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Abstract Cassava, due to its high starch content and
low cost, is a promising candidate substrate for large-scale
fermentation processes aimed at producing the solvents
acetone, butanol and ethanol (ABE). However, the solvent
yield from the fermentation of cassava reaches only 60% of
that achieved by fermenting corn. We have found that the
addition of ammonium acetate (CH;COONH,) to the cas-
sava medium significantly promotes solvent production
from cassava fermented by Clostridium acetobutylicum EA
2018, a mutant with a high butanol ratio. When cassava
medium was supplemented with 30 mM ammonium ace-
tate, the acetone, butanol and total solvent production
reached 5.0, 13.0 and 19.4 g/1, respectively, after 48 h of
fermentation. This level of solvent production is compara-
ble to that obtained from corn medium. Both ammonium
(NH,") and acetate (CHCOO™) were required for
increased solvent synthesis. We also demonstrated substan-
tially increased acetic and butyric acid accumulation during
the acidogenesis phase as well as greater acid re-assimila-
tion during the solventogenesis period in ammonium
acetate-supplemented cassava medium. Reverse transcrip-
tion-polymerase chain reaction analysis indicated that the
transcription of several genes encoding enzymes related to
acidogenesis and solventogenesis in C. acetobutylicum EA
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Introduction

The industrial scale production of acetone, butanol and
ethanol (ABE) through fermentation by solventogenic
clostridia was carried out throughout China until the early
1990s. This changed with the development of the petro-
chemical industry and increasing prices of the agricultural
products used as substrates for fermentation, with the result
that fermentative ABE production could not compete eco-
nomically with chemical synthetic production processes
[6]. However, with the more recent fluctuations in petro-
leum prices, ABE production by fermentation has provoked
renewed interest [9, 18]. Among the fermentation products,
butanol is not only a widely used feedstock chemical but
also an excellent biofuel that is expected to play an impor-
tant role in future fuel systems [13, 25]. Most of the major
fermentation substrates currently used are of agricultural
origin, such as corn and molasses. As the cost of the sub-
strate is one of the most influential factors impacting the
economics of fermentation products [12, 20], the increasing
price of agriculturally suitable substrates has restricted the
competitive power and long-term development of indus-
trial-scale ABE fermentation. Moreover, the National
Development and Reform Commission of China suspended
approval and/or filing of new corn processing projects at
the end of 2006 because of the rapid increase in corn prices.
As a result, researchers are now focusing on the use of
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lower cost, renewable and abundant agricultural resources
for ABE fermentation [8, 10, 19].

Cassava (Manihot esculenta ‘Crantz’), or manioc, is a
non-cereal starchy crop that has been widely planted in the
tropical regions of Africa, Asia and Latin America. The
cassava plant grows better in poor soils and harsh climates
than any other major food plant [4, 14]. Due to its low cost
and high yield of starch [7], cassava is considered to be a
potential candidate substrate for producing ABE.

Our laboratory previously obtained a hyper-butanola-
genic strain of Clostridium acetobutylicum EA 2018. When
grown on corn medium, this strain’s solvent yield, butanol
ratio, and productivity were all superior to the traditional
species [3, 24]. However, when cassava was used as the
substrate for ABE production by strain EA 2018, the titer
reached only 60% level of that of the corn fermentation
under identical conditions, indicating that optimization of
the medium is needed for improved cassava fermentation.
We have therefore carried out a study aimed at optimizing
ABE production by strain EA 2018 on a cassava substrate.
We report here that the addition of ammonium acetate
improves the solvent yield of cassava fermented by C. acet-
obutylicum EA 2018 and that this improvement was con-
sistent with the transcriptional upregulation of genes
required for acid and solvent synthesis.

Materials and methods
Strain, media, and growth conditions

Clostridium acetobutylicum EA 2018 (China Center for
Type Culture Collection—CCTCC number M 94061), the
strain used in our study, is a mutant that has hyper-butan-
olagenic production when grown on corn medium. It was
obtained by multiple rounds of N-methyl-N'-nitro-N-nitros-
oguanidine (NTG) and ethyl methane sulfonate (EMS)
mutagenesis together with selective enrichment on butanol
plates as previously described [24]. Strain EA 2018 was
maintained in 75% glycerol and stored at —70°C.

As substrates for ABE fermentation, cassava was col-
lected from Chengmai County in Hainan Province of China
and corn was kindly provided by the Tianguan Group Co.,
Henan Province, China. Cassava and corn flour (ground dry
matter) media were prepared by adding the appropriate
amount of distilled water to the flour to achieve a final
starch content of 60 g/l (the most commonly used concen-
tration in industrialized ABE fermentation processes) with-
out the addition of extra nutrients. To examine the effect of
ammonium acetate on solvent production by C. acetobutyl-
icum EA 2018 grown on cassava medium, we added vari-
ous amounts of ammonium acetate (7.5, 15, 30, 45, 60 or
75 mM) to the media before sterilization. In experiments
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examining the effect of either ammonium or acetate ions in
isolation on solvent production from cassava, ammonium
acetate was substituted with ammonium sulfate or sodium
acetate, always maintaining the molarity of ammonium or
acetate ions as described above.

The inoculum was prepared by adding strain EA 2018
maintained in 75% glycerol to 50 ml of liquid medium [23]
that contained (per liter) 0.75 g KH,PO,, 0.75 g K,HPO,,
0.4 g MgSO,, 0.01 g MnSO,, 0.01 g FeSO,-7H,0, 1.0 g
NaCl, 2.0 g asparagine, 5.0 g yeast extract, 2.0 g
(NH,),SO, and 50 g glucose. Cells were grown at 37°C for
approximately 12 h.

All fermentation experiments were conducted in 500-ml
Erlenmeyer flasks containing 250 ml of sterilized medium.
Batch fermentation was initiated by inoculating 5 ml of the
above-mentioned activated inoculum (ODgy, ~1) onto
medium. Batch cultures were incubated at 37°C for 48-64 h
inside an anaerobic chamber. All experiments were per-
formed at least in duplicate.

Analytical methods

For solvent (ABE) and acid (acetic and butyric) analysis,
samples were taken at appropriate time intervals pre-deter-
mined based on the experience of the author and centri-
fuged at 7000g for 10 min at 4°C. The supernatant was
frozen until analyzed. Acids and solvents present in culture
supernatants were identified and quantified by gas
chromatography on a GC961-A instrument (Shanghai
Jinda Biochemical Instruments, China) equipped with a
capillary column [EC-WAX (Alltech, Lexington, KY),
3.0m x 0.32 mm packed with fused silica] and a flame
ionization detector. The analysis was carried out under the
following conditions: oven temperature, programmed from
80 to 140°C at a rate of 25°C/min; injector temperature,
200°C; detector temperature, 200°C; nitrogen (carrier gas)
flow rate, 13 ml/min; hydrogen flow rate, 20 ml/min; air
flow rate, 140 ml/min. Total solvent was defined as the sum
of ABE.

The composition of cassava and corn were determined
by Beijing Pony Center for Physical and Chemical Analysis
according to Chinese National Standards (GB/T5009.5-
2003, GB/T5009.6-2003, GB/T5009.9-2003).

RNA isolation and reverse transcription-PCR analysis

Clostridium acetobutylicum EA 2018 cells were incubated
in cassava medium with or without ammonium acetate.
Samples for total RNA extraction were withdrawn at 18
(mid-acidogenesis as well as early-solventogenesis phase)
and 37 h (mid-solventogenesis phase). The sampling cul-
tures were percolated through filter paper to remove cas-
sava residue. Cell pellets were collected by centrifugation
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Table 1 Oligonucleotide primers used in the reverse transcription-PCR

Primer Sequence (5'-3") Fragment Gene Number
size (bp) name® of cycles

ask(F) TGGGATTTACTCCTCTTG 166 CACI1743 27

ask(R) TCGCTGCTTATTCCACTTA

buk(F) ATGGGTGGAGGAGTTTCT 146 CACI1660 27

buk(R) TTCCCACTAAAGCACAAT

adc(F) ACTTCGCCTGCATTTCCT 198 CAP0165 20

adc(R) AGCCTGTCCGCTTTCTGT

ctfAB(F) AAATGAGGCAGATAAAGATG 112 CAP0164 20

ctfAB(R) GTGACCACCACGGATTAG

adhE(F) GATGCAGCCGTTAAGAGT 125 CAP0162 22

adhE(R) AGTGAGGGACCACCAGTT

bdhB(F) CAGGATAGAATGGCAGAA 114 CAC3298 26

bdhB(R) AAGACTTGAAGCCCACAT

16s(F) AGCCAAAGGATTTATTCG 142 16s rRNA 12

16s(R) GTAGGAGTCTGGACCGTGT

F, Forward; R, reverse

? The definition of the genes are as follows: CAC1743, acetate kinase; CAC1660, butyrate kinase; CAP0165, acetoacetate decarboxylase;
CAPO0164, acetoacetyl-CoA:acyl-CoA transferase; CAP0162, butyraldehyde dehydrogenase; CAC3298, butanol dehydrogenase; 16s rRNA, inner

control

at 7000g for 20 min at 4°C, frozen rapidly in liquid nitrogen
and then ground into powder. RNA isolation and reverse
transcription (RT) were performed according to a previ-
ously described method [16]. The following PCR program
was used for amplification: an initial 5-min denaturation at
95°C, followed by a specific number of cycles of 30 s at
94°C, 30 s at 55°C and 30 s at 72°C, with a final incubation
at 72°C for 10 min. The primer sequences used for PCR are
listed in Table 1. Clostridium acetobutylicum 16S rRNA
was used as internal control for the RT-PCR assay. The
RT-PCR reaction products were subjected to 2% agarose
gel electrophoresis for visualization.

Statistical analysis

All experiments were performed at least in duplicate. The
data presented are the mean values of the repeated experi-
ments. One-way analysis of variance (ANOVA) was per-
formed. Differences between means below 5% (P < 0.05)
were considered to be significant.

Results

Solvent productivity of C. acetobutylicum EA 2018 grown
on corn and cassava medium

Cassava and corn are both crops that are rich in starch. The
starch, fat, and protein content of these fermentation

Table 2 Comparison of several components of corn or cassava flour
in terms of content

Samples® Main components (%, w/w)
Water Starch Fat Protein
Corn flour 11.23 £0.24 69.89 £ 1.61 6.69 £ 0.05 7.75 £ 0.09

Cassava flour 12.51 £ 0.37 80.44 +0.92 1.08 £ 0.02 2.38 £ 0.08

Values represent the mean of duplicate experiments =+ the standard
deviation (SD) between samples

# Both samples were stabilized at 25°C before testing

substrates are listed in Table 2; starch content in cassava is
relatively higher than that in corn, while the content of fat
and protein is lower. In our previous study, C. acetobutyli-
cum EA 2018 was shown to be an excellent starch-ferment-
ing strain that can grow and ferment in corn mash, yielding a
total solvent concentration of 20 g/l with a butanol ratio of
70% [24]. In order to determine the difference between cas-
sava and corn media in terms of ABE production by C. acet-
obutylicum EA 2018, batch fermentation from these two
substrates was carried out. The results are shown in Table 3.
Corn and cassava were fermented for 48 and 60 h, respec-
tively. The fermentation of cassava for this duration resulted
in solvent yields that were significantly lower than those
obtained by the fermentation of corn. In particular, acetone
and butanol yields were 43 and 30% lower than those in the
corn controls. Fermentation in cassava medium produced
22.6% less total solvents than that in corn medium. When
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Table 3 Comparison of acetone—butanol—ethanol production in batch
fermentation by Clostridium acetobutylicum EA 2018 grown in corn
and cassava medium

Characteristics and product Substrates®
Corn Cassava
Fermentation time (h) 48 60
Yield (g/1)
Ethanol 1.3 +0.1 29+0.2
Acetone 4.6 £0.1 2.6 £0.1
Butanol 14.1£0.3 99+04
Total solvent 199+ 0.5 154 +£0.7
Butanol ratio (%) 709 £0.3 64.3+0.3
Batch productivity [g/(1 h)]
Ethanol 0.027 £ 0.002 0.048 £+ 0.003
Acetone 0.096 £ 0.002 0.043 £ 0.002
Butanol 0.294 £+ 0.006 0.165 £+ 0.007
Total solvent 0.415 £ 0.006 0.257 £ 0.005

Values represent the mean of duplicate experiments = SD between
samples

4 Corn and cassava media both contain starch of 60 g/l

the fermentation time was reduced to 48 h to mimic the fer-
mentation of corn medium, the ABE titer in the cassava
medium was even further reduced to 12.1 g/, which was
39.2% lower than that in the corn medium (Fig. 1a).

Increased solvent production in cassava medium
supplemented with ammonium acetate

In order to improve cassava medium for solvent production,
we initially supplemented the medium with a mixture of
ingredients (except glucose) which would enhance the pro-
duction of ABE. In cassava medium fully supplemented in
this way, the production of solvent increased markedly,
almost achieving the same level as that obtained from corn

medium (data not shown). However, the cost of these sup-
plemental ingredients would be prohibitive in industrial
scale applications. Interestingly, a series of screening tests
carried out to determine the ingredient(s) required for
increased ABE production identified ammonium acetate as
the only effective ingredient in the supplement mixture.

When ammonium acetate was introduced into cassava
medium to a final concentration of 30 mM, the acetone,
butanol and total solvent yield increased to 5.1, 13.0 and
19.4 g/1, respectively, after 48 h of fermentation (Fig. 1b).
When the incubation was prolonged to 60 h, there was no
obvious further enhancement of solvent production. The
solvent yield from ammonium acetate-supplemented cas-
sava medium almost reached the maximum level within
48 h, while the yield for the unsupplemented control was
much lower, with 2.5 g/l acetone and 8.3 g/l butanol. These
results demonstrate that the addition of ammonium acetate
to the cassava medium not only significantly (P < 0.001)
increases solvent production by C. acetobutylicum EA 2018
within 48 h of fermentation but that it also shortens the
fermentation time by about 12 h.

Clostridium acetobutylicum starts to produce solvents at
the end of the exponential growth phase, which coincides
with a switch from acidogenesis to solventogenesis [22]. We
discovered that acid production by C. acetobutylicum EA
2018 grown in cassava medium with or without ammonium
acetate differed greatly (Fig. 2). After 20 h of fermentation,
the levels of both butyric acid and acetic acid in ammonium
acetate-supplemented medium had increased significantly,
and their maximum levels were 0.8- and 2.6-fold higher,
respectively, than that of the unsupplemented control during
the acidogenesis period. Solventogenesis was initiated
thereafter, and about 230% more acetic acid and 61% more
butyric acid were reassimilated in ammonium acetate-
supplemented medium as compared to the control.

The impact of ammonium acetate concentration on
solvent production by C. acetobutylicum EA 2018 on

Fig. 1 Comparison of solvent A B
. . 22 22
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Fig. 2 Comparison of acid production by C. acetobutylicum strain
EA 2018 grown in cassava medium either lacking ammonium acetate
(—) or supplemented with 30 mM ammonium acetate (+). The
fermentation was performed at 37°C for 64 h. Data represent the
mean =+ SD of triplicate individual experiments

cassava medium was also investigated (Fig.3). We
observed a concentration-dependent increase in solvent
production up to 30 mM ammonium acetate. At this molar-
ity, acetone and butanol concentration reached 4.7 and
12.6 g/1, respectively, almost matching the maximum level
of solvent concentration achieved by fermentation in the
corn medium. The further increase of ammonium acetate
concentration did not result in a higher yield of solvent
(Fig. 3).

Ammonium and acetate are both required for enhancing
solvent production from cassava

Having demonstrated that ammonium acetate enhanced
solvent production, we next investigated whether it was
the ammonium (NH,*) or acetate (CH;COO™) that was
required for this effect. Clostridium acetobutylicum
EA 2018 was grown on cassava medium supplemented
with either an ammonium source, ammonium sulfate
((NH,),SO,) or an acetate source, sodium acetate (CH;CO-
ONa). As shown in Fig. 4, solvent production was not
enhanced when either ammonium sulfate or sodium acetate
was added singly at the tested concentration. However,
when both sodium acetate (30 mM) and ammonium sulfate
(15 mM) were included in cassava medium, the levels of
acetone, butanol and total solvents reached 4.8, 13.2 and
19.4 g/1, respectively, which were approximately the same
as those achieved by adding 30 mM ammonium acetate.

ol O Ethanol
O Acetone
18- @ Butanol
@ Total solvents

Solvent(g/l)

L 9 .

0.0 7.5 15.0 30.0 45.0 60.0 5
Ammonium acetate conc.(mM)

Fig. 3 Solvent production by C. acetobutylicum strain EA 2018
grown in cassava medium containing increasing concentrations of
ammonium acetate. The fermentation was performed at 37°C for 48 h.
Data represent the mean % SD of triplicate individual experiments

22
0O Ethanol
20 O Acetone
186 @ Butanol
@ Total solvents
16
14 +
ERTEt
g
= 10}
72}
s L
6 L
4t
2 -
Blank Na-acetate Ammonium  Na-acetate+
sulfate Ammonium
sulfate

Fig. 4 Role of ammonium and acetate ions on solvent production
by C. acetobutylicum strain EA 2018 grown in cassava medium.
Blank No CH;COONa, Na-acetate 30 mM CH;COONa, ammonium
sulfate 15 mM (NH,),SO,, Na-acetate + ammonium sulfate 30 mM
CH;COONa and 15 mM (NH,),SO,. The fermentation was per-
formed at 37°C for 48 h. Data represent the mean & SD of triplicate
individual experiments

We therefore conclude that both the nitrogen source pro-

vided by ammonium as well as acetate were required for
enhancing solvent production from the cassava substrate.
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Effect of ammonium acetate on gene transcription of
enzymes associated with acidogenesis and solventogenesis

In order to decipher the mechanism of enhanced solvent
production by ammonium acetate at the molecular level, we
employed an RT-PCR approach to compare gene expres-
sion in C. acetobutylicum strain EA 2018 fermenting cas-
sava medium that lacked ammonium acetate or was
supplemented with ammonium acetate, respectively. For
this analysis, we chose genes that had been previously
shown to be involved in acidogenesis and solventogenesis
in clostridia [17]. The transcripts measured were ask
(encoding acetate kinase), buk (butyrate kinase), adc (ace-
toacetate decarboxylase), ctfAB (acetoacetyl-CoA/acyl-
CoA transferase), adhE (butyraldehyde dehydrogenase)
and bdhB (butanol dehydrogenase). Cells were sampled at
two time points following the initiation of fermentation.
The 18-h point represented the mid-acidogenesis as well as
the early-solventogenesis phase, and the 37-h point repre-
sented the mid-solventogenesis phase. The sequences of
gene-specific primers used in the RT-PCR analysis are pre-
sented in Table 1.

Clostridium acetobutylicum strain EA 2018 cells sam-
pled at 18 h in the presence of ammonium acetate demon-
strated an increased transcription of acidogenic (ask and
buk) and solventogenic genes (adc, ctfAB, adhE and bdhB)
(Fig. 5a). The transcriptional upregulation of ask and buk
was consistent with our observation of higher acetic and
butyric acid accumulation during the acidogenesis phase of
cassava fermentation (Fig. 2). Furthermore, when fermen-
tation proceeded for 37 h, until the mid-solventogenesis
phase, the transcript level of ctfAB, adhE and bdhB was still
maintained at higher levels in cells grown on cassava
medium supplemented with ammonium acetate. At 37 h, no
obvious difference could be detected in ask, buk and adc

ask buk adc ctfAB adhE bdhB 165 rRNA

A M-+ - + -+ -+ - ++ - + - +

Fig. 5 Reverse transcription-PCR analysis of the expression of genes
involved in acid and solvent synthesis by C. acetobutylicum strain EA
2018. ask acetate kinase, buk butyrate kinase, adc acetoacetate decar-
boxylase, ctfAB acetoacetyl-CoA/acyl-CoA transferase, adhE butyral-
dehyde dehydrogenase, bdhB butanol dehydrogenase, M DNA marker.
+ and — denote cassava medium with or without the addition of
30 mM ammonium acetate, respectively./6s rRNA was used as a load-
ing control
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gene expression in cells sampled from both media
(Fig. 5b).

Discussion

Cassava is a cost-effective source of starch which could be
used as a fermentation substrate. In our previous study, the
level of solvent produced by C. acetobutylicum EA 2018
using cassava as a substrate was sub-optimal. Our initial
hypothesis was that the abundant amylopectin contained in
cassava may limit solvent production because amylopectin
is highly branched and therefore more difficult to degrade
than amylose [21]. However, this hypothesis was incorrect
because we observed no increase in solvent production
when pullulanase, a starch debranching enzyme [5], was
added to the cassava medium with the aim of enhancing the
digestibility of amylopectin (data not shown). Therefore,
we switched our research focus towards improving the cas-
sava medium. The goal of the study reported here was to
optimize cassava medium to become a reliable, low-cost
producer of ABE. To the best of our knowledge, this is the
first report that cassava can be efficiently used in ABE pro-
duction.

It has been reported that ammonium acetate is a neces-
sary compound in synthetic medium for the growth of
C. acetobutylicum and for solvent synthesis [15]. In this
study, by screening necessary additives for solvent formation
in cassava medium, we were able to identify ammonium
acetate as a key component for improving solvent titer and
reducing the fermentation time of C. acetobutylicum EA
2018. We observed that ammonium acetate-supplemented
cassava medium was comparable to the commonly used
corn medium in terms of ABE production. Although the
level of total solvents obtained through cassava fermenta-
tion is not as high as that (24.7 g/l) obtained using starch-
containing synthetic P2 medium [11], cassava medium has
a significant potential as an industrial medium because the
cassava plant is inexpensive to grow and performs well in
poor soils.

Modifying cassava medium through the addition of
ammonium acetate provides a feasible fermentation
medium for producing ABE. We were therefore interested
in elucidating the mechanism of ammonium acetate activity
during the fermentation of cassava. Chemical analysis of
cassava and corn demonstrated that the total fat and protein
content of cassava are much lower than those of corn
(Table 2). Protein and fat provide a nitrogen source as well
as volatile fatty acids, such as acetate and butyrate, which
are key factors ensuring the expression of enzymes associ-
ated with acidogenesis and solventogenesis in ABE fer-
mentation [1, 2]. Consequently, we suggest that the low
solvent production from cassava fermentation is due to a
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lack of nitrogen and volatile fatty acids. Our results clearly
demonstrate that both nitrogen-containing ammonium ions
in addition to acetate were necessary for increased solvent
synthesis (Fig. 4). This hypothesis is also supported by the
observation that acid accumulation and reassimilation were
much higher in cassava media containing ammonium
acetate than in the control (Fig. 2). Although the increased
acetic acid yield may partially be attributed to the extra
acetate provided by ammonium acetate, the increased accu-
mulation and reassimilation of butyric acid is likely due to
ammonium acetate-activated metabolism. We conclude that
in cassava medium supplemented with ammonium acetate,
acetic acid and butyric acid are generated in abundance and
then efficiently re-utilized by C. acetobutylicum EA 2018 to
produce more acetone and butanol.

The gene expression analysis also suggested that ammo-
nium acetate upregulated the expression of enzymes
involved in acidogenesis and solventogenesis in the cassava
medium. During the early solventogenesis phase (18 h), the
increased transcription of several genes (ask, buk, adc,
ctfAB, adhE, bdhB) may contribute to enhanced solvent
production. Furthermore, ask and buk may also be responsi-
ble for the higher acetic and butyric acid accumulation that
occurred during the acidogenesis phase (Fig.2). At mid-
solventogenesis (37 h post fermentation), there were no sig-
nificant differences in the transcription levels of ask, buk
and adc, but other genes (ctfAB, adhE, bdhB) maintained
higher levels of expression in cassava medium supple-
mented with ammonium acetate. Among these genes,
expression of adhE and bdhB is tightly associated with
butanol production [17]. Therefore, their increased expres-
sion in ammonium acetate-supplemented medium from the
early- to the mid-solventogenesis period may be responsi-
ble for increased butanol yield. Finally, acetoacetyl-CoA/
acyl-CoA transferase, the product of ctfAB, is a key enzyme
required for acid reassimilation in solventogenic clostridia
[2]. Any substantially increased expression of ctfAB from
the early- to the mid-solventogenesis phase would result in
heightened acid uptake and increased solvent yield.

In summary, we conclude that ammonium acetate
enhances solvent production due to the fermentation of cas-
sava by supplying an additional source of nitrogen as well
as acetate. This supplementation in effect replaces essential
compounds present in corn but lacking in cassava. The
likely function of acetate, an important compound for ABE
fermentation, is to maintain the robust expression of
enzymes associated with acidogenesis and solventogenesis
in C. acetobutylicum growing in cassava medium. There-
fore, with the addition of 30 mM ammonium acetate to the
medium, cassava can be used to produce levels of solvent
that are nearly equal to those produced with corn. Due to
cassava being a non-cereal and its ease of cultivation and
relatively cheaper price, its application in industrial level

ABE fermentation will yield substantial economic and
social benefits.

Acknowledgments We are grateful to Prof. Peng Zhang, Dr. Jiping
Shi and Mr. Zhaobing Shen for their helpful suggestions and for pro-
viding cassava. We thank Dr. Wenping Wu for providing pullulanase
and Dr. Weiwen Zhang for editing the text. This work was supported
by the National Basic Research Program of China (973:
2007CB707803), the National High-tech Research and Development
Program of China (863: 2006AA02Z237; 863: 2007AA05Z407) and
the Knowledge Innovation Program of the Chinese Academy of
Sciences (KSCX2-YW-G-007).

References

1. Chen CK, Blaschek HP (1999) Acetate enhances solvent produc-
tion and prevent degeneration in Clostridium beijerinckii BA101.
Appl Microbiol Biotechnol 52:170-173

2. Chen CK, Blaschek HP (1999) Effect of acetate on molecular and
physiological aspects of Clostridium beijerinckii NCIMB 8052
solvent production and strain degeneration. Appl Environ Micro-
biol 65:499-505

3. Chiao JS, Sun ZH (2007) History of the acetone—butanol—ethanol
fermentation industry in China: development of continuous
production technology. J Mol Microbiol Biotechnol 13:12-14

4. Cock JH (1982) Cassava: a basic energy source in the tropics.
Science 218:755-762

5. Drummond GS, Smith EE, Whelan WJ, Tai H (1969) Mechanism
of action of pullulanase. FEBS Lett 5:85-88

6. Diirre P (1998) New insights and novel developments in clostridial
acetone/butanol/isopropanol  fermentation. Appl Microbiol
Biotechnol 49:639-648

7. El-Sharkawy MA (2004) Cassava biology and physiology. Plant
Mol Biol 56:481-501

8. Ezeji TC, Groberg M, Qureshi N, Blaschek HP (2003) Continuous
production of butanol from starch-based packing peanuts. Appl
Biochem Biotechnol 105-108:375-382

9. Ezeji TC, Qureshi N, Blaschek HP (2004) Butanol fermentation
research: upstream and downstream manipulations. Chem Rec
4:305-314

10. Ezeji T, Qureshi N, Blaschek HP (2007) Butanol production from
agricultural residues: impact of degradation products on Clostrid-
ium beijerinckii growth and butanol fermentation. Biotechnol
Bioeng 97:1460-1469

11. Jesse TW, Ezeji TC, Qureshi N, Blaschek HP (2002) Production
of butanol from starch-based waste packing peanuts and agricul-
tural waste. J Ind Microbiol Biotechnol 29:117-123

12. Jones DT, Woods DR (1986) Acetone—butanol fermentation revis-
ited. Microbiol Rev 50:484-524

13. Karakashev D, Thomsen AB, Angelidaki I (2007) Anaerobic
biotechnological approaches for production of liquid energy carri-
ers from biomass. Biotechnol Lett 29:1005-1012

14. Kawano K (2003) Thirty years of cassava breeding for productiv-
ity—biological and social factors for success. Crop Sci 43:1325-
1335

15. Ladisch MR (1991) Fermentation-derived butanol and scenarios
for its uses in energy-related applications. Enzyme Microb Technol
13:280-283

16. Lu YH, Wang WH, Shu D, Zhang WW, Chen L, Qin ZJ, Yang S,
Jiang WH (2007) Characterization of a novel two-component reg-
ulatory system involved in the regulation of both actinorhodin and
a type I polyketide in Streptomyces coelicolor. Appl Microbiol
Biotechnol 77:625-635

@ Springer



1232

J Ind Microbiol Biotechnol (2009) 36:1225-1232

17.

18.

19.

20.

21.

Nolling J, Breton G, Omelchenko MV, Makarova KS, Zeng Q,
Gibson R, Lee HM, Dubois J, Qiu D, Hitti J, Wolf Y1, Tatusov RL,
Sabathe F, Doucette-Stamm L, Soucaille P, Daly MJ, Bennett GN,
Koonin EV, Smith DR (2001) Genome sequence and comparative
analysis of the solvent-producing bacterium Clostridium acetobu-
tylicum. J Bacteriol 183:4823-4838

Qureshi N, Blaschek HP (2001) Recent advances in ABE fermen-
tation: hyper-butanol producing Clostridium beijerinckii BA101.
J Ind Microbiol Biotechnol 27:287-291

Qureshi N, Li XL, Hughes S, Saha BC, Cotta MA (2006) Butanol
production from corn fiber xylan using Clostridium acetobutyli-
cum. Biotechnol Prog 22:673-680

Qureshi N, Lolas A, Blaschek HP (2001) Soy molasses as fermen-
tation substrate for production of butanol using Clostridium
beijerinckii BA101. J Ind Microbiol Biotechnol 26:290-295
Ryan SM, Fitzgerald GF, van Sinderen D (2006) Screening for and
identification of starch-, amylopectin-, and pullulan-degrading

@ Springer

22.

23.

24.

25.

activities in bifidobacterial strains. Appl Environ Microbiol
72:5289-5296

Sauer U, Diirre P (1995) Differential induction of genes related to
solvent formation during the shift from acidogenesis to solvento-
genesis in continuous culture of Clostridium acetobutylicum.
FEMS Microbiol Lett 125:115-120

Wiesenborn DP, Rudolph FB, Papoutsakis ET (1988) Thiolase
from Clostridium acetobutylicum ATCC 824 and its role in the
synthesis of acids and solvents. Appl Environ Microbiol 54:2717—
2722

Zhang YF, Chen J, Yang YL, Jiao RS (1996) Breeding high-ration
butanol strains of Clostridium acetobutylicum and application to
industrial production. Ind Microbiol 26:1-6

Zverlov VV, Berezina O, Velikodvorskaya GA, Schwarz WH
(2006) Bacterial acetone and butanol production by industrial fer-
mentation in the Soviet Union: use of hydrolyzed agricultural
waste for biorefinery. Appl Microbiol Biotechnol 71:587-597



	Ammonium acetate enhances solvent production by Clostridium acetobutylicum EA 2018 using cassava as a fermentation medium
	Abstract
	Introduction
	Materials and methods
	Strain, media, and growth conditions
	Analytical methods
	RNA isolation and reverse transcription-PCR analysis
	Statistical analysis

	Results
	Solvent productivity of C. acetobutylicum EA 2018 grown on corn and cassava medium
	Increased solvent production in cassava medium supplemented with ammonium acetate
	Ammonium and acetate are both required for enhancing solvent production from cassava
	EVect of ammonium acetate on gene transcription of enzymes associated with acidogenesis and solventogenesis

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


