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Batch studies were performed to investigate the performance of Clostridium saccharoperbutylacetonicum
N1-4 (ATCC 13564) in acetone-butanol-ethanol (ABE) fermentation as affected by iron and initial pH in defined
TYA (Tryptone-Yeast extract-Acetate) media. Different concentrations of FeSO,.7H,0 in the TYA media were
found to influence the ABE fermentation process resulting in different ABE ratios. From the experiment with
different concentrations of FeSO,.7H,0, it was also found that lag phases at initial pH of 4.4 were longer than
those at initial pH of 6.5, however they could still have higher ABE productivity values. Addition of 0.003 g L"
FeS0,.7H,0 could give the highest ABE production with both initial pH of 6.5 and 4.4. With more than 0.01 g "
FeS0O,.7H,0, ratios of acetone to butanol (0.50-0.53) were higher at initial pH of 4.4 than those (0.26-0.28) at
initial pH of 6.5. Those differences were not obtained with low concentration of FeSO,.7H,0 among the same
initial pH. It was also confirmed that initial pH affected ABE production significantly more than FeSO,.7H,O by
statistical analysis.

Key words: acetone-butanol-ethanol (ABE), Clostridium saccharoperbutylacetonicum, glucose, initial pH,
iron, TYA medium

Suatu penelitian dilakukan untuk mengetahui kinerja dari mikroba Clostridium saccharoperbutylacetonicum
N1-4 (ATCC 13564) dalam proses fermentasi aseton-butanol-etanol (ABE) terutama pengaruh dari pH awal dan
penambahan senyawa besi ke dalam media TYA (Tryptone-Yeast extract-Acetate) yang terdefinisi. Konsentrasi
senyawa FeSO,.7H,0 yang berbeda di dalam media TYA ternyata dapat mempengaruhi proses fermentasi ABE
dan menghasilkan rasio ABE berbeda. Dari penelitian dengan menggunakan konsentrasi senyawa FeSO,.7H,0
yang berbeda-beda, juga ditemukan bahwa fase lag pada perlakuan pH awal 4,4 lebih lama daripada perlakuan pH
awal 6,5 tetapi dengan nilai produktivitas ABE yang lebih tinggi. Penambahan 0,003 g L" FeSO,.7H,0 dapat
menghasilkan produksi ABE tertinggi pada kedua perlakuan pH awal 6,5 dan 4,4. Dengan penambahan lebih dari
0,01 gL' FeSO,.7H,0, rasio aseton terhadap butanol (0,50-0,53) lebih tinggi pada perlakuan pH awal 4,4 daripada
perlakuan pH awal 6,5 (0,26-0,28). Perbedaan itu tidak ditemui pada penambahan senyawa FeSO,.7H,O dengan
konsentrasi yang lebih rendah pada pH awal yang sama. Dari analisa statistika terhadap data yang diperoleh dalam
penelitian ini, dapat dibuktikan juga bahwa pengaruh pH awal secara signifikan lebih besar daripada pengaruh
penambahan senyawa FeSO,.7H,0 terhadap proses fermentasi ABE di dalam media TYA yang terdefinisi.

Kata kunci: aseton-butanol-etanol (ABE), Clostridium saccharoperbutylacetonicum, glukosa, media TYA,
pH awal

In the fermentation process, acetone, butanol, and
ethanol are generally produced with butanol as the
major product (Qureshi et al. 2006), hence it is
generally called as butanol or ABE (acetone-butanol-
ethanol) fermentation. ABE fermentation has been
gaining a lot of interest worldwide due to the raising
production cost of petroleum-based chemicals and
fuels (Tashiro and Sonomoto 2010). In particular,
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butanol is the most promising solvent compared to
acetone and ethanol, because butanol has a lower
vapour pressure but a higher energy content, hence it is
safer and more economical. Additionally, butanol-
gasoline blends are less susceptible to separation
because butanol has a higher tolerance to water
contamination in the blends. This facilitates the use of
butanol in existing gasoline supply and distribution
channels. Butanol can also be blended with gasoline at
higher concentrations than ethanol without requiring of
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vehicles modification (Hipolito et al. 2008; Qureshi
and Blaschek 2001).

In a normal batch culture, solvent-producing
Clostridium species produce hydrogen, carbon
dioxide, acetate and butyrate during the initial growth
phase (acidogenic phase), resulting in a decrease of the
pH in the culture medium. The metabolism of the cells
then switches to solvent production (solventogenic
phase) as the culture enters the stationary growth
phase, during which the reassimilation of acids occurs
concurrently with the continued consumption of the
carbohydrate and the medium pH normally increases
(Jones and Woods 1986). The complex multibranched
fermentation pathways of Clostridium acetobutylicum
provide an excellent system for the study of metabolic
regulation in clostridia. Of particular interest are the
changes in carbon and electron flow during such
fermentation and the regulation of these changes. It is
very important to understand the factors involved in
triggering the metabolic transition and the
physiological state associated with the transition from
the acidogenic to the solventogenic phase in which the
production of solvents IS initiated and maintained. One
of'such factors is the role of nutrient limitation.

The effect of nutrient factors on the onset and
maintenance of ABE production has been investigated
by a number of workers, in both batch- and continuous-
culture systems employing Clostridium acetobutylicum,
C. beijerinckii, or C. pasteurianum strains (Heluane et
al. 2011; Amador-Noguez et al. 2010; Awang et al.
1992; Bahl and Gottschalk 1984; Dabrock et al. 1992;
Junelles, et al. 1988; Monot et al. 1982). The influence
of pH has been recognized as a key factor in determining
the outcome of ABE fermentation. Many of early reports
noted that the initiation of ABE production occurred
only after the pH had decreased to around 4.5 to 5.0, and
recent studies also confirmed that cultures maintained at
high pH produced mainly acids, whereas those
maintained at a low pH predominantly produced ABE.
Nevertheless, the pH range over which ABE formation
may occur appears to vary quite widely depending on the
particular strain and the culture conditions used. For
examples, a number of C. acetobutylicum DSM strains
could only produce ABE at below about pH 5.0 (Bahl et
al. 1982; Nishio et al. 1983), while the C.
acetobutylicum type culture strain ATCC 824 has been
reported to produce good levels of ABE between pH 5.5
and 4.3 (Monot et al.1984).

However, to the best of our knowledge, only a limited
number of studies have been done to investigate the
nutritional and environmental factors affecting the ABE
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fermentation by C. saccharoperbutylacetonicum N1-4
(ATCC 13564). In particular, the effects of nutrients
contained in the TYA (Tryptone-Yeast extract-Acetate)
medium, which has usually been used in the ABE
fermentation process by strain N1-4, such as iron,
phosphate, magnesium, ammonium, sulfate, and
potassium sources have not been investigated in detail.
There was a previous study by a research group in British
Columbia, Canada investigating the influence of culture
parameters on biological hydrogen production by C.
saccharoperbutylacetonicum ATCC 27021, but they only
focused on the hydrogen production and the parameters
they studied were the carbon and nitrogen sources, iron,
inoculum size, initial pH and agitation speed (Ferchichi et
al. 2005). The objective of the present work is to study the
effect of iron contained in the TYA media, as well as the
initial pH, on the ABE fermentation by strain N1-4 using
glucose as the substrate.

MATERIALS AND METHODS

Microorganism Preparation. For a long-term
stock culture, strain N1-4 was previously kept as spores
in sterilized sand, while for short-term storage, it was
maintained in 15% PG (potato glucose) medium
containing substances mentioned in previous reports
(Hipolito et al. 2008; Tashiro et al. 2007). For
refreshing the stock culture, per 1 mL of this stock was
transferred into 9 mL of fresh PG medium, heat-
shocked in boiling water for 1 min, cooled in iced water
for several minutes and anaerobically incubated at 30
°C for 28 h without agitation or pH control.

Pre-Culture Media. The refresh culture was then
transferred into TYA (Tryptone-Yeast extract-Acetate)
fresh medium to pre-culture the bacteria anaerobically
at 30 °C for 15 h without agitation and pH control. The
conventional TYA medium components per liter of
distilled water were 6 g of bactotryptone (Difco,
Detroit, MI, USA), 2 g of yeast extract (Difco), 3 g of
CH,COONH,, 0.5 gof KH,PO,,0.3 gofMgSO,.7H,0,
and 10 mg of FeSO,.7H,0. The initial pH of this TYA
pre-culture medium was adjusted to 6.5 with 1 N
NaOH or 1 N HCI, and glucose was then added into the
medium to constitute a 20 g L glucose concentration
before it was sterilized at 115 °C for 15 min.

Main Culture Fermentation. Main batch culture
media for the fermentation experiment were prepared
similarly to the pre-culture medium except the use of
various concentrations of FeSO,.7H,0O contained in the
TYA medium, as well as two different initial pH values,
pH 6.5 and pH 4.4. The main culture medium for each
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treatment was prepared in a 500 mL flask with the
working volume of 250 mL, glucose concentration of
20 g L, and the initial pH of 6.5 or 4.4 adjusted by
adding 1 N NaOH or 1 N HCI, after which was
sterilized at 115 °C for 15 min. The inoculum was 10%
(v/v) of the culture volume. Following inoculation, the
broth was sparged with filtered oxygen-free nitrogen
gas for 20 min to maintain strict anaerobic conditions.
All cultivations were static batch fermentations
conducted anaerobically at 30 °C without pH control
and agitation until the end of fermentation time.

Different concentrations of FeSO,.7H,O were used
in this experiment to investigate the effects of such
different iron concentrations on the ABE fermentation
by the strain N1-4 in the defined TYA media. The
concentrations used were 0, 0.003,0.01,and 0.025 g L"
FeSO,.7H,0, each of which was applied at initial pH
6.5 or 4.4 with glucose concentration of 20 g L™ as the
substrate. The 0.01 g L" FeSO,.7H,0 with initial pH
6.5 was used as the control treatment since it was the
condition normally defined fora TYA medium.

The followings are the treatment label codes
applied during the experiment (G = glucose; F =
FeSO,.7H,0; p = pH): TYA with no iron (0 g L'
FeSO,.7H,0) (negative control), initial pH 6.5 (=
GFO0p6); TYA with no iron (0 g L FeSO,.7H,0), initial
pH 4.4 (= GFOp4), TYA containing 0.003 g L
FeSO,.7H,O (iron-limited), initial pH 6.5 (= GF3p6);
TYA containing 0.003 g L FeSO,.7H,0, initial pH 4.4
(= GF3p4); TYA containing 0.01 g L" FeSO,.7H,0
(positive control), initial pH 6.5 (= GF10p6); TYA
containing 0.01 g L' FeSO,.7H,0, initial pH 4.4 (=
GF10p4); TYA containing 0.025 g L' FeSO,.7H,0
(iron-excess), initial pH 6.5 (= GF25p6); TYA
containing 0.025 g L' FeSO,.7H,0, initial pH 4.4 (=
GF25p4).

Sampling and Analysis. Sampling was performed
periodically at every 6 h. One set of the samples was
centrifuged with 20 400 x g at 4 °C for 10 min using a
high speed refrigerated micro centrifuge (TOMY MX-
300; TOMY TECH, U.S.A. Inc., Tokyo, Japan) and
supernatants were obtained. The supernatants were
analyzed for the acids and ABE concentrations using a
gas chromatograph (6890A; Agilent Technologies,
Palo Alto, Ca, USA) equipped with a flame ionization
detector and a 15-m capillary column (Innowax; i.d.
0.53 mm; 19095N-121; Agilent Technologies) using
isobutanol as the internal standard with 1 M HCI
(Tashiro et al. 2004). The glucose concentration in the
supernatant was determined with a glucose analyzer
(Biosensor BF-5; Oji Scientific Instrument, Osaka,
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Japan). Another set of the samples was directly
analyzed for the pH, the bacterial density and the total
sugar concentration. The pH values were measured
using the pH-meter. The bacterial growth was
monitored over time as the culture turbidity (OD 562
nm) with a spectrophotometer (V-530; JASCO, Tokyo,
Japan). The residual total sugar was measured by a
spectrophotometer (V-530) applying the phenol-
sulfuric-acid method described in detail elsewhere
(Dubois et al. 1956).

Calculation and Statistical Analysis. As
mentioned previously (Jesse et al. 2002), the ABE
concentration (g L") was defined as the difference
between the ABE at the indicated fermentation time
and that at the beginning of period. The ABE yield (ggT
S™) was calculated as the ABE (g L") produced at the
indicated fermentation time divided by the total sugar
(g L") being utilized at the same period (Formanek et
al. 1997). These definitions were also used to calculate
the concentration of each product (acetone, butanol, or
ethanol) and the butanol yield (ggT S'). The ABE
productivity (g L'h") was defined as the ABE
concentration (g L") produced per hour. The ABE ratio
was defined as the ratio of acetone:butanol:ethanol by
using butanol as the standard of calculation.

Statistical analysis was carried out with Microsoft
Office Excel 2003 ANOVA Two-Factor without
Replication (Microsoft Inc., USA). It was defined that
if P-value < 0.05 and F-value F-critical, it could be
suggested that there was a significant effect of the
treatment variations (nutrient concentrations or initial
pH) on the ABE fermentation process (production of
acetone, butanol, ethanol, or ABE) (Devore and Peck
1993).

RESULTS

Lag phases at initial pH of 4.4 were longer than
those at initial pH of 6.5, however, the ABE production
with initial pH 4.4 in each iron concentration applied
was higher (Fig 1A and B, Fig 2A, Table 1). The ABE
productivity was calculated at 48 h fermentation
period, since the maximum ABE concentrations in
almost all treatments, especially those with initial pH
4.4, could be obtained after this period. The highest
ABE concentration (11 g L™ as stated in Table 1) was
achieved at 48 h by adding 0.003 g L FeSO,.7H,0 into
the TYA medium with initial pH 4.4. Comparing the
treatments added by the same iron concentrations but
different initial pH, it was revealed that all such
treatments with initial pH 4.4 could obtain higher ABE
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yield and productivity. Using 0.025 g L' FeSO,.7H,0
at initial pH 6.5, strain N1-4 could obtain 0.31 ggT S”,
0.41ggTS",and0.18 gL"'h" for the butanol yield, ABE
yield, and ABE productivity, respectively, but at initial

A 12

ABE Concentration (g L)
[@)
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0.38ggTS",0.51ggTS",and0.22 gL "h", respectively
with initialpH 4.4, and 6.8 g L, 0.32 ggT S™, 0.43 ggT
S”, and 0.19 g L"h", respectively with initial pH 6.5
(Table 1). Hence it could be proposed that the optimum
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Fig 1 ABE concentration (A) and glucose consumption (B) during ABE fermentation by C. saccharoperbutylacetonicum N1-4
(ATCC 13564) using glucose with different FeSO,.7H,0 concentrations in defined TYA media. Fermentation conditions:
initial pH = 6.5 or 4.4; working volume = 250 ml; static batch culture without pH control. Symbols: () GFOp6; ()
GFOp4; (m) GF3p6; (1) GF3p4; (A ) GF10p6*; () GF10p4; (@) GF25p6; (o) GF25p4.

pH 4.4 it could obtain higher values of such
parameters, which were 0.32 ggT S™, 0.50 ggT S, and
0.22gL"'h", respectively (Table 1).

Addition of 0.003 g L' FeSO,.7H,0 gave the
highest ABE production with either initial pH 4.4 or
6.5, with the values of butanol concentration, butanol
yield, ABE yield, and ABE productivity were 7.9 g ",

condition for strain N1-4 to produce high ABE ina TYA
medium with glucose as the substrate is by using 0.003
g L' FeSO,-7H,0. Interestingly, the treatment GFOp4
(using no iron with initial pH 4.4) could be suggested as
the more efficient condition than treatment GF10p6*
(using 0.01 g L FeSO,.7H,0 with initial pH 6.5 as the
positive control treatment), since strain N1-4 in GFOp4
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Table 1 Effect of different FeSO,.7H,0 concentrations and initial pH on ABE fermentation by Clostridium
saccharoperbutylacetonicum N1-4 (ATCC 13564) using glucose in defined TYA media at 48 h fermentation time

C-Sources  Acetone  Butanol Ethanol ABE  Consumed ABE Butanol ABE ABE
(gL (gL  (gL") (gL") substrate ratio yield yield  productivity
(gL (2eTS") (ggTS") (gL'
GFOp6 3.0 5.7 0.34 9.1 21 0.53:1:0.06 0.28 0.44 0.19
GFOp4 34 6.3 0.47 10 20 0.53:1:0.07 0.31 0.49 0.21
GF3p6 2.1 6.8 0.20 9.1 21 0.31:1:0.03 0.32 0.43 0.19
GF3p4 2.5 7.9 0.26 11 21 0.32:1:0.03 0.38 0.51 0.22
GF10p6* 1.7 6.1 0.37 8.2 21 0.28:1:0.06 0.29 0.39 0.17
GF10p4 3.0 6.0 0.51 9.6 22 0.50:1:0.08 0.27 0.43 0.20
GF25p6 1.7 6.8 0.35 8.9 22 0.26:1:0.05 0.31 0.41 0.18
GF25p4 3.5 6.8 0.33 11 21 0.51:1:0.05 0.32 0.50 0.22

The followings are the treatment label codes applied during the experiment (G = glucose; F =FeS0O,.7H,0; p =pH): TYA with
noiron (0 g L' FeSO,.7H,0) (negative control), initial pH 6.5 (= GF0p6); TYA with no iron (0 g L" FeSO,.7H,0), initial pH 4.4
(= GFOp4); TYA containing 0.003 g L" FeSO,.7H,O (iron-limited), initial pH 6.5 (= GF3p6); TYA containing 0.003 g L'
FeS0,.7H,0, initial pH 4.4 (= GF3p4); TYA containing 0.01 g L" FeSO,.7H,0 (positive control), initial pH 6.5 (= GF10p6*);
TYA containing 0.01 g L" FeSO,.7H,0, initial pH 4.4 (=GF10p4); TYA containing 0.025 g L"' FeSO,.7H,0 (iron-excess),
initial pH 6.5 (= GF25p6); TYA containing 0.025 g L' FeSO,.7H,0, initial pH 4.4 (= GF25p4).

could obtain higher yields of butanol and ABE as well
as higher ABE productivity than in GF10p6*. In
addition, strain N1-4 in treatment GFOp6 (the negative
control treatment) could also produce higher ABE yield
and productivity than in GF10p6*.

The ABE ratio in treatments using different iron
concentrations but the same initial pH could be
changed, as well as the ABE ratio in treatments using the
same iron concentration but different initial pH values
(Table 1). The ABE ratio with initial pH 6.5 using
different iron concentrations in treatment GFOp6 was
0.53:1:0.06, but in treatment GF3p6 it changed to
0.31:1:0.03, then to 0.28:1:0.06 in treatment GF10p6
(the positive control), and to 0.26:1:0.05 in treatment
GF25p6. Similarly, the ABE ratio with initial pH 4.4 in
treatment GFOp4 was 0.53:1:0.07, but then it could
change to 0.32:1:0.03 in treatment GF3p4, or to
0.50:1:0.08 in treatment GF10p4, or to 0.51:1:0.05 in
treatment GF25p4. The ABE ratio changes in treatments
by using the same iron concentration but different initial
pH values was clearly demonstrated in treatments which
used 0.010 g L" or higher concentrations. In treatment
GFOp6 the ABE ratio was 0.53:1:0.06, which was
almost similar to the ratio in treatment GFOp4
(0.53:1:0.07). Also in treatment GF3p6 the ratio was
0.31:1:0.03, almost similar to that in treatment GF3p4
(0.32:1:0.03). Howeyver, in treatment GF10p6 the ratio
was 0.28:1:0.06, that very much different from the ratio
in treatment GF10p4 (0.50:1:0.08); also the ratio in

treatment GF25p6 was 0.26:1:0.05, very much different
from the ratio in treatment GF25p4 (0.51:1:0.05). Since
the ethanol concentration was very low compared to
those of acetone and butanol, the ABE ratio could be
expressed as the ratio of acetone to butanol only. It was
found that with more than 0.01 g L" FeSO,.7H,0, ABE
ratios of acetone to butanol (0.50-0.53) were higher at
initial pH of 4.4 than that (0.26-0.28) at initial pH of 6.5,
while those differences were not obtained with low
concentration of FeSO,.7H,O among the same initial pH
(Table 1).

The pH on all media with initial pH 6.5
demonstrates a similar trend, which was decreasing up
to 6 h, then increasing as the ABE production initiated,
except in the medium GFOp6 that slightly decreasing
again after 18 h up to the end of sampling period (Fig
2B). The trend of pH change in media with initial pH
4.4 was different from those with initial pH 6.5. The pH
on all media with initial pH 4.4 were all increasing
from the beginning until the end of fermentation time,
except in the treatment GFOp4 in which the pH started
to decrease after 30 h.

Initial pH affected total ABE significantly more
than FeSO,.7H,0 by statistical analysis (Table 2). Data
in Table 2 indicate that only the initial pH effect on
ABE has the P-value < 0.05 (P-value = 0.003) and F-
value > F-critical, meaning that the initial pH had a
significant effect on the ABE production by strain N1-
4, and that the effect of initial pH was much greater than
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the effect of FeSO,.7H,0 different concentrations on
the ABE production in the TYA media using glucose as
the substrate.

Finally, from the experiment using different
concentration of FeSO,.7H,0, it can be concluded that

A

Bacterial density (OD562)
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FeSO,.7H,0 by statistical analysis.

DISCUSSION

During the course of glucose fermentation by

0 10 20
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Fermentation Time (h)

pH on media

0 10 20

30 40 50

Fermentation Time (h)

Fig 2 Bacterial density (A) and pH on media (B) during ABE fermentation by C. saccharoperbutylacetonicum N1-4 (ATCC
13564) using glucose with different FeSO,.7H,O concentrations in defined TYA media. Fermentation conditions: initial
pH=16.5 or 4.4; working volume =250 mL; static batch culture without pH control. Symbols: () GFOp6; ( ) GFOp4;
(mm) GF3p6; (7)) GF3p4; (A ) GF10p6*; () GF10p4; (@) GF25p6; (©) GF25p4.

even though the lag phases at initial pH of 4.4 were
longer than those at initial pH of 6.5, however they
could still have higher ABE productivity values. It was
demonstrated that the addition of 0.003 g L’
FeSO,.7H,0 gave the highest ABE production with
both initial pH of 6.5 and 4.4. With more than 0.01 g L"
FeSO,.7H,0, ABE ratios of acetone to butanol (0.50-
0.53) were higher at initial pH of 4.4 than that (0.26-
0.28) at initial pH of 6.5, while those differences were
not obtained with low concentration of FeSO,.7H,0O
among the same initial pH. It was also confirmed that
initial pH affected total ABE significantly more than

ABE-producing Clostridia bacteria, the electron flow
is first directed to hydrogen production and the carbon
flow to acid biosynthesis (acetic and butyric acids).
The breakdown of glucose to acetyl coenzyme A
provides the cell with reducing equivalents. To recycle
NAD', NADH is oxidized by NADH ferredoxin
reductase, while hydrogenase oxidizes reduced
ferredoxins to produce molecular hydrogen (Adams et
al. 1980). On the other hand, the solventogenic phase is
initiated with accumulation of the fatty acids; both
electron and carbon flows are directed to ABE
production via ferredoxins NAD(P)" reductase also
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Table 2 Results of statistical analysis using ANOVA Two-Factor without replication for the effect of FeSO,.7H,0
concentrations and initial pH on ABE fermentation by C. saccharoperbutylacetonicum N1-4 (ATCC 13564) using

glucose as the substrate in defined TYA media

Source of Variation F P-value  F-critical
FeSO,.7H,0 concentrations effect on acetone 1.4 0.40 9.3
Initial pH effect on acetone 7.5 0.072 10
FeSO,.7H,0 concentrations effect on butanol 5.9 0.090 9.3
Initial pH effect on butanol 21 0.24 10
FeSO,.7H,0 concentrations effect on ethanol 6.2 0.084 9.3
Initial pH effect on ethanol 4.4 0.13 10
FeSO,.7H,0 concentrations effect on ABE 8.4 0.057 9.3
Initial pH effect on ABE 78 0.003 10

aldehyde and alcohol dehydrogenases. ABE-
producing Clostridia bacteria were known to posses the
metalloenzymes, hydrogenase and NADH-ferredoxin
reductase, which mediate hydrogen formation
containing iron clusters and a unique type of Fe-S
centre termed the H, cluster (Adams 1990; Santangelo
etal. 1995). The iron clusters serve to transfer electrons
between the hydrogen cluster and the external electron
carrier (Adams 1990). Hence, it was expected that iron
supplementation would facilitate hydrogenase
biosynthesis and hydrogen evolution, whereas iron
limitation could severely affect the enzyme's
biosynthesis and function which would then shift the
metabolic pathway to ABE production (Bahl et al.
1986; Ferchichi et al. 2005; Peguin and Soucaille
1995).

Our results demonstrated that under FeSO,.7H,O-
limited conditions, strain N1-4 could produce higher
ABE concentrations than under positive control
conditions which were usually applied in our ABE
group using high iron concentration. These were in
agreement with previous studies employing C.
acetobutylicum (Bahl et al. 1986; Junelles at al. 1988).
The data obtained by Junelles et al. (1988) clearly
showed that FeSO,.7H,0O limitation causes a decrease
of hydrogenase specific activity and under
FeSO,.7H,0 limitation, acid production is limited but
butanol production specifically enhanced by alteration
of the carbon and electron pathways present in C.
acetobutylicum. Their results were in agreement with
those of Kim ef al. (1984), Meyer et al. (1986),
Dabrock et al. (1992), and of Datta and Zeikus (1985),
who used carbon monoxide to inhibit hydrogenase

eitherin C. acetobutylicum or C. pasteurianum.

Aprevious study by Bahl ez al. (1986) also revealed
that under FeSO,.7H,O limitation, lactate instead of
butyrate and acetate became the predominant product
at pH >5, whereas at lower pH the lactic acid was
replaced by butanol production; the highest butanol
production was found at pH 4.4 . Our results similarly
display the higher lactate production under
FeSO,.7H,O-limited TYA medium with initial pH 6.5
than that with initial pH 4.4 (data not shown). On the
other hand, under FeSO,.7H,O-limited TYA medium
with initial pH 4.4 there was a higher butanol
production than that with initial pH 6.5. This could be
suggested to be caused by a partial inactivation of the
hydrogenase enzyme at low pH as found by Andersch
et al. (1983); inhibition of hydrogenase enzyme
resulted in an increase in the butanol production.

In addition, ABE-producing Clostridia bacteria
need iron ions for the growth and ABE production
(Gottschalk 1986), therefore Fe*" is supplemented in
the medium at 10°- 10™ M. It was found in a study by
Ogata et al. (1986) also employing strain N1-4, that
Fe”" was accumulated from the medium by the cells in
proportion to their growth, and more of it was
selectively accumulated into the cell walls than any of
the other metal ions. They also found that the Fe ions
were removed from the medium throughout the log
phase and the removal rate was very high at the middle
to late log phase (6-12 h). It was then confirmed that
there is a close relationship between Fe’" uptake and
cell growth with butanol production. Nevertheless, it
was not clear that Fe’” had a high affinity with the
peptidoglycan moiety of cell wall by in vivo and in vitro
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accumulation tests; the protoplasmic membrane also
contained Fe at a high level. The selective assimilation
of Fe in cell wall peptidoglycan was thought to be the
first step in its transport into the protoplasmic
membrane and protoplasm. There, many ferredoxins
and other Fe-containing compounds must act in cell
growth and butanol production. Interestingly, the data
of our study show that strain N1-4 could still grow and
produce ABE yields, although in lower states than the
other treatments, in the negative control treatments
with no addition of FeSO,.7H,0 into the TYA media at
both initial pH values (pH 4.4 or pH 6.5). Therefore, it
could be suggested that the FeSO,.7H,O is not the
limiting factor for the growth and ABE production of
strain N1-4 using glucose as the substrate in the
chemically defined TYA medium.

Our statistical analysis resulted that the initial pH
had a significant effect on the ABE production by strain
N1-4, and that the effect of initial pH was much greater
than the effect of FeSO,.7H,O concentrations on ABE
production in the TYA media using glucose as the
substrate. These were in accordance with previous
studies employing a number of C. acetobutylicum DSM
strains, which reported the ABE production only below
about pH 5.0 using such strains (Andersch et al. 1983;
Bahl et al. 1984; Nishio ef al. 1983). Additionally, it
was known than at pH 6.0 only 6% of the total amount
of butyrate is in the undissociated form, whereas at pH
4.5, 66% occurs in the undissociated form (Jones and
Woods 1986); therefore it could be the reason of higher
ABE production with initial pH 4.4 than with initial pH
6.5 as obtained in our experiment. To the best of our
knowledge, our study can be considered as a novel
study about the effect of nutrients and initial pH on the
ABE fermentation by strain N1-4 in the defined TYA
media.
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