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Abstract: Klebsiella oxytoca P2(pC46), an ethanol-
producing recombinant, has been evaluated in fermen-
tation of maltose and starch. The maximum ethanol pro-
duced by P2(pC46) was 0.34 g ethanol/g maltose and
0.38, 0.40, or 0.36 g ethanol/g starch in fermentation of 1,
2, or 4% starch, representing 68, 71, and 64% the theo-
retical yield. The pC46 plasmid transformed to cells of K.
oxytoca P2 reduced the ethanol production from maltose
and starch. In fermentation of starch after its digestion at
60°C for 24 h, in two-step fermentation, the time for
maximum ethanol production was reduced to 12–24 h
and the theoretical yield was around 90%. The increase
in starch concentration resulted in lower a-amylase ac-
tivity but in higher pullulanase activity. The high activity
and thermostability of the amylolytic enzymes from this
transformant suggest that it has a potential for amylo-
lytic enzymes source. © 1999 John Wiley & Sons, Inc. Bio-
technol Bioeng 65: 673–676, 1999.
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INTRODUCTION

Different strategies have been tested for ethanol production
from starch, such as its hydrolysis before fermentation (Kim
et al., 1988); simultaneous saccharification and fermenta-
tion with mixed culture using amylolytic and fermenting
microorganism (Tanaka et al. 1986; Han and Steinberg,
1987; Kurosawa et al., 1989); and use of amylolytic en-
zymes and fermenting microorganism or direct fermentation
of starch by a microorganism that produces amylolytic en-
zymes and performs alcohol fermentation (Park et al., 1996;
Nakamura et al., 1997). The commercial enzymes used for
starch digestion represent a significant cost in the fermen-
tation process.

Ethanologenic strains ofEscherichia coliandKlebsiella
oxytocacarrying genes for pyruvate decarboxylase (pdc)
and alcohol dehydrogenase II (adhB) from Zymomonas mo-
bilis have been developed (Beall et al., 1991; Ohta et al.,

1991a,b; Burchhardt and Ingram, 1992; Wood and Ingram,
1992). K. oxytocaP2 is able to transport and metabolize
xylo-oligosaccharides (Burchhardt and Ingram, 1992) and
gluco-oligosaccharides, products of starch hydrolysis (Al-
Zaag, 1989; Wood and Ingram, 1992) and to produce etha-
nol from starch (Santos et al., 1998). It is expected thatK.
oxytocatransformed with plasmids carrying genes for ther-
mostable amylolytic enzymes can promote efficient hydro-
lysis and fermentation of starch.

The objective of the present study was to evaluate the
fermentation of maltose and starch byK. oxytocaP2 trans-
formed with plasmid carrying thermostablea-amylase and
pullulanase genes. The thermostability of these enzymes is
important, considering that the industrial starch saccharifi-
cation is usually done at temperatures higher than 60°C.

MATERIAL AND METHODS

Bacterial Strain

K. oxytocaP2 (Wood and Ingram, 1992) transformed with
pC46 plasmid was used in this study. The pC46 (17.8 kbp)
was constructed by cloning a 2.5-kbpEcoRI fragment from
pCOS2EMBL (Poustka et al., 1984) containing the tetracy-
cline gene into pLOI568, after partial digestion withEcoRI,
to permit the plasmid selection in strain P2. The pLOI568
contains the ampicillin gene and thea-amylase gene from
Bacillus stearothermophilus(Mielenz and Mickel, 1985)
and the pullulanase gene fromThermoanaerobium brockii
(Coleman and McAlister, 1986; Coleman et al., 1987). The
pC46 was quite stable in strain P2, with 92% stability/96 h
incubation. The stock culture was grown at 30°C/18–24 h,
in Luria broth medium (LBM), containing per liter: 10 g of
tryptone, 5 g of yeast extract, 5 g of NaCl, supplemented
with 2% maltose plus 40 mg/L chloramphenicol and 12.5
mg/L tetracycline. The cells were maintained at −20°C in
LBM + 40% glycerol.

The inoculum was prepared by transferring cells fromCorrespondence to:V. dos Santos
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stock-culture to LBM agar and incubated at 30°C/12–18 h.
Isolated ethanologenic colonies from the agar medium (San-
tos et al., 1998) were inoculated in LBM broth and incu-
bated at 30°C/18–24 h. The cells were centrifuged at 7000g/
10 min, and the cell mass was added to the fermentation
medium to make 0.1 OD (550 nm) as final cell concentra-
tion.

One- Step Fermentation

Fermentation was carried out in 500-mL Fleakers with 200
mL of LB broth with 5% maltose or 1, 2, or 4% starch, 40
mg/L chloramphenicol, and 12.5 mg/L tetracycline, and the
mixtures were incubated at 30°C/96 h, pH 6.0, and 100 rpm
in pH-controlled fermenter (Beall et al., 1991). Maltose so-
lution was sterilized separately by filtration. The medium
with starch was cooked in a water-bath before autoclaving.
During fermentation, samples of 5.0 mL were collected at
12-h intervals for determination of ethanol concentration
anda-amylase and pullulanase activities.

Two-Step Fermentation

Cells harvested from a previous fermentation in LB broth +
5% maltose at 30°C for 72 h were added to 200 mL of LB
medium with 1, 2, or 4% starch, heated for 10 min at 70°C,
and then kept at 60°C for 24 h. The digested mixture was
cooled to 30°C, and tetracycline (12.5 mg/L), chloramphen-
icol (40 mg/L), and inoculum were added to make 0.1 OD
(550 nm). Fermentation was conducted at 30°C for 96 h, pH
6.0, and stirring at 100 rpm. Samples were removed at 12-h
intervals for ethanol determination.

Analyses

Ethanol concentration was determined by gas chromatogra-
phy (Hewlett Packard 5890, Series II Plus) equipped with a
flame ionization detector and a HP Wax (polyethylene gly-
col) column. The dilution caused by the addition of 2N
KOH was considered for ethanol determination. The theo-
retical yield was determined based on the total sugar present
in the medium. Maximum yield was considered to be 0.56
g of ethanol/g of starch and 0.53 g of ethanol/g of maltose.
The results were the average of three or more fermentations
with two replications.

The concentration of the residual sugars, glucose and
maltose, produced during fermentation was determined with
an HPLC chromatograph equipped with a refraction index
detector and an Aminex HPX-87H (7.8 × 300 mm) column
(Bio-Rad), using 5 mM sulfuric acid as the mobile phase at
a flow of 0.7 mL/min at 60°C.

The a-amylase and pullulanase activities were deter-
mined in the cellsof K. oxytocaP2(pC46) and in the su-
pernatant obtained after centrifugation of 4 mL of fermented
medium at 10,000g for 10 min and washed with 2 mL of 10
mM Tris-HCl, pH 6.0. The pellet was resuspended in 2 mL
of 0.5-M mannitol, 1 mM EDTA, and lysozyme (1 mg/mL)

and incubated at room temperature for 1 h. The cell sus-
pension was maintained in an ice-bath, and the cells were
disrupted in a sonicator (ultrasonic homogenizer Cole-
Parmer, Series 36260), with two pulses of 15 s with 20 s
interval. Thea-amylase activity was assayed by measuring
the reducing sugars liberated from the soluble starch when
200 mL of the enzyme was mixed with 200mL of 2%
soluble starch in 40 mM potassium phosphate buffer, pH
6.0/1 mM CaCl2, and incubated at 70°C for 30 min. The
reaction mixture for pullulanase activity contained 200mL
of 1% pullulan in 40 mM sodium phosphate–citrate buffer,
pH 6.0, and 200mL of the diluted enzyme and was incu-
bated at 60°C for 30 min. One unit ofa-amylase or pullu-
lanase activity was defined as the amount of enzyme that
liberated 1mmol of reducing sugar/mL/min, using maltose
as a standard. Reducing sugars were estimated by the dini-
trosalicylic acid (DNS) method (Miller, 1959).

RESULTS AND DISCUSSION

The fermentation capacity ofK. oxytocaP2(pC46) was ana-
lyzed in LB medium with 5% maltose or 1, 2, or 4% starch

Figure 1. Ethanol production byK. oxytocaP2(pC46). Fermentation in
LBM with 1% (l), 2% (j), or 4% (m) of starch or 5% maltose (open
tilted squares) in pH controlled at 6.0, incubation at 30°C, and stirring at
100 rpm.

Figure 2. Ethanol production byKlebsiella oxytocaP2(pC46). Two-step
fermentation in LBM with 1% (l), 2% (j), or 4% (m) starch in pH
controlled at 6.0, incubation at 30°C, and stirring at 100 rpm.
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(Fig. 1). The fermentation of 5% maltose resulted in 19 g of
ethanol/L as maximum yield observed at 72 h. The presence
of pC46 reduced the ethanol production ofK. oxytocaP2
from 25 to 33% as compared to the originalK. oxytocaP2
(Santos et al., 1998). Several authors reported that the se-
cretion of enzymes at high levels frequently affects the nor-
mal cell processes (Coleman et al., 1987; Burchhardt and
Ingram, 1992, Kurland and Dong, 1996; Viaplana et al.,
1997). According to Wood and Ingram (1992), the presence
of plasmids, encoding endoglucanases fromClostridium
thermocellum, reduced the final cell density and ethanol
yield in glucose fermentations ofKlebsiella oxytoca. The
increase in starch concentration resulted in increase of etha-
nol yield (Table 1) and the maximum ethanol concentration
was observed between 36 and 48 h of incubation, represent-
ing 68, 71, and 64% of the theoretical yield (Fig. 1) for 1, 2,
or 4% starch, respectively.

K. oxytocaP2 has a higher ethanol yield at 30°C but
higher growth at 37°C (Burchhardt and Ingram, 1992);
however, the pullulanase anda-amylase activities of
P2(pC46) are higher at 60 and 70°C, respectively (Santos,
1997). Considering the difference in temperature for growth
and for enzyme activity, experiments were conducted by
digesting the starch at 60°C prior to fermentation (two-step
fermentation). The maximum ethanol production was ob-
served at 24 h of fermentation (Fig. 2) as compared to 36–48
h for one-step fermentation (Fig. 1) representing 96.0, 89.2,
and 89.0% of the theoretical ethanol yield for 1, 2, or 4% of
starch, respectively. The hydrolysis of starch prior to fer-
mentation resulted in higher volumetric productivity (0.28,
0.53, and 1.27 for 1, 2, or 4% of starch) as compared to the
one-step fermentation process (Table I). A high level of
reducing sugars liberated during the high temperature di-
gestion resulted in faster fermentation. The lysate of
P2(pC46) after its growth on 4% starch resulted in 20.5 mM
of glucose and 36.8 mM of maltose. High levels of hydro-
lytic enzymes would be advantageous at the beginning of
fermentation to increase reducing sugars for fermentation.
Sills et al. (1984) and Wilson et al. (1982) reported that
insufficient glucoamylase activity was the main limiting
factor for direct starch fermentation bySchwanniomyces
spp.

The ethanol yield for maltose and starch fermentation
observed by Guimara˜es et al. (1992) usingE. coli KO11,
harboring plasmids with genes for starch hidrolysis was

lower than the ones observed with P2(pC46) in this study.
The better ethanol production ofK. oxytocacould be due to
its higher capacity of metabolizing gluco-oligosaccharides.

The intra- and extracellulara-amylase activity of
P2(pC46) at the maximum ethanol yield in different starch
concentration is indicated in Table I. The increase in starch
concentration resulted in increase of cell mass, in the etha-
nol concentration, and in the extracellular enzyme activity,
but the intracellular enzyme activity was decreased.

A relationship between production of amylolytic en-
zymes and starch concentration in the medium has been
reported by several authors (Srivastava and Baruah, 1986;
Wind et al., 1994; Nakamura et al., 1997), with contradic-
tory results. Srivastava and Baruah (1986) observed that the
optimum starch concentration fora-amylase production by
B. stearothermophiluswas 30 g/L, and that higher and
lower concentrations resulted in lowera-amylase produc-
tion. According to Wind et al. (1994), the highest produc-
tion of a-amylase byB. stearothermophiluswas observed
with the lowest starch concentration. These investigators
suggested that the inverse relationship between starch con-
centration and enzyme activity could result from the repres-
sion ofa-amylase synthesis by products of starch hydrolysis
or from differences in available O2, which is affected by the
change in medium viscosity in the presence of high starch
concentrations.

The pullulanase activity at the maximum ethanol yield
increased with starch concentration (Table I); however, the
maximum activity was observed during the stationary
growth phase of the culture. About 80% the amylolytic
enzymes activity observed in this study were associated
with the cells, suggesting limitation in the secretion system
of the cells.

The high amylolytic activity of P2(pC46) observed in
fermentation of starch represents a potential for the produc-
tion of active and thermostable amylolytic enzymes for in-
dustrial use or for ethanol production.

References

Al-Zaag A. 1989. Molecular cloning of cellobiose and otherb-glucosidase
determinants fromKlebsiella oxytoca. J Biotechnol 12:79–86.

Beall DS, Ohta K, Ingram LO. 1991. Parametric studies of ethanol pro-
duction from xylose and other sugars by recombinantEscherichia coli.
Biotechnol Bioeng 38:296–303.

Table I. Maximum ethanol production and maximum extracellular (extra) and intracellular (intra)a-amylase and pullulanase activities ofK. oxytocaP2
(pC46) in one-step starch fermentation.

%
starch

Time
(h)

Cellular
mass
(g/L)a

Ethanol
VP

(g/L/h)b

a-Amylase (U) Pullulanase (U)

g/L g/g starch Intra Extra Intra Extra

1 36 0.75 3.80 0.38 0.20 86.67 15.00 0.50 0.08
2 36 1.12 8.00 0.40 0.54 75.10 17.00 0.79 0.11
4 48 1.41 14.54 0.36 0.63 56.79 17.00 0.80 0.12

aCellular mass was calculated from the OD at 550 nm (approximately 0.33 g dry weight per liter/OD unit).
bVP, volumetric productivity.

COMMUNICATION TO THE EDITOR 675



Burchhardt G, Ingram LO. 1992. Conversion of xylan to ethanol by etha-
nologenic strains ofEscherichia coliand Klebsiella oxytoca. Appl
Environ Microbiol 58:1128–1133.

Coleman RD, McAlister MP. 1986. Plasmids containing a gene coding for
a thermostable pullulanase and pullulanase-producing strains ofEsch-
erichia coli andBacillus subitiliscontaining the plasmids. US Patent
No. 4,612,287.

Coleman RD, Yang SS, McAlister MP. 1987. Cloning of the debranching-
enzyme gene fromThermoanaerobium brockiiinto Escherichia coli
andBacillus subtilis. J Bacteriol 169:4302–4307.
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