:
H2 (volume ratio of 85:10:5) atmosphere and was then
inoculated into the main fermentation medium at a 5% inoculum
level. C. beijerinckii strains were grown anaerobically at 35�C in a
model solution containing 60 g/L glucose, 5 g/L yeast extract and
filter-sterilized P2 medium (and thus the fermentation broth was
designated as P2YE5 medium). The P2 medium contained
the following compounds: 0.5 g/L KH2PO4; 0.5 g/L K2HPO4;
2.2 g/L CH3COONH4; 0.2 g/L MgSO4 � 7H2O; 0.01 g/L MnSO4 �H2O;
0.01 g/L FeSO4 � 7H2O; 0.01 g/L NaCl; 1mg/L p-aminobenzoic acid;
1mg/L thiamin-HCl; 10mg/L biotin (Wang et al., 2013).

Fermentation Experiments

For investigating the fermentation characteristics of the spo0A
mutant, batch fermentations were performed with or without pH
control. The growing culture of the spo0A mutant was inoculated
into the P2YE5 medium in BioFlo1 115 benchtop bioreactors
(New Brunswick Scientific Co., Enfield, CT) at a 5% inoculum
level. The pH of the medium was controlled at 6.5 by the addition
of 2 M HCl and 2M NaOH for the pH-controlled batch
fermentation. High-purity nitrogen gas was purged through the
medium until the OD600 of culture was reached at 2.0 which
makes media under anaerobic condition by own gas productions,
CO2 and H2. Temperature was controlled at 35�C and agitation
was carried out at 55 rpm. For carring out the butyl butyrate
production in a small-scale extractive fermentation platform, a
biphasic medium was prepared by adding 30mL of P2YE5 and
30 mL of hexadecane (a volume ratio of 1:1) into a 100 mL Pyrex
glass bottle. 10 g/L CaCO3 was added into the medium as a
supplementation of the buffering capacity. For testing the effect of
butanol supplementation on butyl butyrate production, 5 g/L
butanol was added into the medium. The fermentation bottle was
kept in an anaerobic chamber for more than 8 hours to iniate
an anoxic condition before inoculation. The TGY pre-culture of
the C. beijerinckii spo0A mutant was inoculated into the small-
scale platform at an inoculum of 5% of the medium volume.
Subsequently, 0.25 g acrylic resin of lipase CalB (Sigma–Aldrich,
St. Louis, MO) was added to the fermentation. A battery-powered
portable magnetic stirrer (Cole-Parmer, Vernon Hills, IL) was
employed to maintain a continuous agitation of �200 rpm
through the fermentation process. Cell growth, pH, glucose and
product concentrations in both the aqueous and organic phase
were monitored throughout the course of the fermentation.
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Analysis of Cell Growth, pH, and Fermentation Products

Cell growth was measured by following optical density (OD) at A600
using a BioMate 3 spectrometer (Thermo, New York, NY). The pHof
the medium was analyzed by a Beckman Coulter f390 pH meter
(Beckman Coulter, Inc., Fullerton, CA). Glucose, acetone, butanol,
ethanol, acetate and butyrate in the aqueous medium were
quantified by a high-performance liquid chromatography (HPLC)
(Agilent Technologies 1200 Series, Santa Clara, CA) system
equipped with a refractive index detector (RID) using Biorad
Aminex HPX-87H column (300� 7.8 mm). The column was eluted
with 0.005 N of H2SO4 at a flow rate of 0.6mL/min at 30�C. Butyl
butyrate and fermentation products contained in the hexadecane
layer were analyzed by a gas chromatography (GC) (Agilent
Technologies 7890A) equipped with a flame ionization detector
(FID) and auto-injector. An HP-INNOWax (30m length, 0.53mm
diameter, 1.00mm film thickness) (Agilent Technologies) column
was used for this analysis purpose. The GC oven temperature was
initially held at 40�C for 3min and was then increased at a rate of
45�C/min until 235�C and held for 4min. The injector temperature
was held at 225�C, and the FID detector was held at 330�C. An
injection volume of 0.6ml and a split ratio of 15:1 was used for the
analysis. Helium was used as the carrier gas.

Results and Discussion

Phenotypic Characterization of the C. beijerinckii spo0A
Mutant During Batch Fermentation

To investigate the fermentative behavior of the C. beijeirinckii spo0A
disruption mutant as compared to the parental strain, we
performed batch fermentations with or without pH control. In
the absence of pH control, glucose uptake and cell growth of the

spo0A mutant were severely inhibited and ceased at the early stage
of the fermentation because of butyrate accumulation (mainly the
undissociated acid form), which is known as the “acid crash”
phenomenon (Schuster et al., 2001) (data not shown). However, by
maintaining the pH at 6.5, cell growth and glucose uptake of the
spo0A mutant were maintained, and butyrate and butanol were
accumulated up to 8.96 g/L and 3.32 g/L, respectively, from 60 g/L
glucose in less than 30 h (Fig. 1A). The results suggested that the
pH-controlled fermentation condition rescues the growth and
glucose uptake of the spo0A mutant by alleviating butyrate toxicity.
Also, these results agree with the previous studies that the spo0A-
inactivated C. acetobutylicum and C. beijerinckii cultured in a
pH-controlled bioreactor demonstrated good cell growth, sugar
uptake and acid accumulations (Harris et al., 2002; Ravagnani et al.,
2000; Sullivan and Bennett, 2006; Tomas et al., 2003).

Under the same condition, the wild-type strain accumulated a
maximum of 1.85 g/L butyrate which was reassimilated later,
resulting in a final concentration of 0.3 g/L butyrate. Butanol
concentration by the wild-type strain reached up to 8.87 g/L at the
end of the fermentation (Fig. 1B). Based on the unique phenotype of
the spo0A mutant accumulating substantial amounts of butyrate
and butanol during the fermentation, we considered the spo0A
mutant as a promising host strain for butyl butyrate production.
Therefore, we next employed the spo0A mutant to produce butyl
butyrate during the ABE fermentation.

Butyl Butyrate Production in Batch Fermentation by the
spo0A Mutant

To test butyl butyrate production by the spo0A mutant and lipase,
we performed batch fermentations in a biphasic medium
containing the P2YE5 medium and a hexadecane phase containing

Figure 1. Characterization of the fermentative behavior of the C. beijerinckii spo0A mutant (A) compared to the wild-type strain C. beijerinckii NCIMB 8052 (B) in the P2YE5

medium in batch fermentation with constant pH control at 6.5.
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the CalB lipase (Fig. 2). As a result, the spo0Amutant produced only
98mg/L of butyl butyrate in the hexadecane phase (Fig. 3A). In the
aqueous medium, the spo0Amutant accumulated 2.94 g/L butyrate
after consuming 6.8 g/L glucose, but butanol was not detected
(Fig. 3B and C). The primary reasons for the negligible butyl
butyrate production by the spo0A mutant were as follow: First, the
acid crash during the fermentation resulted in incomplete sugar
utilization and metabolic abolishment (Maddox et al., 2000;
Schuster et al., 2001). Second, butanol produced by the spo0A
mutant from the fermentation was insufficient to serve as a co-
substrate for butyl butyrate conversion by the CalB lipase. We thus
addressed the both aspects in the following studies.

CaCO3 Supplementation to Prevent Acid Crash

To prevent the acid crash phenotype of the spo0A mutant in batch
fermentation without pH control, we supplemented CaCO3 in the
fermentation medium. As it is not easy to control pH in the small-
scale fermentation using a 100mL Pyrex bottle, 10 g/L of CaCO3 was
added to the medium to maintain a high pH of the medium and
alleviate butyrate toxicity (Han et al., 2013; Tsai et al., 2014). We
reasoned that pH increase of the medium will decrease the amount
of the undissociated form of butyrate which is overproduced by the
spo0A mutant (Liao et al., 2015; Russell and DiezGonzalez, 1998).
Therefore, the acid crash phenotype of the spo0A mutant can be
overcome by supplementing the medium with CaCO3. As expected,
butyl butyrate production by the spo0A mutant increased to
1.68 g/L in the hexadecane phase (Fig. 3A). Meanwhile, glucose
uptake and butanol concentration in the aqueous medium also
increased (Fig. 3B and C). The results suggested that adding CaCO3
into the medium can allow the spo0A mutant to sustain glucose
consumption in the presence of butyrate, thereby enhancing butyl
butyrate production.
Although CaCO3 supplementation prevented the acid crash

phenotype of the spo0A mutant, there remains an imbalance in the

amounts of butyrate and butanol produced from the spo0A mutant
for the optimal production of butyl butyrate. The spo0A mutant
accumulated 5 g/L of butyrate, but only 1.5 g/L of butanol was
produced from the consumption of 26 g/L glucose (Fig. 3B and C).
Under the same conditions, the parental strain was able to consume
39.3 g/L glucose and produce 8.6 g/L butanol (Fig. 3E and F). The
results indicate that butyrate toxicity was not completely eliminated
by the addition of CaCO3. Even though the parental wild-type strain
consumed more glucose than the spo0Amutant, only 0.21 g/L butyl
butyrate was produced by the wild-type strain (Fig. 3D), which is
much less amount compared to the concentration (1.68 g/L) by the
spo0Amutant (Fig. 3A). This result suggests that the spo0Amutant
becomes an advantageous strain for butyl butyrate production than
the wild-type strain once the growth of the spo0A mutant is
maintained by buffering the medium with CaCO3.

Butanol Supplementation for Enhanced Butyl Butyrate
Production

The limitation of available butanol for the condensation reaction of
butyrate and butanol also needs to be resolved in order to improve
butyl butyrate production by the spo0Amutant. In order to provide
an ample supply of butanol for the condensation reaction, we added
exogenous butanol into the medium at the beginning of the
fermentation. We hypothesized that the added butanol can serve as
a sink of butyrate through the esterification reaction, thereby
preventing accumulation of butyrate in the medium during the early
phase of the fermentation. The abatement of butyrate accumulation
in the medium should enhance glucose uptake and solventogenesis
of the spo0A mutant by preventing the acid crash (Schuster et al.,
2001), resulting in enhanced butyl butyrate production. As
expected, a batch fermentation containing a 5 g/L of butanol
supplementation resulted in enhanced glucose uptake by the spo0A
mutant (Fig. 3C). As a result, butyl butyrate production increased to
2.73 g/L in the hexadecane phase (Fig. 3A). These results

Figure 2. Schematic diagram of butyl butyrate production during the ABE fermentation using the C. beijerinckii spo0Amutant in the biphasic mediumwith three key aspects for

the fermentation condition manipulation: (A) Supplementation of CaCO3 buffer to alleviate butyrate toxicity, (B) Supplementation of butanol to initiate the esterification of butyl

butyrate, (C) Continuous agitation to enhance the esterification and extraction of butyl butyrate.
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demonstrated that butanol supplementation could enhance butyl
butyrate production by playing dual roles in the system by: (1)
providing the necessary component for esterification of butyl
butyrate, and (2) alleviating butyrate toxicity by participating in the
esterification reaction with butyrate resulting in a lower
concentration of butyrate in the aqueous medium.

During the production of butyl butyrate in the biphasic medium,
we observed an apparent delay of butyl butyrate production in the
hexadecane layer as compared to the substrate (butyrate and
butanol) formation in the aqueous phase. The maximum
production of butyrate and butanol was observed prior to 58 h
of fermentation, while the maximum butyl butyrate production was
achieved after 150 h of the fermentation (Fig. 4A). In addition, the
spo0A mutant accumulated a high level of butanol even in the
presence of sufficient butyrate in the medium (Fig. 4A). The results
suggested that the esterification and extraction of butyl butyrate
into the hexadecane layer may be a rate-limiting step which resulted

in the accumulation of butanol and butyrate in the aqueous
medium.

Effect of Continuous Agitation on Butyl Butyrate
Production

We further examined the effects of agitation on the enzymatic
esterification and extraction of butyl butyrate through the adequate
mixing of substrates and the CalB lipase in the biphasic medium.
With a continuous agitation at 200 rpm, the butyl butyrate
production by the spo0A mutant increased to 3.32 g/L (Fig. 3A).
Furthermore, the maximum titer of butyl butyrate could be
achieved within 48 h during the fermentation. The rate of butyrate
production with continous agitation was three-fold higher than that
in the absence of continuous agitation (158 h) (Fig. 4B). This rapid
production of butyl butyrate with continuous agitation indicated
that mixing of the biphasic medium in the presence of buffer

Figure 3. Extractive batch fermentation results for butyl butyrate production by the C. beijerinckii spo0A mutant and the parental strain C. beijerinckii NCIMB 8052 in the

biphasic medium with the manipulations (Supplementation of CaCO3, butanol, and agitation). (A) Butyl butyrate production by the spo0A mutant in the hexadecane phase, (B)

Butyrate and butanol production by the spo0Amutant in the aqueous phase (Aq), (C) Glucose uptake by the spo0Amutant, (D) Butyl butyrate production by the parental strain in the

hexadecane phase, (E) Butyrate and butanol production by the parental strain in the aqueous phase, (F) Glucose uptake by the parental strain (at the time point of maximum butyl

butyrate production).
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and butanol supplementation enhanced both the titer and
productivity of butyl butyrate. However, we also observed that
continuous agitation decreased the glucose uptake by the spo0A
mutant (Fig. 3C), although the yield of butyl butyrate from glucose
was increased. Thus, further optimization needs to be performed to
increase both sugar uptake and butyl butyrate production for
sustainable bioprocess. For this purpose, a pH-controlled bioreactor
fermentation can be performed since the spo0A mutant completely
consumed glucose in the pH-controlled bioreactor even with
continuous agitation (Fig. 1A).
Meanwhile, continuous agitation with supplementation of CaCO3

and butanol also helped the wild-type strain increase butyl butyrate
production up to 1.08 g/L (Fig. 3D). This result demonstrated that
continuous agitation has a beneficial effect on butyl butyrate
production regardless of the host strain by increasing the enzymatic
esterification and extraction of butyl butyrate into the hexadecane
layer. Nevertheless, the wild-type strain was not able to generate
more than 1.08 g/L butyl butyrate because this strain had an
inherent substrate imbalance issue under all the conditions we
investigated (Fig. 3D and E). Similarly, in a previous study, butyl
butyrate production using C. acetobutylicum wild-type strain in
shake flask batch fermentations achieved 0.96 g/L butyl butyrate in
25mL of organic phase coupled with 25mL of aqueous medium
(van den Berg et al., 2013). To overcome the substrate imbalance of
the wild-type strain, they continuously fed butyrate with glucose in
a pH-controlled fed-batch bioreactor fermentation and achieved

maximum 4.9 g/L butyl butyrate in 250mL of the organic phase
coupled with 1.5 L of the aqueous medium. In this case, the organic
solvent phase has six times less volume than the aqueous medium;
thus butyl butyrate was concentrated into the organic phase.
Compared to the previous study, we achieved 3.32 g/L butyl butyrate
using the spo0A mutant with a 1:1 ratio between the organic and
the aqueous phases in a small-scale batch fermentation without the
bioreactor operation and continuous feeding, which allows high-
throughput evaluation and process optimization.

Conclusions

In this study, we characterized the fermentative behavior of the
C. beijerinckii spo0A mutant and utilized this mutant to produce
butyl butyrate during the ABE fermentation. The spo0A mutant
accumulating both butyrate and butanol may be a promising strain
for the production of butyl butyrate under further-optimized
conditions. The supplementation of the medium with CaCO3 and
butanol enhanced butyl butyrate production. Continuous agitation
further improved the butyl butyrate production in terms of titer,
rate, and yield.
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