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ABSTRACT

Two samples of low-grade wheat flour, namely loadgr 1 (LG1) and low-grade 2 (LG2), with different
carbohydrate and fibrous content, were used asteatles. The samples were liquefied using variougentrations
of a- or Bamylase, in order to optimize the production afrfentable sugars; the enzynaeamylase revealed
higher performance. After liquefaction, the simnétaus saccharification and fermentation was coreth@t a jar
fermentor. Amyloglucosidase was used for sacchkatifin, and dry baker's yeast, S. cerevisifg fermentation
simultaneously. Glucose was consumed promptlytim deses, LG1 and LG2; ethanol production was a®rsibly
higher in LG1 (38.6 g/L), compared to LG2 (24.9)g/The maximum ATP production was observed earthen
SSF process. LG1 revealed higher potential as satiestor ethanol production.
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INTRODUCTION kernel, such as outer pericarp, aleurone layer and
starchy endosperm, resulting in a varied
Because of the increasing demand for fuel ethangtomposition, depending on which stage of milling
there is a need to search for high vyieldingorocess it was extracted (Hoseney, 1986). Wheat
processes and easily accessible technology for thean, low-grade wheat flour and germ are the
production of ethanol at reduced cost (Sree et amajor by-products of wheat milling; the milling
2000). Brazil is the pioneer in large-scale motoyield of these products represent about 26% of the
fuel ethanol production through the fermentatiororiginal grain (bran: 24.8%; low-grade flour:
of sugar cane molasses by yeast, producing in tHe3%; germ: 0.2%), and they are of considerable
year 2004 about 14.2 billion liters of bioethanoleconomic significance to the miller. Though the
(Licht, 2005), most of which is fermented usingmost low-grade flour have been used as feed, a
hexose sugars present in cane syrup (Monte Alegliéle amount is used as adhesive agents as well
et al, 2003). In Brazil, the total amount of wheat(Pomeranz, 1988).
flour produced in the year 2000 was about 6.8Amongst the various wheat milling by-products,
million ton (FIBGE, 2001), from which about 5 % wheat bran is the one produced in larger amounts.
represented the amount of low-grade wheat flour. Recently, various researchers have utilized wheat
Low-grade flour is a by-product generated duringoran for different purposes,g.as substrate fau-
wheat milling at the tail end of breaks andamylase production (Hag et al., 2003), or as a
reduction system, consisting of outer parts ofource of dietary fiber (Miguel and Belloso, 1999).
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Furthermore, some references about ethandM ATERIAL AND METHODS

production from raw wheat flour (Montesinos and

Navarro, 2000; Sharma et al., 2002) and damageRklaw material Two different lots of sample,
wheat grains (Suresh et .,al1999) are also namely low-grade wheat flour 1 (LG1) and low-
available. However, very few reports on the usaggrade wheat flour 2 (LG2), were provided by
of wheat milling by-products for ethanol Nisshin Flour Milling Co., Japan. In LG1, the
production are found in the literature. starch content was higher than in LG2, but the
The objective of this work was to investigate thdatter was rich in fibrous material (Table 1).
suitability of low-grade wheat flour as substrate

for ethanol production by enzymatic hydrolysis of

starch and simultaneous saccharification and

fermentation.

Table 1 Average chemical composition (%) of various cereald by-products

Product Moisture Starch Protein Fiber Ash Others
Brown rice® 12.2 60.0 9.1 1.1 1.1 16.5
Wheat flour® 13.1 62.0 10.4 0.2 0.6 13.7
Wheat brarf 13.5 11.7 13.3 10.8 6.4 44.3

Low-grade flour 14.0 15.6 15.0 0.8 2.7 51.9
Low-grade flour 2 14.0 10.4 16.5 5.0 3.2 50.9

Source: 2 Pomeranz and Nagao (1992) P This report

Yeast Dry baker's yeastS. cerevisiaavas used and a-amylase was added (as described above);
(Saf-Instant, Marcg-France). the samples were hydrolyzed at the suitable
Enzymes The hydrolysis was conducted in twotemperature for 2 h with mild agitation (100 rpm).
steps. For the liquefactiona-Amylase (EC Simultaneous Saccharification and Fermentation
3.2.1.1, 51 U/mg, Sigma, USA) frorBacillus of low-grade wheat flourafter liquefaction, the
speciesvas used. For saccharification, the enzym@H was adjusted to 4.5, amyloglucosidase (200
amyloglucosidaséEC 3.2.1.3, 23 U/mg, Sigma, U/g-flour) and dry baker's yeast (10 g/L) were
Japan) fromRhizopusmold was added together added to the mixture and the SSF was conducted at
with the inoculum.p-amylase (EC 3.2.1.2, 19 35°C for 24 h, with mild agitation (100 rpm). The
U/mg, Sigma, USA) from barley was also used foreactor was continuously purged with, KLOO
liguefaction, and its performance during starchml/min) to ensure the anaerobic condition; the pH
hydrolysis was compared to-amylase, aiming to was automatically maintained at 4.5 by the
increase the final maltose concentration. addition of NaOH 5N using a peristaltic pump.
Starch liquefaction optimizationThe hydrolysis The fermentation was conducted in a jar fermentor
was conducted at 55 and°Z5 with two levels of (MDL 200 B.E. Marubishi Co. Ltd., Japan) with a
a-amylase: 100 and 200 U/g-flour. The starchvorking volume of 2L, equipped with gas flow
hydrolysis performance was evaluated based ometer, pH and temperature control.

the liquefaction yield Y.) (g-maltose/g-substrate) The SSF performance was evaluated based on the
and on the maltose production; the liquefactiorethanol yield ¥sg (L-ethanol/kg-substrate),
yield was calculated according to equation 10btained using equation 2.

whereM indicates the maltose concentration.

Ethanol produced (L
_ (Mfinal - Minitial) (g) ) Yp/s = 2)
- Substrate (g) Substrate (kg)

Initially 1 L slurries containing 100 g/L of low- Kinetics of yeast growthAn inoculum containing
grade wheat flour were prepared in distilled watergry baker’s yeast (10 g/L) was pre-cultured in YM
broth at 28C for 24 h. This starter culture (10 mL)
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was inoculated into IL of slurry containinglO % using the phenol-$$0, method (Dubois et al.,
(w/v) of LG1 and the SSF was conducted.1956). The ATP concentration was analyzed using
Aliquots were withdrawn at determined intervalsa luminometer AF-100 ATP analyzer, TOA
of time, plated into YM agar, incubated at°e8 Electronics Ltd., equipped with a Turn Table AF-
for 48h, and the number of colonids, CFU/mL) 30TB, TOA Electronics Ltd, and the Luciferin-
was evaluated. Luciferase bioluminescence method (Horiuchi et
The specific growth rate§ was calculated by al., 2003).

linear regression of the logarithmic number of

yeast cell (LogN) during the exponential growth

phase (Moon et al., 2005), and equation 3. RESULTSAND DISCUSSION
__H
Slope =5 303 ®3) Starch liquefaction optimization

This experiment was conducted up to 2 h, reaction
. time necessary for complete hydrolysis of starch,
to equation 4 (Bellrr]kzer, 1998). in case of LG1, when 100 t-amylase/g-flour
u=— (4) and 73C were used for liquefaction, as shown in
g Fig. 1. As reported in the literature (Montesinos
Analytical methods: Samples were withdrawn and Navarro, 2000), 2 h liquefaction were
regularly in every process for posterior analysisabsolutely necessary for complete starch
except for ATP analysis. All samples werehydrolysis using raw wheat flour as substrate. A
centrifuged at 4,000 rpm for 20 min. Glucoseshorter liquefaction time (0.5 or 1 h) brought to a
maltose and ethanol concentrations were analyzedort with higher viscosity, which did not allow an
using HPLC, as previously described by Shiéiha efficient hydrolysis of glucose polymers.
al.(1993). After centrifugation, the supernatantMaltose production after 2 h liquefaction was
was filtered through chromato-disk filters (poreconsiderable higher in case of LG1. The process
size = 0.45um). HPLC system used was JASCOconducted at lower temperature (6% with higher
consisting of a pump PU-980, detector RI-930enzyme activity (200 U/g-flour) resulted in the
sampler AS-950 (20ul injection loop), and highest liquefaction yield (0.273 g-maltose/g-
column Sugar KS-801 (Shodex Co., Japan) dtour), as indicated in Table 2. On the other hand,
80°C; eluent: water at a flow rate of 0.6 ml/minliquefaction conducted at 356 using 100 U/g-
and elution time 30 min. Reducing sugar contenflour resulted in the lowest yield (0.019) in case of
was analyzed using the 3,5-Dinitrosalisylic acid.G2.
(DNS) method (Bernfeld, 1955), and the initial
starch content in low-grade flour was analyzed

The generation timegf was calculated according

Table 2 - Effect of liguefaction treatment on the yield fafferent substrates (LG1 and LG2)
Yield (Y.) (g-maltose/g-flour)

*
Treatment LG1 LG2
200 U/g; 55C 0.273 0.145
200 U/g; 75C 0.249 0.140
100 U/g; 55C 0.200 0.019
100 U/g; 75C 0.148 0.047

* Two levels ofa-amylase (100 or 200 U/g-flour) and temperature (55 af@)Abere used for liquefaction.

The liquefaction conducted at lower temperaturgf 65°C, which was considerably low compared to
resulted in higher yield, which might be related tathermostablen-amylases. Industrial processes for
the type of enzyme utilized. Thermostalde fuel alcohol production from cereal grain starch
amylases (which support well high temperaturegenerally utilize high liquefaction temperatures
without loss in their activity) are utilized for such as 90-9%, leading to starch gelatinization
industrial liquefaction, thecommerciala-amylase  during the process. In such cases, the liquefaction
utilized in this study had an optimum temperatur&an be either conducted in atmospheric batches,
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pressure batches or continuous liquefaction, isommonly used in commercial ethanol processing
which crude starch slurries containing as much gslants (Mann, 2003).

40 % (w/w) solids can be used. The flour LG2 was used as substrate and three
different levels of enzyme activity were tested:
Liquefaction with a- and f-amylase 200, 400 and 800 U/g-flour (Chi and Liu, 1993).

In order to obtain high ethanol productivities, aThe hydrolysis was conducted up to 4 h,
key factor is to optimize the amount of maltoseconsidering the gradual increase in maltose
available for saccharification so as to release momontent when 800 U/g-flour oB-amylase were
glucose for fermentation. Aiming to increase theused for liquefaction. The results are presented in
liguefaction efficiency,3-amylase was used for Fig. 2. Maltose production from LG2 increased
starch hydrolysis, and its performance wagproportionally with activity, for both enzymes
compared toa-amylase. Generallyf3-amylase or [3-amylase. Furthermore, the enzymamylase
should release higher amounts of maltose frompresented a considerably higher maltose
starch hydrolysis, if compared ta-amylase production, compared f{®amylase.
(Brautlecht, 1953). It has the capacity ofln view of these results, the process conducted for
decomposing into maltose all polysaccharideg h at 58C using 200 Ua-amylase/g-flour was
which are built up of glucose residues unitecby selected as the most suitable for low-grade wheat
1,4 glycosidic bonds. Furthermore, this enzyme iflour liquefaction, and used hereafter as previous
step for every fermentation experiments.
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Figure 1 - Profiles of maltose (filled) and reducing sugarslifw) during liquefaction optimization.
Symbols:a2, 75°C, 200 U/g-flour;eo, 55°C, 200 U/g;*, 55°C, 100 U/g;mo, 75°C, 100
U/g (Left: LG1; right: LG2).

Simultaneous Saccharification-Fermentation of both cases (using LGl or LG2 as substrate),
low-grade flour (SSF) remaining nearly constant thereafter.

When LG1 was used as substrate, the ethanBkee et al. (1999) reported ethanol production by
production after 24 h of SSF (38.6 g/L) wasSSF of wheat products usin§accharomyces
notably higher compared to the peak ethanaterevisiag which was 44.2 g-ethanol/L when fine
production from LG 2 (24.9 g/L) obtained after 12wheat flour was used as substrate, and 34.1 g/L
h of SSF, as shown in Fig. 3, which agreed wellising damaged wheat flour. The ethanol produced
with the higher initial starch content in LG1 (Tablefrom LG1 in this experiment (38.6 g/L) was
1), releasing more fermentable sugars during thepnsiderably higher than that obtained from
liquefaction. After nearly 6h of SSF, glucose in thedamaged wheat. When the starch content in LG1
fermentation mash was completely consumed iwas c.a. 25% (Table 1), the final ethanol
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production from LG1 represented about 87 % otrops residues, such as wheat straw (0.29 L/kg) or
the ethanol produced from fine wheat flour (44.Zugarcane bagasse (0.28 L/kg) (Daishou, 2004).
g/L). Lee et al (1992) studied ethanol production Taking into account that saccharification occurred
using Zymomonas mobiliand slurries containing simultaneously with fermentation, some glucose
100 g/L of sago starch and foumda. 40 g/L of should be produced during that process. In this
ethanol, which was nearly the same from LG1 irwork, glucose released from starch was promptly
this experiment. used for fermentation, and was rarely detected
Ethanol yield from LG1 (0.49 L-ethanol/kg-flour) during the SSF. Various authors have reported
was nearly 61 % higher than that obtained fronabout this early glucose extinction during the SSF,
LG2 (Table 3); the LG1 yield was comparable tousinge.g, soluble starch (Fujii et al2001) or raw

the average ethanol yield from sugarcane (0.50 Lcassava starch (Roble, 2003) as substrate and
ethanol/kg-dry biomass) (Kim and Dale, 2004)immobilized yeast for fermentation. The nutrient
Furthermore, ethanol yield obtained during thisstarvation might play an important role in the

study using either substrate (LG1 or LG2) wasaccharification performance (Suresh et al., 1999).
considerably higher compared to other agricultural
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Figure 2 - Time course of LG2 liquefaction usingamylase (filled) o-amylase (hollow). Symbols:
+©,200;m0, 400;4 4, 800 U/g-flour. The bars represent the standavihtien (n=3).
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Figure 3 - Time course of SSF of LG1 (Filled) and LG2 (holloBymbols:®o, glucosema, ethanol.
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Table 3 - Ethanol yield using different substrates.

Ethanol Yield (Ypys)

Substrate (L-ethanol/kg-flour)
LG1 0.489
LG2 0.304

The difference between the optimum temperatursaccharification performance, such as the nutrients
for amyloglucosidase activity (86) and yeast exhaustion and/or the amylolytic activity @&.
growth (35C) also might play an important role in cerevisiae which should contribute partially to the
the process. Lower temperatures are preferregfccharification (Suresh et al., 1999).

because the metabolic activity of the yeast i®ased on the higher performance of LGl as
increased, and this normally results in fastepubstrate, the following SSF experiments were
completion of fermentation (Thomas et, dl993). conducted using LG1. As illustrated in Fig. 4 both
An alternative proposed in the literature is to us@lucose and maltose produced during the previous
thermo-tolerant yeast strains, allowing to conducliquefaction were completely consumed after 12 h
the fermentation at 42 with increased ethanol SSF of LG 1, along with the nearly constant
production (Sree et al, 1999). Some other factorducing sugar content thereafter, indicating the
should be considered in order to clarify this lowend of fermentation.
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Figure4 - Time course of SSF of LG1. Symbolsp, glucose, maltoseyp, reducing sugarm, ethanol.

The glucose production rate has been reported strains designed for high ethanol production.
increase at early stages of the SSF from raw wheBased on the fact that yeasts lack amylolytic
flour (Montesinos and Navarro, 2000); thisenzymes and are unable to directly convert the
increase is closely associated to the fast decreasgrch into ethanol. It is possible to breed ethanol-
of maltose consumption. Using raw wheat flour agermenting microorganisms into yeasts, resulting
substrate for SSF, maximum ethanol productior.g, in a-amylase and amyloglucosidase

was 69 g/L. expressing yeasts (Ang et al., 2001), or yeasts
Some authors were able to obtain even highavhich ferment xylose, a major pentose sugar in
ethanol production, such as 93 g/L or 140 g/lcellulosic material, a common feedstock utilized

(Sree et al, 1999 ; Chi et al., 1999), utilizing yeasfor bioethanol production (Krishnan et al., 1997).
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In order to access the kinetic parameters of drgiry baker’'s yeast cells to complete one cell cycle
baker’s yeast growth, LG1 was used as substrateas considerably faster than that &fmomonas
for SSF; the results of this experiment are showmobilis (5.8 h) growing under the same conditions
in Fig. 5. During the first hour of SSF the lagusing the same substrate (Neeésl., 2005).

phase was observed, after which the exponenti®lTP concentration was used to monitor the yeast
growth phase started. Reaching the stationemgrowth during the fermentation process (Fig. 6).
phase (assumed to be at 8 h of SSF) a sliglturing the SSF onset, ATP concentration
reduction on cell density was observed, indicatingncreased rapidly, reaching a peak after about 8 h;
the nutrients depletion on the fermentation broththese results agreed well with the microbial growth
Further increase was observed at the end of thlata (Fig. 5), indicating that the exponential
process; this late microbial growth might begrowth phase occurred between 1 and 8 h of SSF.
related to the ethanol consumption by yeast at tHeurthermore, the peak ethanol production was also
end of starch saccharification (Fujii et al., 2001). observed within this period (Fig. 4), as mentioned
The logarithm number of yeast cells (Log N) wadn the literature (Sree et al, 1999).

plotted as a function of time (Fig. 5). The datan this study, all experiments were conducted
obtained during the exponential phase weresing dry baker's yeast as inoculum, a common
linearized and correlated well 10.976); the technique used for alcohol production, reaching a
slope of the resulting equation (0.1685) wagpeak ethanol concentration of 36.8 g/L. Other
substituted in equation 3 to calculate the specifigeast strains have already been reported to produce
growth rateyz= 0.388 H. relatively higher amounts of ethanol (Ernandes et
The generation timeg) for dry baker's yeast was al., 1990; Bertolini et al., 1991); such yeast strains
than calculated using equation 4, obtaingpg= might be used in future experiments as well,
1.78 h, which was the time required for theaiming to increase the ethanol productivity.
population to double the number of cells. This

result indicated that the average time required for

y =0.1685x + 6.7621

LogN (CFU/mL)

6 T T T T T
0 4 8 12 16 20 24

Fermentation time (h)

Figure5 - Yeast growth during SSF of LG1.
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Figure6 - ATP pattern during SSF of LG1.

CONCLUSIONS foram hidrolisadas utilizando-se  diferentes
concentracbes de alfa- ou beta-amilase, com o
In terms of liquefaction, the process conducted abjetivo de otimizar a producdo de aclcares
55°C using 200 U/g-flour ofx-amylase for 2 h fermentaveis; a enzima alfa-amilase apresentou
was found to be the most suitable, consideringnelhor desempenho. O processo simultaneo de
both higher liquefaction yield, and the highersacarificacdo e fermentacéo foi conduzido logo
amount of fermentable sugar released from lowap6s a hidrélise do amido, em um fermentador
grade flour. In the present study, various levels com volume de 2 L; o meio contendo amido
a- and B-amylase, and several experimentahidrolisado foi inoculado com amiloglucosidase
conditions were tested for liquefaction, revealing€nzima utilizada para sacarificacao) e levedura de
the higher performance ofamylase. p_anlflcagéo desidratada (para ferme_nta(;éo),
As for the SSF, in case of LG1, the ethanofimultaneamente. ~Amostras do meio de
production after 72 h of fermentation was higheférmentacdo foram retiradas regularmente para
(38.6 g/L), if compared to LG2 (24.9 glL). andlise dos teores de glucose, maltose,_aguca_res
Although the amount of low-grade flour producegr€dutores e etanol. O teor de Adenosina Tri-
during wheat milling represented only 5% offosfato (ATP) tambem foi analisado. O aglcar
whole-wheat flour produced (Pomeranz, 1988), thglucose f0|~ completamente consumido no inicio da
SSF of LGl represented about 87% of totalermentacdo, tanto no caso da amostra LGI,
ethanol production , based on reference data (44@#@nto LG2, sendo que a producéo de etanol no
g/L) when fine wheat was used as substrate (Sr&&s0 de LG1 (38.6 g/L) foi superior aquela obtida
et al., 1999), depicting LG1 with a higher potentiac®m LG2 (24.9 g/L). A producdo maxima de ATP
as substrate for ethanol production. foi observada no inicio do processo. A amostra
In conclusion, low-grade wheat flour was revealedG1 apreésentou um maior potencial como
as a substrate suitable for ethanol production bubstrato para a produgéo de etanol.
simultaneous saccharification and fermentation.
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