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Abstract Reducing power such as NADH is an essential

factor for acetone/butanol/ethanol (ABE) fermentation

using Clostridium spp. The objective of this study was to

increase available NADH in Clostridium beijerinckii IB4

by a microbial electrolysis cell (MEC) with an electron

carrier to enhance butanol production. First of all, a MEC

was performed without electron carrier to study the func-

tion of cathodic potential applying. Then, various electron

carriers were tested, and neutral red (NR)-amended cul-

tures showed an increase of butanol concentration. Optimal

NR concentration (0.1 mM) was used to add in a MEC.

Electricity stimulated the cell growth obviously and dra-

matically diminished the fermentation time from 40 to

28 h. NR and electrically reduced NR improved the final

butanol concentration and inhibited the acetone generation.

In the MEC with NR, the butanol concentration, yield,

proportion and productivity were increased by 12.2, 17.4,

7.2 and 60.3 %, respectively. To further understand the

mechanisms of NR, cathodic potential applying and elec-

trically reduced NR, NADH and NAD? levels, ATP levels

and hydrogen production were determined. NR and elec-

trically reduced NR also improved ATP levels and the ratio

of NADH/NAD?, whereas they decreased hydrogen pro-

duction. Thus, the MEC is an efficient method for

enhancing the butanol production.

Keywords Butanol � Clostridium � MEC � Reducing
power � ATP

Introduction

Butanol is an important chemical intermediate for the

precursor of many industrially chemicals in food, chem-

ical and pharmaceutical industries [1, 2]. Due to its

favorable physicochemical properties for blending with or

directly substituting for fossil gasoline, butanol also is

considered as a potential superior liquid transportation

fuel [3–6]. Bio-based butanol, produced from acetone–

butanol–ethanol (ABE) fermentation by solventogenic

Clostridium spp., is preferred as its green renewable

feature [1, 7, 8].

Nevertheless, the application of fermentative butanol is

still limited due to several draw backs such as its toxicity,

low final butanol concentration, yield and productivity, and

undesirable selectivity [1, 9]. In order to improve the

economic viability of butanol fermentation, efforts have

been taken to overcome the above mentioned obstacles.

Researchers have successfully carried out many methods to

improve butanol fermentation performance, including uti-

lization of mixed substrates [10–12], screening of hyper-

butanol strains [7, 13, 14], utilization of high cell con-

centrations in continuous fermentation [15, 16], multi-stage

continuous fermentation [17], the addition of organic acids

[18, 19] and in situ butanol recovery [1].
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In the metabolic pathways of ABE fermentation,

NADH, a cofactor which is used as a reducing power, is

generated by glucolysis and consumed along with the

production of reduced products. It plays an important role

in cofactor-dependent production systems. Manipulation of

the redox balance has been demonstrated to change meta-

bolic flux for butanol production [20]. Thus, it is significant

to provide available NADH to achieve a redox balance in

cellular metabolism to enhanced butanol production.

Electron carriers such as neutral red (NR), benzyl vio-

logen (BV), methylene blue (MB), and methyl viologen

(MV), have been widely used to alter metabolite patterns in

butanol fermentation. The addition of NR can induce

ethanol and butanol production without acetone produced

[21]. On the other hand, a 36 % increase of the ferredoxin

NAD reductase and an 83 % decrease the hydrogenase

activity inhibited the hydrogen production. Rao and

Mutharasan reported that significant metabolic shifts were

caused after addition of BV at low concentrations in a C.

acetobutylicum batch culture. Electron flow was altered to

direct carbon flow from organic acids to alcohol production

accompanied by decreased hydrogen production [22].

Moreover, in Clostridium acetobutylicum strain ATCC

824 batch culture, the use of MB caused an increase of

88 % in acetone production and 43 % in butanol produc-

tion [23]. MV, which is known as a commercial herbicide

‘‘paraquat’’, can intercept electrons from PFOR (pyruvate:

ferredoxin oxidoreductase) and donate them to NAD? via

the ferredoxin-NAD? reductase [24]. MV was reported to

enhance the butanol yield by 9.4 % and decrease the ace-

tone yield by 80 %, and at the same time, the hydrogen

production was also decreased by a half [24].

Microbial electrolysis cell (MEC) is another method to

supply electrons for a microbial metabolism which works

at a biocathode by external power input. Several

researchers have used MECs for hydrogen production,

reduced chemicals production and bioremediation [25, 26].

The mechanisms of extracellular electron transfer (EET)

between biocathodics and cells are direct and indirect

electron transfer [27]. Direct electron transfer needs the

bacteria in biocathodes have electrochemically activity.

Most of the bacteria have been reported to be Gram neg-

ative, while most Gram-positive bacteria have not shown a

strong capacity for EET [28]. Therefore, many electron

carriers have been used in MECs to facilitate this indirect

EET between biocathodics and cells [29, 30].

In this paper, butanol production enhancement was

studied by the utilization of MEC. Our hypothesis is that a

raised NADH/NAD? level caused by a biocathodic would

induce high butanol production, yield and proportion. In

order to evaluate the effects of electron carriers in MEC on

ABE fermentation, firstly, potential applying was per-

formed without electron carriers. In addition, the effects on

hydrogen production, NADH and NAD? level, the NADH/

NAD? ratio and ATP level were also investigated.

Materials and methods

Strain and culture conditions

The strain Clostridium beijerinckii IB4 was used in this

work. It was a mutant derived from C. beijerinckii NCIMB

8052, which was selected by low-energy ion implantation

[2]. C. beijerinckii IB4 was grown at 35 �C for 12 h in a

yeast extract/peptone/starch (YPS) medium contained (per

liter): 3.0 g yeast extract, 5.0 g peptone, 10.0 g soluble

starch, 2.0 g CH3COONH4, 2.0 g NaCl, 3.0 g MgSO4-

7H2O, 1.0 g KH2PO4, 1.0 g K2HPO4 and 0.1 g FeSO4-

7H2O (sterilized at 121 �C for 15 min and cooled to

37 �C); the initial pH was adjusted to 6.0 using 1 M HCl

[31]. The inoculation level was 5 % (v/v), and the seed

culture was purged with filtered nitrogen gas to remove

dissolved oxygen after inoculating in serum bottles.

Clostridium beijerinckii IB4 was cultivated in P2 med-

ium for butanol fermentation, which composed (per liter):

50.0 g glucose, 0.50 g KH2PO4, 0.50 g K2HPO4, 2.2 g

CH3COONH4, 0.20 g MgSO4�7H2O, 0.01 g MnSO4�H2O,

0.01 g FeSO4�7H2O, 0.01 g NaCl and 1 g corn steep liquor

[32]. It was sterilized at 121 �C for 15 min and cooled to

35 �C before inoculation. In all experiments, a 10 % (v/v)

actively growing secondary seed culture was inoculated,

and filtered nitrogen gas was purged to remove dissolved

oxygen. Except for corn steep liquor, all the chemicals used

in this study were of reagent grade. And unless otherwise

stated, all the chemicals mentioned above were purchased

from either Sinochem (Shanghai, China) or Fluka Chemi-

cal (Buchs, Switzerland). While corn steep liquor (84.41 %

water, 10.75 % solid material, 2.31 % protein, 2.07 % total

sugar, 0.37 % total nitrogen, 0.041 % amino acids,

0.049 % biotin and microelement) was purchased from

Anhui BBCA Biochemical Co. (Bengbu, China), and

nitrogen was purchased from Nanjing Special Gases Fac-

tory (Nanjing, China).

Electron carrier selection

Four electron carriers (NR, BV, MB and MV) were added

in serum bottles (100 mL) containing 50 mL P2 medium to

select the best one in increasing butanol production. The

quantity of each electron carrier was added according to the

same amounts of effective site (the concentration of MB is

0.2 mM, and others are 0.1 mM). Then, the addition

amount of selected electron carrier was optimized at final

concentrations of 0, 0.05, 0.1, 0.2, 0.3 and 0.4 mM. Each

condition was performed in triplicate.

246 Bioprocess Biosyst Eng (2016) 39:245–254

123



Setup of MEC

Batch fermentation was conducted in a microbial elec-

trolysis cell (MEC). The MEC was an H-type reactor with a

dual-chamber (300 mL each). It was specially designed for

the cultivation of strictly anaerobic bacteria. A three-elec-

trode potentiostatic system was used during the fermenta-

tions. The cathode and the anode were both graphite felt

electrodes (5 cm 9 5.5 cm 9 2). The reference electrode

was Ag/AgCl, 3 M KCl (CHI111, CH Instruments, Inc.,

USA), and it was immersed into the cathode compartment.

The two compartments were separated by a cation

exchange membrane (Naracelltech, Seoul, South Korea).

Biogas was collected by one plastic gas (China Dalian

Delin Gas Pasking Co., ltd, PR China) connected with rigid

plastic pipe fittings inserted in the cathode stopper.

Operation of MEC

The cathode compartment was filled with P2 medium

(250 mL), and the anode compartment was filled with

0.1 M PBS (pH 7.0, 250 mL). Cathode potential versus

Ag/AgCl reference electrode was determined from a redox

peak at -700 mV in a cyclic voltammogram of C. bei-

jerinckii IB4 culture (electron carrier added) with a scan

rate of 20 mV/s over the range -300 to -1 mV [33]. MEC

was also operated under the constant cathode potential of

-700 mV (vs. Ag/AgCl), which was set using an electro-

chemical workstation (CHI1000C, CH Instruments, Inc.,

USA) controlled by a personal computer. The computer

also monitored the current–time (i–t) curve. To investigate

the effects of MEC on ABE fermentation, typical batch

fermentation, potential applying without electron carriers,

electron carriers, and electrochemical reduced electron

carriers processes were gradually performed in the H-type

reactor.

Product analysis and hydrogen detection

Optical density (OD) of cell was measured at 600 nm with

a spectrophotometer (UV 2100, Unico). The concentration

of glucose was measured by SBA-40C biosensor analyzer

(Institute of Biology, Shandong Province Academy of

Sciences, PR China). The total solvent [acetone, butanol

and ethanol (ABE)] was analyzed by gas chromatograph

(GC-2010, Shimadzu Scientific Instruments, Japan)

equipped with a flame ionization detector and an InterCap

WAX column (0.25 mm 9 30 m, GL Sciences Inc.,

Japan). Organic acids (acetic acid and butyric acid) were

analyzed by high-performance liquid chromatography

(HPLC, Chromeleon server monitor, P680 pump, Dionex,

USA) with a mobile phase of H2SO4 (0.005 mol/L) at a

flow rate of 1.0 mL/min.

Biogas (hydrogen and carbon dioxide) was collected

together and quantified by the increased gas volume. The

hydrogen gas composition percentage a0 was analyzed by a

hydrogen analyzer (HY-OPTIMA 700, H2scan, USA).

Then, hydrogen production was calculated using the ideal

gas law Eq. 1 and Avogadro’s Hypothesis Eq. 2:

PV ¼ nRT ð1Þ
ni

nH2
¼ Vi

VH2

ð2Þ

Equations 1 and 2 can be combined into Eq. 3.

nH2 ¼
niVH2

Vi

¼ ni � a0 ¼
PVi

RT
� a0 ð3Þ

where P is the absolute pressure, atm; Vi is the total volume

of gas, VH2 is the volume of hydrogen, L; ni and nH2 the

number of moles of total gas and hydrogen; R is the gas

constant, 0.0821 atm/K/mol; and T is the temperature in K.

The reported values are averages of triplicate experi-

ments for each condition.

Enzyme and ATP assays

The intracellular NADH and NAD? concentrations were

measured by the enzyme cycling method [2, 34]. Gener-

ally, 1 mL culture broth under each condition was sam-

pled quickly into two microcentrifuge tubes for NADH

and NAD? extraction, respectively. Each of them was

centrifuged at 15,000 rpm for 1 min to collect cells.

300 lL 0.2 M NaOH or 300 lL 0.2 M HCl was added to

the tubes to resuspend the cells for NADH or NAD?

extraction, respectively. The samples were heated at

50 �C for 10 min and then cooled to 0 �C. The cell lysate

was neutralized by adding 300 lL 0.1 M HCl or 300 lL
0.1 M NaOH drop by drop for NADH or NAD? extrac-

tion, respectively. Both microcentrifuge tubes were cen-

trifuged at 15,000 rpm for 5 min to gather the

supernatants. All the supernatants were transferred to new

tubes and stored at -20 �C. The mixture contained equal

volumes of 1.0 M Bicine buffer (pH 8.0), absolute etha-

nol, 40 mM EDTA (pH 8.0), 4.2 mM MTT and twice as

much of 16.6 mM PES was prepared firstly, and then

placed it in a 30 �C water bath for 10 min. The reaction

system was 50 lL extract, 0.3 mL pure water, 0.6 mL

mixture and 50 lL alcohol dehydrogenase (500 U/mL) in

1 mL total volume. And it was enlarged in a cuvette. The

reaction was started when alcohol dehydrogenase was

added. The absorbance at 570 nm was determined

immediately by UV–Vis spectrophotometer for 3 min.

NADH and NAD? titres in the supernatants were deter-

mined and the intracellular content per gram cells was

calculated by comparing the slope of absorbance to

reaction time with standard curves.
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To measure the intracellular ATP concentrations under

each condition, samples were taken immediately and then

stored them at -20 �C quickly. When ATP concentrations

were measured, 1 mL of cold 30 % (w/v) trichloroacetic

acid was added to the samples (4 mL) and mixed thor-

oughly. The ATP concentrations were determined by the

BacTiter-GloTM Microbial Cell Viability assay kit on the

GloMax�Multi? Detection System (Promega, Madison,

WI, USA).

Assays were performed in triplicate.

Results and discussion

Enhanced butanol productivity in a MEC

without electron carrier

The typical batch fermentation process of C. beijerinckii

IB4 in the H-type reactor without potential applying or

electron carrier addition was investigated. This strain

demonstrated a biphasic fermentation profile, acidogenesis

phase and solventogenesis phase. The cell density

increased rapidly from 12 h and reached a maximum

OD600 of 13.25 at 28 h of cultivation (Fig. 1). After that,

the cell density started to decrease. In the fermentation

process, the glucose consumption curve (Fig. 2) showed a

close relation with the growth curve (Fig. 1). In the aci-

dogenesis phase (0–12 h), the utilization rate of glucose

was 0.33 g/L/h, of which was 1.43 g/L/h in the solvento-

genesis phase (after 12 h) (Table 1). At the end of fer-

mentation, 44 g/L of glucose was consumed in 40 h with

9.36 g/L of butanol and 4.39 g/L of acetone produced

(Fig. 3a, b). The highest acetic acid and butyric acid were

3.21 g/L and 0.72 g/L, respectively (Fig. 4a, b). And both

of them were reached at 12 h. Moreover, the yield, pro-

portion and productivity of butanol were only 0.213 g/g,

0.667 and 0.234 g/L/h, respectively (Table 2).

In order to examine the effects of electron carriers in

MEC on ABE fermentation, potential applying without

electron carriers was performed. The cathode potential was

poised at -700 mV (vs. Ag/AgCl reference electrode) by

the cyclic voltammogram method (as previous mentioned),

which matched the NR redox potential. It can be observed

from Fig. 1 that the cell growth was strongly increased

from 12 h, and there was an obvious enhancement com-

pared with the control at 16 h. After 20 h, the cell density

started to decrease. From the glucose consumption curve

(Fig. 2) and product generate curve (Fig. 3a, b), 42 g/L of

glucose was consumed in only 28 h with 9.20 g/L of

butanol and 4.15 g/L of acetone produced. So it produced

almost the same concentration of products within much

shorter time compared with the control. In comparison with

the process without potential applying, the glucose con-

sumption rate was highly enhanced (1.50 g/L/h), especially

in the acidogenesis phase (0–12 h), of which was 1.08 g/L/

h. Actually, OD600 in the acidogenesis phase didn‘t showed

a big difference between potential applying and the control,

while the concentration of products were much higher

under the potential. These findings clearly indicated that

the accelerated glucose consumption was used to produce

solvents faster. However, in the solventogenesis phase, the

stimulated cell growth was accompanied by a higher uti-

lization rate of glucose, which demonstrated that more

Fig. 1 Profiles of cell growth in batch fermentations with 50 g/L

glucose under four conditions. Typical batch fermentation was used

as control; NR(neutral red) of 0.1 mM was used as NR condition; E

indicated Electricity of -700 mV cathodic potential; ENR was

electrically reduced NR, the NR concentration was 0.1 mM and the

cathodic potential was also poised at -700 mV

Fig. 2 Profiles of glucose utilization in batch fermentations under

four conditions. The initial glucose concentrations were 50 g/L, and

four conditions were performed in H-type reactor as described in

‘‘materials and methods’’
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biomass accumulated within the fermentation system

facilitated glucose utilization. Moreover, the highest acetic

acid and butyric acid were 1.35 and 0.31 g/L, respectively

(Fig. 4a, b). Both of them were lower than that in the

control at 12 h. Hence, based on these data obtained, the

yield, proportion and productivity of butanol were calcu-

lated, of which were 0.219 g/g, 0.675 and 0.329 g/L/h,

respectively. It’s worth noting that the butanol productivity

was 40.6 % higher in the MEC without electron carrier

than in the control process.

Table 1 Effects of each

condition on glucose utilization

by C. beijerinckii IB4 in batch

fermentation

Parameters Control NR E ENR

Utilization rate of glucose (g/L/h) 1.10 ± 0.04 1.25 ± 0.05 1.50 ± 0.03 1.50 ± 0.05

Utilization rate of glucose (I)a/(g/L/h) 0.33 ± 0.02 0.42 ± 0.01 1.08 ± 0.02 1.08 ± 0.04

Utilization rate of glucose (II)b/(g/L/h) 1.43 ± 0.04 1.67 ± 0.04 1.81 ± 0.05 1.81 ± 0.02

Each value is an average of three parallel replicates and is reported as mean ± standard deviation

Each condition: typical batch fermentation was used as control; NR (neutral red) of 0.1 mM was used as

NR condition; E mean Electricity of -700 mV cathodic potential; ENR was electrically reduced NR, the

cathodic potential was also poised at -700 mV
a I: acidogenic phase
b II: solventogenic phase

Fig. 3 Profiles of solvents concentrations in batch fermentations

under four conditions. a butanol concentration; b acetone

concentration

Fig. 4 Profiles of organic acids concentrations in batch fermentations

under four conditions. a acetic acid; b butyric acid concentration
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Enhanced butanol production in a MEC

with an electron carrier

Clostridium beijerinckii are known as the Gram-positive

bacteria [2], which have a weak capacity for extracellular

electron transfer as mentioned in introduction, so electron

carrier should be used. Four electron carriers (NR, BV, MB

and MV) were selected for the best in improving butanol

production by fermenting in serum bottles. The effects of

these electronic carriers on butanol production and cell

density by C. beijerinckii IB4 were shown in Fig. 5. It

demonstrated that only NR increased both the butanol

production and cell growth compared with that in the

control condition (no electron carriers). Viologen dyes (BV

and MV) inhibited cell growth seriously, especially BV.

MB slightly increased C. beijerinckii IB4 growth, however

the butanol concentration was lower, the more metabolite

flowed to the acetone formation (data not show), Ballongue

et al.also found that MB could increase the acetone

metabolite flux [23]. Different NR concentrations

(0–0.4 mM) were added to find the optimal point. Table 3

showed that the addition of different NR concentrations did

not inhibit the cell growth. But butanol production was

increased in a narrow window of NR concentration. At

0.1 mM NR, butanol production was the highest. It was

interesting that the more NR were added, lower acetone

were produced, otherwise, the higher butanol proportion

achieved. NR can strongly bind to cell membranes [35]. It

has a redox potential of -325 mV which is similar to that

of NADH (-320 mV), and its structure is similar to that of

flavins. These characteristics suggest that NR could interact

with NADH. Studies have showed that it might consume

electrons from or offer electrons to steps that involve

NADH/NAD? or perhaps directly transfer electrons with

NADH itself [21]. Maybe the higher NAD(H) pool and

NADH/NAD? level gave rise to the butanol production.

In order to study the differences between NR addition

and electrically reduced NR, 0.1 mM NR was added into

the H-type reactor without electricity. A slightly higher cell

growth and faster glucose consumption were obtained. A

little more butanol concentration and lower acetone con-

centration were produced accompanied by 45 g/L glucose

used within 36 h. All these differences were observed after

12 h. At 12 h, the maximum acetic acid was higher while

the maximum butyric acid was lower than that in the

control. So, a slightly higher butanol proportion, yield,

productivity and glucose utilization rate were calculated.

A more effective result was shown in MEC with NR

(0.1 mM). The cathode potential was also poised at

-700 mV (vs. Ag/AgCl reference electrode). The glucose

consumption curve was almost coincide between MEC

with and without NR, which showed a 36.4 % faster than

that of the control. The two cell density curves were similar

too. The organic acids were both lower than that of the

control in the fermentation process. The differences

between MEC with and without NR were the final butanol

and acetone concentration, which were 10.50 and 3.86 g/L,

respectively. The butanol production was increased by

12.2 % compared with the control. As shown in Table 2,

higher butanol proportion and yield were obtained, which

Table 2 Effects of each

condition on ABE production

by C. beijerinckii IB4 from

glucose (50 g/L) in batch

fermentation

Parameters Control NR E ENR

Butanol/(g/L) 9.36 ± 0.2 10.05 ± 0.3 9.20 ± 0.3 10.50 ± 0.4

Acetone/(g/L) 4.39 ± 0.2 4.26 ± 0.1 4.15 ± 0.3 3.86 ± 0.2

Ethanol/(g/L) 0.28 ± 0.02 0.29 ± 0.03 0.28 ± 0.04 0.32 ± 0.03

Butanol proportion 0.667 ± 0.01 0.688 ± 0.01 0.675 ± 0.01 0.715 ± 0.01

Yielda of butanol/(g/g) 0.213 ± 0.01 0.223 ± 0.01 0.219 ± 0.01 0.250 ± 0.02

Productivity of butanol/(g/L/h) 0.234 ± 0.01 0.279 ± 0.02 0.329 ± 0.02 0.375 ± 0.02

Each value is an average of three parallel replicates and is reported as mean ± standard deviation
a The yield of butanol is defined as the amount of butanol produced from 1 g totally sugar (expressed in

g/g)

Fig. 5 The effect of various electronic carriers on butanol production

and OD600 by C. beijerinckii IB4 in sealed anaerobic bottle. The

quantity of each electron carrier was added according to the same

amounts of effective site, the concentration of methylene blue (MB)

was 0.2 mM, and others were 0.1 mM
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were enhanced to 0.715 and 0.250 g/g. Surprisingly, the

productivity of butanol reached 0.375 g/L/h, which was

enhanced by 60.3 % compared with the control.

Differences of NADH/NAD1 levels, ATP levels

and hydrogen production under various conditions

Butanol formation is constrained by NADH limitation, four

moles of NADH are consumed (by oxidation to NAD?) per

each mole of butanol produced from acetyl-CoA [20]. In

order to verify and explore the function of MEC with NR

and NR addition compared with that of the control and

potential applying without NR, the time courses of the ratio

of NADH/NAD? and the total amounts of NADH and

NAD? under each condition were determined and shown in

Figs. 6 and 7, respectively. When cathodic potential was

applied only, the ratio of NADH/NAD? was very similar

with that of the control in the whole fermentation process,

which rose continuously from 0.32 to 0.45. During the first

half of the fermentation process when NR was added, the

NADH/NAD? ratio (0.27 at 12 h) was lower than that of

the control, while it became higher and higher (the highest

level of 0.54 at 24 h) during the latter half. Electrically

reduced NR has successfully reduced intracellular NAD?

to NADH and therefore increased the ratio of NADH/

NAD? through all the fermentation process (from 0.37 at

12 h to 0.49 at 24 h). However, the amounts of NADH and

NAD? were decreased quickly after 12 h under all condi-

tions compared with that of the control. Due to the fer-

mentation results, the decreased amounts of NADH and

NAD? did not affect the distribution or production of the

main metabolic products. The trend of the ratio of NADH/

NAD? curve when NR was added demonstrated that NR

can consume the reduced power and be reduced in the

acidogenesis phase, while in the solventogenesis phase, NR

can release the reduced power and be oxidized. MEC can

offer continuous electrons to reduce NR, and the electri-

cally reduced NR can increase the available NADH, which

can enhance the production of reduced products, such as

butanol and ethanol. Hence, higher NADH/NAD? ratio,

more butanol produced, which were also confirmed in

Table 2. These results were contradicted with what Meyer

and Papoutsakis concluded [36].

For the general ABE fermentation, the only source of

ATP is through the production of acetic and butyric acid

besides the glycolytic pathway [36]. Moreover, ATP was

Table 3 The effect of NR on

butanol production, acetone

production, butanol proportion

and OD600 by C. beijerinckii

IB4 in sealed anaerobic bottle

NR (mM) Butanol/(g/L) Acetone/(g/L) Butanol proportion OD600

0 (control) 9.2 ± 0.2 3.1 ± 0.3 0.73 ± 0.2 6.9 ± 0.5

0.05 9.6 ± 0.1 3.0 ± 0.1 0.76 ± 0.1 7.6 ± 0.4

0.1 10.0 ± 0.2 2.9 ± 0.1 0.77 ± 0.1 8.0 ± 0.7

0.2 9.7 ± 0.2 2.7 ± 0.2 0.78 ± 0.2 7.8 ± 0.5

0.3 9.4 ± 0.1 2.4 ± 0.1 0.80 ± 0.1 9.5 ± 0.3

0.4 8.9 ± 0.2 2.1 ± 0.2 0.81 ± 0.1 9.6 ± 0.3

Each value is an average of three parallel replicates and is reported as mean ± standard deviation

Fig. 6 Time courses of the ratio of NADH/NAD? in batch fermen-

tations under four conditions

Fig. 7 Time courses of the total amount of NADH and NAD? in

batch fermentations under four conditions
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reported to affect the cell growth [35]. Therefore, the ATP

level was determined, as shown in Table 4, to analyze the

differences of the cell growth under various conditions.

Under the cathodic potential, the ATP level (5.92 nmol/g)

was a little lower than that of the control (6.98 nmol/g).

When NR was added, the ATP level (10.28 nmol/g)

increased obviously. It’s worth noting that MEC with NR

increased the ATP level (12.53 nmol/g). This enhancement

is caused by the transfer of electrons into the cell. Protons

are also transferred into the cytoplasm to maintain charge

neutrality, which is broken up by the transfer of electrons.

And this process cause ATP synthesis which is driven by a

proton gradient [37]. Hence, the higher ATP level is, the

more effectively the electrons transfer. But the differences

of ATP amounts didn’t explain the enhancement of cell

growth. Girbal and Soucaille reported that the in vitro

phosphotransacetylase and phosphotransbutyrylase (PTB)

and butyrate kinase (BK) activities decreased linearly with

the intracellular ATP concentration [38]. Under the con-

ditions of NR addition and MEC with NR, the production

of acetone was inhibited (Tables 2, 3). Furthermore, the

higher ratio of NADH/NAD? also guided the metabolic

flow to butanol and ethanol rather than acetone and organic

acids. These two reasons may cause to weaken the meta-

bolic strength of organic acids loop.

Hydrogen, as an end product in clostridia metabolism,

is catalyzed by hydrogenases. It is well known that

hydrogenase competes with NAD(P) reductase to oxidize

the reduced ferredoxin [39]; in another word, hydrogen

production competes with butanol production in the

typical fermentation. Hydrogen production was detected

during all the batch fermentation processes. When NR

was added, the hydrogen production(70.2 mM) was

decreased obviously compared with that of the control

(89.8 mM) (Table 4). Researches have been performing

to illustrate that NR can restrain the hydrogenase

activity, which can decrease hydrogen production [21].

This can be also understood as a method to avoid

reducing power escaping. Electrically reduced NR has

the same function, so the hydrogen production in MEC

with NR (94 mM) was much lower than that in the MEC

(131.7 mM). Surprisingly, when cathodic potential

applying, the hydrogen production was stimulated. Pro-

ducing hydrogen through the electrolysis of water at the

cathode requires a potential of at least E0 = -410 mV

(NHE) [40]. It is closed to that of NR [E0 = -325 mV

(NHE)]. This may be the reason of high hydrogen pro-

duction. In succinate production by Actinobacillus suc-

cinogenes, extra hydrogen as a potential electron donor

produced more reduced metabolites and gained addi-

tional energy for cell growth [35]. Here, electricity also

activated cell growth, and it may be due to the genera-

tion of hydrogen, the details how electricity and hydro-

gen stimulated the cell growth is still under studying in

our laboratory. Moreover, an active cell growth

enhanced by electricity does not need to synthesize ATP

through the production of acetic and butyric acid, so the

metabolic strength of organic acids loop was weaken

obviously under the potential applying.

Conclusions

In this study, the ABE fermentation by Clostridium

beijerinckii IB4 was performed in a MEC with NR,

which was selected from several electron carriers. The

butanol concentration, yield, proportion and productivity

were increased by 12.2, 17.4, 7.2 and 60.3 %, respec-

tively. When NR was added in the H-type reactor

without potential applying, the concentration of butanol

was increased, too. Electricity showed a strong

enhancement to the cell growth. The total amount of

NADH and NAD? didn‘t show an effect to the metabolic

distribution. Higher ratio of NADH/NAD? led to more

butanol production. Both of high ATP level and high

NADH/NAD? ratio weakened the organic acids loop and

inhibited the acetone formation. The results of hydrogen

production demonstrated the function of NR, which

inhibited the hydrogenase activity and kept the reducing

power not to escape. In a conclusion, a MEC can

enhance butanol production with high concentration,

yield, proportion and productivity.
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Table 4 Comparison of ATP

amounts and H2 production of

each condition by C.

beijerinckii IB4

Control NR E ENR

ATP/(nmol/g) 6.98 ± 0.12 10.28 ± 0.20 5.92 ± 0.24 12.53 ± 0.18

H2/mM 89.8 ± 0.6 70.2 ± 0.5 131.7 ± 1.0 94 ± 0.8

Each value is an average of three parallel replicates and is reported as mean ± standard deviation
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