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Abstract

Improvement in the butanol production selectivityemhanced butanol: acetone ratio (B:A) is
desirable in acetone-butanol-ethanol (ABE) ferm@oraby Clostridium strains. In this study,
artificial electron carriers were added to the fentation medium of a new isolate@fostridium
acetobutylicum YM1 in order to improve the butanol yield and Brétio. The results revealed
that medium supplementation with electron carrelranged the metabolism flux of electron and
carbon in ABE fermentation by YM1. A decrease irtaoe production, which subsequently
improved the B:A ratio, was observed. Further improent in the butanol production and B:A
ratios were obtained when the fermentation mediuas supplemented with butyric acid. The
maximum butanol production (18.20+1.38 g/L) wasngdi when a combination of methyl red
and butyric acid was added. Although the additibhemzyl viologen (0.1 mM) and butyric acid
resulted in high a B:A ratio of 16:1 (800% incremeampared with the conventional 2:1 ratio),
the addition of benzyl viologen to the culture affeh resulted in the production of 18.05 g/L
butanol. Manipulating the metabolic flux to butaribrough the addition of electron carriers
could become an alternative strategy to achievieeniputanol productivity and improve the B:A

ratio.

Keywords: Renewable energy; Butanol; B:A ratio; Electronriess; Clostridium acetobutylicum

YML1.



1. Introduction

Fuel production from alternative renewable resosittas attracted increased attention in the last
few years principally due to escalating oil pricexireasing environmental concerns, and the
need for substitutes for fossil fuel resources,citdare exhaustible [1, 2]. Thus, there is the need
for a gradual shift from fossil fuel resources éne@wable resources such as feedstock. The most
preferred liquid biofuel candidate that potentiadlybstitutes gasoline is butanol. Typically, n-
butanol is biologically produced in a mixed produecetone-butanol-ethanol (ABE), by

fermentation byClostridium[3].

The production of fuels from renewable resourcesstmrmeet two desired criteria to be
applicable, such as high energy content, high ectadue, and compatibility with the current
fuel supply, distribution systems and existing eegi [4, 5]. Butanol meets these required
criteria. Furthermore, compared with ethanol, bat@éha better gasoline substitute because of its
higher energy content, less corrosive nature, miglseane number, higher hydrophobicity and
compatibility when blended with gasoline or dirgctised in existing engines without

modifications [6-8].

Clostridium acetobutylicum YML1 is a solvent-producin@lostridium that was recently isolated
from local agricultural soil in Malaysia and hasebhedemonstrated to produce butanol and

biohydrogen [9-11].

The normal ratio of ABE in ABE fermentation is 3t6(butanol/acetone ratio of 2:1) [12]. In
order to make ABE fermentation economically vialileprovement of the butanol/acetone ratio
to greater than 2:1 (B:A) is an ideal requireméuetone is not favorable in ABE fermentation

due to its recovery cost, corrosiveness to rubbgme parts and poor performance in terms of



fuel properties. Hence, reducing acetone producaimhincreasing butanol concentration, which
invariably increases the butanol/acetone ratio, kg factors in improving the economic
efficacy of ABE fermentation [13]. Metabolic engereng has been recognized as the best
method to enhance the process productivity andl yagltargeting certain pathways [14].

Previous efforts have been applied to enhance tltanbl/acetone ratio by implementing
oxidative-reductive-potential control [15], redibtiting the carbon flux to butanol by the
addition of precursor of cofactors [14], using nixeubstrates [16], employing metabolic
engineering methods [3, 13, 17] and inhibiting thelrogenase enzyme by the addition of
electron carriers such as methyl viologen and aéuad [18-20]. The production of butanol
without acetone and acids using solvent-produc@igstridia is difficult by metabolic
engineering due to the inability to control thecélen flow, which may be affected by unknown
pSOL1 genes [21]. However, in studies where thigr@gch has been attempted, achievements
of higher butanol/acetone ratios were made atxperese of total solvents/butanol productivities

or increased purification loads [22].

The main point for the successful industrial reVigh ABE fermentation byClostridia is to
generate a single product, which is butanol. Howates difficult to direct the carbon flow only
to butanol becaus€. acetobutylicum, as well as all other related bacteria, possessplexm
metabolic pathways with many branching points [48]this study, an attempt was made to
improve the yield of butanol and the B:A ratio inbatch culture of a new local isolate of
Clostridium acetobutylicum YM1. For this purpose, various artificial electra@arriers were
introduced to the fermentation medium ©f acetobutylicum YM1 to improve the butanol
production and decrease the acetone productiorfuifioer enhance the production of butanol

without acetone, butyric acid was added with etactrcarriers to the medium o€.



acetobutylicum YM1. Moreover, the effect of the addition time oérzyl viologen was also
investigated. This study verifies the significamafeusing electron carriers in improving the

butanol production and B:A ratio based@racetobutylicum strain YM1 fermentation.

2. Materialsand Methods

2.1. Microorganism and inoculum preparation

In this study, a newly isolated strain Gfostridium acetobutylicum YM1, which was isolated
from local soil in Malaysia, was used. The cultuas maintained in 50% glycerol at -30 °C as a
spore suspension. In order to prepare the inoculuenspores were first activated by transferring
1 mL of the spore suspension into 10 mL of tryptyeast-extract acetate medium (TYA)
followed by a 1 min period of heat shock in boilimgater. The resulting suspension was
immediately cooled in ice and incubated for 1-2=day 30°C under anaerobic conditions. This

culture was then transferred to TYA medium and loatad for 20 hours at 30°C.

2.2. Preparation of medium

TYA medium was used to prepare the inoculum and dsrmentation medium. The TYA
medium consisted of 6 g/L tryptone, 3 g/L ammoniaoetate, 2 g/L yeast extract, 0.3 g/L
MgS0O,.7H,O, 0.5 g/L KHPQO,, and 0.01 g/L FeSL¥H,O. The glucose concentration was 20
g/L in the inoculum preparation medium and 50 gilthe fermentation medium. After mixing

these components, the medium was then steriliz&@818C for 15 min.



2.3. Fermentation conditions

The fermentation medium used in this study was With 50 g/L glucose, and the conditions
were as follows: inoculum size of 10% (v/v), inctiba temperature of 30 °C, and an initial pH
of 6.2 for 120 h. All of the fermentation experintenvere carried out in 100-mL serum bottles
equipped with rubber caps and crimped with alumirs@als. The cultures in serum bottles were
agitated by hand once per day in the first 48 hmaintain culture homogeneity. Anaerobic
conditions were achieved by flushing the mediunhwitrogen gas for 1 min before inoculation.
The electron carriers used in this study were peghband sterilized by filtration using a Quéx
filter membrane. Only in the cases stated, thetreleccarriers were initially added to the

fermentation medium before inoculation under assginditions.

2.4. Analytical methods

Fermentation samples were collected and centrifag@@®00 rpm for 5 min, and the supernatant
was used for the analysis of solvents, acids andoge. The analyses of acetone, butanol,
ethanol and acids (butyric acid and acetic acidlewsarried out using a gas chromatography
system (7890A GC-System, Agilent Technologies, Pdio, CA, USA) equipped with a flame
ionization detector (FID) and a 30-m capillary colu (Equityl™; 30 m x 0.32 mmx 1.0 um
film thickness; Supelco Co, Bellefonate, PA, USAhe temperature of the injector was set at
250 °C, and the detector was set at 280 °C. Theecagas was helium at a flow rate of 1.5
mL/min. Growth was detected based on the opticasithe measured at 600 nm using a UV-Vis
spectrophotometer (Shimadzu, UV mini-1240, Kyotapah). The glucose concentration was
detected using a glucose oxidase kit [GOD, (E.C.3%), Roche Ltd., Swiss] following the

manufacturer’s procedure.



The butanol yield was calculated based on the eoaedusubstrate (glucose and butyric acid)

using the following equation:

Ybutanol/substrate = B/S. (C —mol/C — mol)
WhereB/S is the yield of butanol to the substrate consuf@dol/C-mol),B is the numbers of
carbon moles of butanol produced &hds the substrate consumegis{carbon moles of butyric

acid consumed + carbon moles of glucose consumed).

3. Resultsand discussion

3.1. Effect of electron carriers on the butanol production and B:A ratio

The effect of the supplementation of the fermeatatnedium with artificial electron carriers
including methyl viologen, benzyl viologen, methsggd, neutral red, Tiron, 2,2-bipyridyl,
phenosafranin, menadione, methylene blue, trimathyle N-oxide (TMAO), 5,5dithiobis(2-
nitrobenzoic acid) (DTNB), dimethyl sulfoxide (DM3$@nd bromophenol blue on the butanol

production and B:A ratio b@. acetobutylicum YM1 was studied.

Different concentration ranges for each electrami@awere individually applied to investigate
the optimal concentration that effectively improvee B:A ratio (data not shown). Table 1
illustrates the effect of various electron carriensthe production of solvents and acids as well as
the butanol yield and B:A ratio when they were uasdadditives to the growth media in batch
cultures ofC. acetobutylicum YM1. Generally, the addition of artificial electraarriers in this
study resulted in higher ABE and butanol concemnat as well as improved butanol yield

when compared with the control culture, which wassupplemented with electron carriers.



Among the tested electron carriers, benzyl viologes found to be the most efficient in
improving the butanol productivity and yield in blatcultures ofC. acetobutylicum YM1. The
highest butanol yield (0.504 C-mol/C-mol) and balaconcentration (15.57 g/L) were observed
when the culture was supplemented with 0.1 mM bleritogen. The presence of benzyl
viologen improved the butanol concentration to I5¢g8L, whereas the acetone concentration
was 1.74 g/L. The butanol yield (0.504 C-mol/C-ma§s also notably higher (by 48.23 %) than
that obtained from the control culture. Moreovére highest B:A ratio (8.95:1) was obtained

when 0.1 mM of benzyl viologen was added to théucalmedium.

Methyl red addition at a concentration of 0.01 mivproved the ABE and butanol production to
14.34 and 19.58 g/L, respectively, whereas no imgmreent in B:A ratio was observed with the

addition of methyl red to the fermentation mediuihCoacetobutylicum YML1.

Although no significant improvement in the B:A mtivas observed, Tiron addition to the
fermentation medium caused an increase in the butand ABE production. Menadione
increased the production of acetone, butanol ahdnet to yields of 4.67, 13.07 and 1.2 g/L,
respectively, whereas the B:A ratio decreased &12compared with the control culture

(3.22:1).

The use of DMSO, 2,2 bipyridyl, bromophenol blugNB and phenosafranin, methylene blue,
and menadione as electron carriers led to enhgmetliction of butanol and ABE, as well as
butanol yield, whereas the B:A ratios obtained wess than those of the control culture, which

lacked any electron acceptor (Table 1).

Remarkably, when neutral red, methyl viologen ardytviologen were incorporated as electron
carriers, the production of butanol, the butan@lds and the B:A ratios were enhanced. The

addition of methyl viologen (0.1 mM) produced 124 of butanol with a butanol yield of

8



0.405 C-mol/C-mol and a B:A ratio of 6.09:1. Thepmovement of the B:A ratio is ascribed to
the ability of methyl viologen to modify the didittion of carbon and electrons in the ABE
fermentation pathway. It was previously reporteat the addition of 1 mM methyl viologen to a
continuous culture medium @&. butyricum DSM 5431 caused a strong decline in the hydrogen
(H2) production and an increase in the production ¢#-pgfopanediol and butyrate [24].
Furthermore, the addition of methyl viologen taCabutyricum culture medium significantly

reduced the biomass growth, which was attributatieédoxicity of methyl viologen [24, 25].

Similar butanol and ABE concentrations were produegth the use of methylene blue and
TMAO as electron acceptors. In the presence ofivb methylene blue in the medium, a B:A
ratio of 2.96:1 was recorded. The butanol and ABEcentrations obtained were 11.73 and
16.78 g/L, respectively. This observation indicatiedt methylene blue improved the ABE and
butanol productivity but failed to improve the Bratio. In a similar study [26], methylene blue
addition in ABE fermentation b¢lostridium acetobutylicum was found to enhance the ABE,
acetone and butanol production by 70%, 88% and 48%pectively. However, a B:A ratio of

2.2:1 was obtained.

Ballongue et al. [26] showed that methylene bluel¢shift the carbon flow towards acetone
production by eliminating reduced compounds suctlNABH+H". A similar observation was

noted in our study because the B:A ratio decre&s@d96:1 compared with the control culture.
This result suggested that methylene blue genemilyanced the overall solvent production

without selectivity to butanol.

Based on these results, it was clear that the iaddaf artificial electron carriers to the
fermentation medium was of vital importance in Imalafermentations requiring high butanol
yields. Because electron carriers can increasdu@nol production and decrease the acetone

9



production, electron carriers tend to be involvethie metabolic pathway. The mechanism of the
action of artificial electron carriers on the meibd flux in ABE fermentation byC.

acetobutylicumiis illustrated in Fig. 1.

It has been reported that methyl viologen has dmbnory effect on hydrogenase enzyme
activity [18, 27]. In the presence of methyl viodmgin the culture, an inhibitory competition
emerged between methyl viologen and reduced fexred@dH,) for the active site of the
hydrogenase enzyme, which led to the inhibitiontled hydrogenase-mediated oxidation of
FdH,. In order to continue conversion of pyruvate tetglcCoA, FdH must be re-oxidized. As a
result of this inhibition, another pathway mediabsdferredoxin oxidoreductase was activated to
oxidize FdH, along with the generation of NADH. Thus, the bition of hydrogenase and the
activation of ferredoxin oxidoreductase functiorwubperatively, leading to the production of a
large amount of NADH. The accumulation of NADH euaraged the alcohol formation pathway,
which was the only available pathway to eliminatADN because reduced electron carriers

such as NADH need to be re-oxidized to maintaioted@ balance [18, 21].

Accordingly, it is clear that efforts aimed at ieasing the intracellular NADH/NADPH level by
redirecting the electron flow are associated witkv lhydrogen production and result in a
metabolic shift from an acidogenic phase to a sutvgenic phase, which consequently improves

the butanol yield, as well as the B:A ratio [28].29

3.2. Effect of butyric acid addition
In our previous studies [30, 31], it was observeat butyric acid could be efficiently converted

to butanol in the presence of a carbon source.elbeslies showed that supplementation of the

10



medium with butyric acid as a co-substrate or aait precursor led to enhanced production of

butanol.

Our strain,C. acetobutylicum YM1, showed that the addition of butyric acid couldrease the
butanol production but not the acetone productidatg not shown), which implied th&t
acetobutylicum YM1 converts butyric acid to butanol through theybate kinase pathway. This

property is preferred because acetone is consigebgeproduct in ABE fermentation.

Based on the obtained results, in subsequent feati@ms, the medium was supplemented with
a combination of electron carriers and butyric a@d g/L). Fig. 2 shows the comparison of
butanol production using TYA medium in a batch wrdt of C. acetobutylicum YM1

supplemented with electron carriers in the presenedsence of butyric acid.

In the cultures supplemented with electron carréerd butyric acid, the B:A ratios, production
and yield of butanol significantly increased congahwvith the control culture (Figs. 2&3). It
was previously reported that the addition of butyacid to the fermentation medium became an
additional carbon source in ABE fermentation arslilted in increased butanol production [22,

30].

Further addition of butyric acid to the culture ©f acetobutylicum YML1 in the presence of
electron acceptors resulted in further incrememtthe butanol production, as well as the B:A
ratios. Figs. 2 and 3 show that the B:A ratios &uthnol production improved due to the

addition of 8.7 g/L butyric acid with all of theesitron carriers tested in this study.

Surprisingly, a B:A ratio of 16.11:1 was obtainedem a combination of benzyl viologen and

butyric acid was added to the fermentation medidmCo acetobutylicum YM1. With this

11



combination, 16.3 g/L butanol, 1.11 g/L acetone ¥ g/L ethanol were produced with a

butanol yield of 0.54 C-mol/C-mol.

Methyl red was found to be the most efficient inpnoving the butanol production in batch
cultures ofC. acetobutylicum YM1. The highest butanol (18.20 g/L) and ABE cortcations

(24.42 g/L) were observed when the culture was lsapgnted with 0.01 mM methyl red with
8.7 g/L butyric acid. The presence of methyl redhia culture medium significantly improved
the butanol production and butanol yield. Howevitie B: A ratio obtained was 3.62:1.
Therefore, methyl red did not reduce the acetomelymtion, and it generally improved the

overall solvent concentrations.

Viologen compounds (methyl and benzyl) were foum@roduce high concentrations of butanol
when added to the culture with initial butyric a@ddition. The addition of methyl and benzyl
viologen led to the production of 16.29 and 16.80 lgutanol, respectively. In the culture with
menadione, 15.25 g/L of butanol was produced. DM&O increased the butanol generation in
the presence of butyric acid with an observed itgield and concentration of 0.482 C-mol/C-
mol and 14.55 g/L, respectively. All of the othdeation acceptors also improved the butanol
production with yields comparatively higher thamtttobserved in the control culture (Fig. 2).
The increment in the butanol production when buotycid was added reached 30.48% with

methyl viologen and 22.54 % with DMSO.

The limited butanol production was attributed te thhibitory effect of butanol on the culture. It
was stated that the butanol toxicity directly coléd the butanol production capability of
Clostridium [32, 33]. It was reported that the butanol proguctrarely exceeded 13.0 g/L in

wild-type strains ofC. acetobutylicum due to the butanol accumulation toxicity [12, 34].

12



However, our wild-type strain could produce higtiean 13.0 g/L of butanol in some cases (Fig.

2).

3.3. Effect of the addition time of benzyl viologen on the growth, butanol production and

B:A ratio

Results from the initial aspects of this study sadwhat the best electron acceptor was benzyl
viologen (0.1 mM) because it significantly improvélte B:A ratio as well as the butanol
productivity. Hence, the effect of the addition ¢iraf benzyl viologen on the ABE production
and B:A ratio was investigated. Benzyl viologen adsled at different times during the growth

of the culture (0, 4, 8, 12 and 24 h).

It was reported that benzyl viologen dye is noteatd cross the cytoplasmic membrane of
Escherichia coli cells in their oxidized form though the reducednie can easily penetrate the
cell membrane [35]. In our experiments, once theiore was inoculated by YM1, the color of
the medium containing benzyl viologen was changeblie, which indicates that the viologen
had been reduced. Similar observation was repdiye®ao and Mutharasan [36] when benzyl
viologen was added to the continuous cultur€.adcetobutylicum.

With an observed concentration of 18.05 g/L butatia results showed that the highest butanol
production was obtained when benzyl viologen wateddt 4 h (Fig. 4). The addition of benzyl
viologen initially produced the lowest concentratiof butanol (16.29 g/L) but showed the
highest B:A ratio of 16.11. Benzyl viologen hadoait effect on theC. acetobutylicum YM1
culture, which was indicated by the growth of thgamism. The results showed that delays in

the addition time of benzyl viologen led to a cepending enhancement of the culture growth

13



(Fig. 5). The growth o€. acetobutylicum YM1 was significantly affected by the addition tirak
benzyl viologen. The growth increased by increasimgtime of addition of benzyl viologen.
When the medium was supplemented with benzyl vierogt 0 h (initially), the optical density
(ODeoo) obtained as a measure of the growth was 1.938axXimum ORyo(2.574) was recorded
when benzyl viologen was added at 24 h after tbheulation time. The relationship between the
addition time of benzyl viologen and the growth ©f acetobutylicum YM1 was in direct

proportion (Fig. 5).

Increasing the addition time of benzyl viologenuteed in reduced B:A ratios, with an addition
time of O h as the optimal time for the highest Baiio. Meanwhile, an addition time of 4 h
resulted in the highest production of butanol (28y0L). No significant differences in ethanol
production were observed when the addition timbesfzyl viologen was changed. The acetone
production increased from 1.01 g/L when benzyl agein was initially added to 2.6 g/L when

benzyl viologen was added 24 h after inoculation.

Fig. 6 shows a time course of ABE fermentation(yacetobutylicumYM1 in TYA medium
with butyric acid (8.7 g/L) without benzyl viologdifrig. a) and with benzyl viologen addition
(addition time at 4h (Fig. b)). According to theofiles of the cell growth and products,
acetobutylicum YM1 produced 1.47 g/L acetone, 18.05 g/L butamal @.65 g/L ethanol with a

total of ABE 20.17 g/L and a B:A ratio of 12.3:1eaf96 h of fermentation (Fig. 6b).

The total ABE and butanol concentrations producethe medium supplemented with benzyl
viologen at 4 h were more than that produced frw® medium without benzyl viologen
supplementation. However, the fermentation timeemakio reach the highest product

concentration (96 h) and growth profile was simitaboth cultures.

14



In the control experiment (without benzyl viologaddition), the total concentration of ABE and
butanol obtained were 15.49 g/L and11.84 g/L, retspely. Additionally, the B:A ratio was
3.96:1. Thus, observations from the control expentrevealed that glucose consumption was
higher in the medium devoid of benzyl viologen camgal with the culture supplemented with

benzyl viologen (Figs. 6 a & 6b).

The butanol concentration produced in tle acetobutylicum YMlfermentation medium
supplemented with benzyl viologen was 34.4 % highan that produced in the control culture

(without benzyl viologen addition). Additionally,hagher B:A ratio (12.3:1) was observed.

The B:A ratio significantly improved, and the salveproduction proceeded towards the
direction of generating more butanol in the preseotcbenzyl viologen. The B:A ratio in the
medium with benzyl viologen supplementation wasrapimately four times higher than that
observed in the culture without benzyl viologen @amentation. The final concentration of
ethanol (0.65+0.01 g/L) was similar in the contcolture and the culture supplemented with

benzyl viologen.

The residual glucose concentration in the mediuth &nzyl viologen was 6.0 g/L, whereas the
glucose was totally utilized in the control cultuiiéhe consumption of initially added butyric
acid was better in the control culture comparedchwite culture supplemented with benzyl
viologen. The residual butyric acid concentratioims the control culture and culture
supplemented with benzyl viologen were 3.13 and M, respectively. Accordingly, the
presence of 0.1 mM benzyl viologen in fBeacetobutylicum YM1 fermentation medium was a

key factor in the enhancement of the butanol prodaoselectivity or B:A ratio.

15



4. Conclusion

The effect of various artificial electron carriens the butanol production, yield, and B:A ratio in
a batch fermentation process usibgacetobutylicum YM1 was investigated. The productivity
and vyield of butanol were enhanced with all of #lectron carriers tested in this study. A
combination of electron carriers and butyric adigpEementation in the fermentation medium
generated higher concentrations of butanol and A&BEwell as B:A ratios, compared with
electron carrier supplementation alone. A signiftbaimproved B:A ratio of 16.11 with a
butanol concentration of 16.29 g/L was recordedmibenzyl viologen was added to the culture.
The addition of benzyl viologen (0.1 M) to the cué of YM1 after 4 h resulted in 18.05 g/L
butanol. Although 4 h was the optimal time for maproduction, the optimal time for the B:A
ratio was 0 h. The data in this study demonstrétat the use of electron carriers and butyric
acid as supplementation for butanol production ¢du¢ an alternative strategy for achieving

higher butanol productivity and B:A ratios.
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Figures caption:

Fig. 1. Metabolic pathway of ABE fermentation I@fostridium acetobutylicum. The solid and
dashed arrows represent the products during thdogenic phase and solventogenic phase,
respectively.

Fig. 2. Effect of electron carriers and butyric acid oa butanol production in batch cultures of

C. acetobutylicum YML1.

Fig. 3. Effect of electron accepters and butyric acid &aoldion the B:A ratio in batch cultures of

C. acetobutylicum YML1.
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Fig. 4. Effect of the addition time of benzyl viologen ABE production

Fig. 5. Effect of the addition time of benzyl viologen thre growth ofC. acetobutylicum YM1,

butanol production and B:A ratio.

Fig. 6. Profile of the ABE fermentation b§. acetobutylicum YM1 in TYA medium with butyric
acid (8.7 g/L) but without benzyl viologen (a) atiht with butyric acid and benzyl viologen

(addition time at 4h) (b).
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Tablel

The effect of medium supplementation with differetgctron carriers on the butanol production andl tio in a batch culture df.

acetobutylicum YM1

5 _ Concentration Solvent Production (g/L) Acid (g/L) B: A Butanol Yield
eelfon carmers (mM) Acetone Butano Ethano ABE Butyric Acetic ratio (C-mol/C-mol)
Menadion 0.1 4.67+0.1: 13.07+£0.1' 1.20£0.1: 18.94+0.0- 1.68%£0.0¢ 0.30+0.1: 2.8( 0.423
DMSQC 10.0( 3.89+0.0« 11.88+0.1 1.26+0.0¢ 17.03£0.1. 1.04+0.0¢ 0.79+0.3! 3.0t 0.387
Methylene blu 0.5C 3.96+0.0¢ 11.73x0.3° 1.10+£0.1( 16.78+0.2i 1.36x0.0¢ 0.82+0.3: 2.9¢ 0.38¢
2,2-Bipyridyl 0.01 3.81+0.10 11.49+0.3° 1.75+0.1¢ 17.05+£0.0. 1.33+0.0° 0.07%0.0: 3.0z 0.38¢
Tiron 0.50 4.30£0.33 14.71+0.06 1.13+0.03 20.1440.2.68+0.17 1.06+0.28 3.42 0.483
TMAO 0.1C 3.92+0.2¢ 11.79x0.21 1.24+0.0¢ 16.95+0.0. 0.99+0.0° 2.81+1.0! 3.01 0.38:
Bromophenol blu 0.001 3.77+0.3: 11.45x0.3/ 1.15+0.0¢ 16.37+£0.1¢ 0.68+0.1¢ 2.87+0.2 3.04 0.37:2
DTNB 0.0t 3.90+£0.0¢ 11.80%£0.3' 1.01+0.0¢ 16.71+0.3! 0.04+0.0: 0.46x0.2 3.02 0.38¢
Neutral re 0.5C 3.31+0.1« 12.04+0.1' 0.79+0.0¢ 16.15+0.3° 1.16%£0.0¢ 0.74+0.2¢ 3.63 0.39:2
Phenosafran 1.0C 4.07£0.1: 12.43x0.1. 0.55x0.0° 17.05+£0.1¢ 2.11+0.1( 0.60+0.1° 3.0t 0.40¢
Methyl rec 0.01 4.13+0.1( 14.36x0.4' 1.09£0.0¢ 19.58+0.3! 2.80+£0.3¢ 1.59+0.2 3.4¢ 0.47¢
Benzyl viologel 0.1 1.74+0.0¢ 15.57+0.61 1.43+0.2( 18.74+0.4. 0.51+0.0¢ 0.19%0.0« 8.9t 0.50¢
Methyl viologer 0.1 2.05+0.1: 12.49+0.1' 0.90+£0.0¢ 15.44+0.0° 0.26%£0.0¢ 0.56x0.2( 6.0¢ 0.40¢
Contro - 3.30+0.1: 10.61+0.1. 1.27+0.1¢ 15.18+0.4. 1.47+0.5¢ 0.69%0.0¢ 3.2z 0.340
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Fig. 1. Metabolic pathway of ABE fermentation by Clostridium acetobutylicum. The solid and
dashed arrows represent the products during the solventogenic phase and acidogenic phase,
respectively.
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Fig. 2. Effect of electron carriers and butyric acid on the butanol production in batch cultures of
C. acetobutylicumYM1
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Fig. 3. Effect of electron accepters and butyric acid addition on the B:A ratio in batch cultures of
C. acetobutylicumYM1
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Highlights
» Combination of artificia electron carriers and butyric acid improved butanol: acetone
ratio as well asthe yield and butanol productivity.
*  Supplementation the YM1 culture with 0.01 mM benzyl viologen after 4 h resulted in
18.02 g/L butanol.
* The highest obtained butanol: acetone ratio was 16:1 which is higher than the

conventional B:A ratio by 800%.



