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On the basis of growth rate at low pH, yield of lactic acid from glucose, and optical purity of lactic acid

produced, we selected lactic acid bacteria favorable for production of optically pure L-lactic acid from
defatted rice bran without sterilization. Of 21 strains tested, strains Nos. 13 and 16 produced 27-29kgmrm3
of lactic acid with high optical purity from 100kgm"3 of unsterilized defatted rice bran in simultaneous

saccharification and fermentation (SSF) with MRS medium at pH 4.5, a level at which the growth of
indigenous lactic acid bacteria in defatted rice bran was suppressed. In a SSF process using strain No. 16
in which Mcllvaine buffer (pH 4.5) was used instead of MRS medium, no growth of indigenous lactic acid
bacteria was observed in defatted rice bran, and 28kgm-3 of lactic acid with 92%o L-type content was
produced from 100kgmL3 of unsterilized defatted rice bran. In SSF using Mcllvaine buffer (pH 4.5), the
protein fraction of defatted rice bran was found to play a significant role as a nitrogen source for the
growth of lactic acid bacteria. By increasing the initial cell concentration to OD66o=1.0 for SSF using
strain No. 16 and Mcllvaine buffer (pH 4.5), the proportion of L-lactic acid produced was enhanced to 95%.
Keywords: L-lactic acid, rice bran, simultaneous saccharification and fermentation, nitrogen source

Introduction for producing optically pure lactic acid, including use of

Lactic acid, which contains both hydroxyl and car- cheap raw materials (Luo et al., 1997; Moldes et al., 1999;
boxyl moieties and has one chiral carbon atom, is an Sakai et al., 2000), utilization of suitable microorganisms
important organic acid which is widely used in the food, (Hujanen and Linko, 1996; Yin et al., 1997, Dien et al., 2002;

pharmaceutical, and cosmetic industries (Ray and Zhouetal.,2003;Taniguchietal.,2004),anddevelopment
Sandine,1992;Litchfield,1996). Moreover,lacticacidcan ot cultivation techniques and purification procedures
be polymerized to form the biodegradable and recyclable (Hoshino et al., 1991; Planas et al., 1996; B6rgardts et al.,
polyester poly (lactic acid), which may play an increasing 1998; Velazquez et al., 2001).

role in solving a world-wide environmental problem One of the most serious problems associated with the
(Datta et al., 1995; Yin et al., 2000; Stevens, 2002). Poly biological production of lactic acid is the high cost of raw
(lactic acid) is a potential substitute for plastics manu- rnaterials such as starch, which represent a large portion

factured from petroleum derivatives. Highly optically of the production price (Datta et al., 1995; Akerberg and
pure lactic acid is necessary to obtain highly crystalline Zacchi, 2000). Recently, in order to reduce the cost of raw
poly(lactic acid), on which the high strength and chemical materials for lactic acid and concurrently convert wastes
and heat resistance of the polymer (Lunt, 1998) are based. to useful substances, many researchers have investigated
Lactic acid can be produced commercially either by chem- the possibility of producing lactic acid from waste prod-

ical synthesis from acetaldehyde and hydrogen cyanide ucts, such as whey permeate (Tejayadi and Cheryan, 1995;
or by microbial fermentation. Synthetic production re- /yaas et al., 1996; Senthuran et al., 1997), beet molasses
sults in a racemic mixture of the two isomers, while (Monteagudo and AIdavero, 1999), bakery waste (Oda et
fermentative production can yield a racemate or either al., 1997),waste waterfrom paper (Schmidt and Padukone,
form alone, depending on the microorganism, substrate, 1997) and potatoes (Huang etal., 2003), agricultural wastes
and growth conditions used. Many researchers have (Gardeetal., 2002;Rivasetal., 2004;Naveenaetal., 2005),
conducted extensive investigations into methods of en- and food waste (Sakai et al., 2004). In particular, the
hancing the productivity and economy of the processes utilization of agricultural by-products for lactic acid production is attractive because of their low price and high

*To whom correspondence should be addressed polysaccharide contents.
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brown rice during the polishing process, is one of the Polypepton (NihonPharmaceuticals, Tokyo,Japan), 10kg
most abundant agricultural by-products in Japan. From of fish meat extract (#O1230, Kyokuto Pharmaceutical Inthe quantity of 8.73Å~106t of rice produced in 2004 (Minis- dustrial, Tokyo), 5kg of yeast extract (Oriental Yeast,

try of Agriculture, Forestry, and Fisheries of Japan, 2004) Tokyo), 2kg of K2HP04, 2kg of diammonium hydrogen
and the weight ratio of bran to whole brown rice (about citrate, O.2kg of MgS04 • 7H20, O,05kg of MnS04 • 4H20,
10%), the annual amount of rice bran produced in Japan and 1kg of Tween 80perm3. The test tubes were used
may be estimated at about 8.7Å~105 t. After rice oil has for preparing seed culture and for evaluating the growth
been squeezed out, the residual defatted rice bran con- properties of lactic acid bacteria, The seed culture was
tains large amounts of starchy and cellulosic polysaccha- allowed to grow for 12 hr to reach the logarithmic growth
rides. Enzymatic or chemical hydrolysjs is necessary to phase, and the cells were then added to the medium at an
allow lactic acid bacteria to utilize the polysaccharides as initial optical density (OD) of O.1 at a wavelength of 660

carbon sources. Recently, the process of simultaneous nm. The growth properties examined were not only
saccharification and fermentation (SSF) has been shown lactic acid yield from glucose and optical purity of lactic
to reduce the time and number of steps involved in bio- acid produced but also specific growth rate at pH 4.5,
processes for the production of lactic acid and ethanol Lactic acid yield and optical purity were determined
from starchy and cellulosic biomass (Moldes et al., 2000; using culture broth obtained after cultivation for 24hr,
Stenberg et al., 2000; Nakamura et al., 2002). It is known The specific growth rate was calculated on the basis of an
that minimal preprocessing and supplying of nutrients to initjal increase in cell concentration.

a substrate consisting of inexpensive waste materials Lactic acid production by SSF In this study, an enshould be to great advantage in reducing the cost of zymemixture of6.7gm-3amylaseÅqDabiaseK-27,Nagase
production of lactic acid, It is very difficult to sterilize ChemteX, Osaka, Japan) and 3.3gm-3 Qellulase (Cellulase

solid materials such as rice bran; much heat energy is Y-NC, Yakult Pharmaceutical Industry, Tokyo, Japan)
required for complete sterilization prior to use as a sub- were used to saccharify the polysaccharides in the rice
strate in SSF. In a previous report, we described a proc- bran as described previously (Tanaka et al., 2006). The
ess of D-lactic acid production from polysaccharides in optimal pH values of the amylase and cellulase were 4.5
defatted rice bran by SSF in which the requirement for and 4.0, respectively, according to the manufacturers'
sterilization was bypassed by maintaining the pH of the data. Lactic acid bacteria were cultivated in a 1-dm3

MRS medium (De Man et al,, 1960) at a low level to bioreactor (TEJC-SIJ, Chiyoda Seisakusho, Nagano, Jasuppress the growth of indigenous bacteria in the bran pan) containing O.7dm3 modified MRS medium without

(Tanaka et al., 2006). sterilization. The initial pH of the medium was adjusted•
In the present study, in order to produce L-lactic acid to 4,5 using 4N NaOH or 4N HCI solution. The medium
from polysaccharides in defatted rice bran by SSF with- was supplemented with 100 kgm-3 unsterilized rice bran
out sterilization, we selected lactic acid bacteria which as a carbon source. The seed culture for the bioreactor
were optimal in terms of growthrate atalow pH, yield of was allowed to grow for 12hr to reach the logarithmic
lactic acid from glucose, and optical purity of lactic acid growth phase, as described above. The cells were then
produced. Since rice bran not only contains a large added to the medium at an initial OD of O.1 at a wave-

amount of polysaccharides but is also 18% protein, length of 660 nm, and the mixed enzyme solutlon of
defatted rice bran may play a role as a nitrogen source amylase and cellulase described above was concurrently
necessary for production of lactic acid in a reasonable added without sterilization through a membrane filter.
time. We have also produced L-lactic acid by SSF from The temperature was kept at 370C and nitrogen gas was

unsterilized defatted rice bran by maintenance of the pH sparged at O.3vvm through the medium to maintain
of the medium at a low level and providing no additional anaerobic conditions. An antifoaming agent (KM-72F,

nutrients except for buffer constituents, Shin-Etsu Chemical, Tokyo, Japan) was added when nec-

` essary. The pH of the medium was kept at 4.5 by addi-

Materials and Methods tion of 4N NaOH solution using a peristaltic pump
Microorganisms and defatted rice bran Twenty-one coupledtoapHcontroller. Theculturebrothwasagitatstrains of lactic acid bacteria isolated from different ed at 400rpm for 8hr and then agitated at 200rpm to
places in Japan were used for production of L-lactic acid. avoid sedimentation of the rice bran and the cells of lactic

Defatted rice bran powder was received as a gift from acid bacteria.

Nagaoka Yuryo Co. Nagaoka, Japan. The components In other SSF experiments, Mcllvaine buffer (a mixture
of rice bran are starch and dextrin (46.7%), cellulose and of O.1 M citric acid and O.1 M sodium phosphate dibasic, pH

hemicellulose (ll.3%), protein (18.4%o), lipid (1.4%), ash 4.5 or 4.0) was used instead of MRS medium. The rice

(10.4%), and others (11.8%), as described previously branwithoutsterilizationwassuspendedatlOOkgm-3in

(Tanaka, 2006). . Mcllvaine buffer. After addition of the seed culture and
Growth ProPerties of Jactic acid bacteria Lactic acid the amylase-cellulase mixture, the rice bran suspension in

bacteriawerecultivatedat370CinlOcm3ofmodifiedMRS the buffer was incubated in a similar manner to the
medium(pH6.8)(deManetaJ,,1960)supplementedwithlO experiments using the'modified MRS medium as dekgm-3 of glucose in a test tube with a butyl rubber scribed above.
stopper. The modified MRS medium contained 10kg of ' Analytical methods The cell concentration was de-

termined by measuring the OD at 660nm. The numbers groups based on theirlacticacid yields. The numbers of
of living cells of inoculated lactic acid bacteria in the SSF bacterial strains which produced yields of O.6-O.75kg/kg,

broth and indigenous bacteria in defatted rice bran were O.8-O.9kg/kg, and more than O.9kg/kg were six, six, and
concurrently measured as colony forming units (CFU) on nine, respectively. As shown in 'Fig. IA, eleven strains

a modified MRS agar plate at pH 6.8. The colonies of hadspecificgrowthratesofmorethanO.2hr-'ataninitial
each type of lactic acid bacteria inoculated were distin- pH of 4.5. Nine strains produced L-lactic acid of high
guished from those of the indigenous bacteria based on optical purity, but of these, five strains did not produce a
the differences in color and form between the bacteria. high yield, as shown in Fig. IB. Of the nine bacterial
The concentration of living cells for each type of bacteria strains which produced lactic acid with a yield of more

was expressed as CFU cm'3. The concentratiQns of or- than 09g/g, none possessed both a high specific growth
ganic acids were determined by high performance liquid rate at pH 4.5 and the ability to produce pure L-lactic acid.

chromatography (HPLC) using a Shim-pack SCR-102H However, there were four strains that could produce
column (Shimadzu, Kyoto, Japan) and an electrical con- almost-pure L-lactic acid with a high yield, although their
ductivity detector. The optical purity of lactic acid was specific growth rates at pH 4.5 were around O.lhr-i.

determined usingachiral column(SUMICHIRALOA-5000 These four strains (Nos. 13, 16, 18, and 19) were further
L, Sumika Chemical Analysis Service, Osaka, Japan). investigated in detail.
The concentrations of total soluble sugar and glucose Production of lactic acid by SSF using MRS medium
were determined by the phenol-sulfuric acid method Rice bran usually contains indigenous microorganisms.
(Dubois et al., 1956), and a glucose oxidase-peroxidase kit Since it is difficult to achieve sterilization of microorgan-

(Glucose CII-Test Wako, Wako Purc Chemical Industries, isms attached to solid organic matter, much heat energy

Osaka, Japan), respectively. is required for complete sterilization. In our previous
study, we showed that control of the pH of the MRS

Results and Discussion medium at 4.5-5.0 could suppress the growth of indigeSelection of lactic acid bacteria Our previous results nous microorganisms in defatted rice bran without steri(Tanaka et• al., 2006) revealed that the indigenous lactic lization, and that 28kgm-3 of optically pure D-lactic acid
acidbacteriain defatted rice bran produced racemic lactic ' was successfully produced from 100kgm-3 defatted rice

acid by SSF at pH 6.0-6.8 and that maintenance of the pH bran by SSF at pH 5.0 by Lactobacillus delbrueckii NBRC
of the medium at a low level made it possible to suppress (IFO) 3202 (Tanaka et al., 2006). Based on the our previthe growth of indigenous bacteria. On the basis of these ous results, we cultivated the four selected strains at pH
findings, growth rate at a low pH, yield of lactic acid from 4.5 in MRS medium containing unsterilized defatted rice
glucose, and optical purity of lactic acid produced were bran and an unsterilized mixture of amylase and celemployed as criteria for selecting lactic acid bacteria lulase. Figure2showstheresultsofL-lacticacidproducfavorable for the production of optically pure L-lactic acid tion from 100 kgm-3 defatted rice bran by each strain of

from defatted rice bran without sterilization. Figure 1 lactic acid bacterium. Concentrations of total soluble
shows a comparison of growth properties and L-lactic acid sugar and glucose increased initially and then decreased
production capabilities amongtwenty-onetypes oflactic after 4-8hr. In all SSF processes, glucose formed by
acid bacteria. The bacteria, which were isolated from enzymatic hydrolysis was consumed completely in up to
rivers, soils, rice, food wastes and so on before being 12 or 24hr by each bacterial strain, but about 5kgmm3 of
stored in our laboratory, were tested as described in Mate- total soluble sugar remained after 36 hr. Arabinose and

rials and Methods. The bacteria were divided into three unknown sugars were detected among the remaining
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Fig. 1. Comparison of growth properties of lactic acid bacteria tested. (A) relationship between yield of lactic acjd and
specific growth rate at pH 4.5, (B) relationship between yield of lactic acid and percentage of L-lactic acid.
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sugars by HPLC (data not shown). Lactic acid was produced from 4hr and the final concentrations were more
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(Hofvendahl and Hahn-Hagerdal, 2000), a considerable
amount of an expensive complex nitrogen source such as
yeast extract was added as a supplement to the medium
when raw starchy materials such as barley, corn, and
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380/o of the total production cost (Tejayadi and
Fig. 2. Pro• duction of lactic acid from unsterilized defatted Cheryan, 1995). To enhance the economics of lactic acid

rice bran by SSF using MRS medium ÅqpH 4.5) with (A) production by lactic acid bacteria, there have been many
strain No. 13, (B) strain No. 16, (C) strain No• 18 and (D) studies on the possibility of replacing the costly yeast
il4mi,i.;,//LIII(".l'i',e,sc/.t',,,Y.iX,iial/ie,i,eci,1,ssOgf,2eS.:,rw.8is,iiia:'1gbZa[cl:ed iajdl,g.Ci(:.gulJSaA:einS,e#•g.Z,ZSgk"ign8k,Oo.",,r]e,8,g8glSykr20.iee;,,aa".iSa3sis"70,,

In these studies, corn steep Iiquor (CSL), whey protein
. Table l. Production of L-Iactic acid from defatted rice bran by simultaneous
saccharification and fermentation.

Initial Lactic Acetic Forrnic Content

Strain(-)Medium
pH O,D• acid acid acid of Remarks
(--) (kgm-3) (kgm'3) (kgm'3) L-lacticacid
(o/o)
No. 13

MRS 4,5 0.1 28.7 O.32 ND") 93 Fig.2A

..H----.k--"--"B.-glliH.e.sH"--4,5 O..L--H"Z.4-,9-"-H-".1,,3-.-9muww-!:.6-7.m-.-"-HH4.-8.-mh.nv--"---"---HF-ig.3A

MRS 4,5 0.1 26.9 1.03 O.19 89 Fig.2B
N..16 Buffer 4•5 0•1 27•9 1.12 O.2g g2 Fig.3B •
Buffer 4.0 0.1 27.8 1.09 O.23 92 F!g.4A

.--.------B"-u-S!er.-.4.5-l.O."Hww2H6,7- .IH,9Z---rm.9,.3-5---.-.HH-"9-5-H--m.inH"H-F-!g...f!ltL.".-

N..ls MRS 45 0•1 28•4 O.99 ND 71 Flg.2C

..-H.-.-"--.-.-B.-y.ff.e-rH-.-4:.5.H9::i,wwH--.3P"-3--H---H-?=8-l}--H--.-..]Årll}..----""fi.-8.--.-wu...-..-.H.--Flg.-3-C.-.--

N..lg MRS 4•5 0•1 26•7 l•12 ND 47 , Fig.2D

Buffer 4,5 0.1 31.l 2.74 ND 68 Fig.3D '

"tND: Not detected.

hydrolysate, barley malt sprouts, and grass extract were strain. Concentrations of total soluble sugar and glucose
found to be the best economical alternatives. Recently, initiallyincreasedandthendecreased after8hr. ConcenOh et al., (2005) reported that Enterococcus faecalis pro- .trations of total soluble sugar and glucose formed by
duced lactic acid with 2.6 kg m-3 hr-' of lactic acid produc- enzymatic hydrolysis were higher than those obtained in

tivity and 5.9kgm-3 of maximal dry cell weight from SSF processes using MRS medium, suggesting decreased
whole wheat flour hydrolysed by amylolytic enzymes consumption by lactic acid bacteria. Except for strain
after pretreatment with O.3% (v/v) sulfuric acid, without No. 13 (Fig. 3A), the lactic acid bacteria consumed glucose

additional nutrients. The authors also showed that the completely up to 24hr, but 5kgm-3 of total soluble sugar
addition of 15kgmun3 of CSL and 1.5 kgm-3 of yeast ex- remained after 36 h, similar to the pattern shown in Fig. 2.
tract to the hydrolysate resulted in 5.4 kg m-3 hr-' of high Strain No. 13 was unable to grow in the SSF process when

lactic acid productivity and 14.1 kgm-3 of maximal dry the buffer was used, and growth of indigenous lactic acid

cell weight. bacteria in the rice bran was observed, as shown in Fig.3

We attempted to produce lactic acid from unsterilized A. For strains Nos. 18 and 19, lactic acid was produced
defatted rice bran by SSF at pH 4.5 without addition of from 4 or 8hr, and the final concentrations were more

MRS medium constituents. Mcllvaine buffer (pH 4.5) than 26kgm-3, which is higher than those of the SSF
was used for the SSF process inste.ad of MRS medium, as processes using MRS medium. These results suggested
described in Materials and Methods. Figure 3 shows the that the protein fraction in defatted rice bran supported
results of L-lactic acid production from 100kgm-3 un- the growth of lactic acid bacteria, including some indigesterilized defatted rice bran by each lactic acid bacterial nous lactic acid bacteria. In fact, growth of indigenous

lactic acid bacteria was observed as shown in Fig. 3,
except for strain No. 16, and concentrations of acetic acid
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io strain No. 16 allowed production of lactic acid with relao
Cultiyationtime(h) cultivationtime(h) similar to that of L-lactic acid production by SSF using

MRS medium.
ImProvement of lactic acid Production by SSF using
Mcllvainiz buffer As described above, strain No. 16 suc-

cessfully produced about 28kgm-3 of optically pure Llactic acid from 100kgmm3 defatted rice bran by SSF in
Mcllvainebufferwithoutadditionalnutrients. However,
similarly to SSF processes using the other strains, increases in the concentrations of acetic and foirmic acids

were observed, as shown in Fig. 3. Since the MRS agar
plate assay at pH 4.5 made it impossible to detect all living

cells in the SSF process, satisfactory repression of the

growth of indigenous microorganisms in unsterilized
defatted rice bran may not be possible only by maintain-

ing a pH of 4.5. To improve the optical purity of the

B o n 24 36 4s 6o n P o n 24 36 4s 6o n lactic acid produced, we attempted to produce lactic acid
cuitivation time(h) Cuitivation time(h) from unsterilized rice bran by SSF using abuffer in which
Fig• 3• Production of lactic acid from unsterilized defat. tbe PH WaS COntrOlled at 4•O or thg initial cell concentra-

ted rice bran by SSF using Mcllvaine buffer (pH 4.s) with tiOn WaS eleVated tO OD66o=1.0. Figures 4A and 4B show
(A) strain No. 13, (B) strain No. 16, (c) strain No. Is and (D) the reSUItS of lactic acid production by SSF with a constrain No. 19. (V) Viable cells of other indigenous lactic trOlled PH of 4•O (OD66o=O.1) and with an initial cell con-

acid bacterium. Other symbols are the same as shown in centration of OD66Q=1.0 (pH 4.5), respectively. By main-

Fig. 2. taining the pH at 4.0, the growth rate of strain No. 16 was
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o

E2ios g2ios acid formation from various sugars and sugar alcohols
tified as Lactobacillus rhamnosus. The results obtained

p.a : fi will be reported elsewhere, together with the biochemical
o

o O On the basis of our previous findmgs, we selected lactic

st n'•A 2o gnA 2e acid bacteria favorable for production of optically pure
:. RP :. Mtu L-lactic acid from defatted rice bran without sterilization,

2 iO e iO SSF processes using strams Nos. 13 and 16mMRS
B o n 24 36 4s 6o 72 E' o i2 24 36 4s 6o 72 mdigenous lactic acid bactena in defatted nce bran but
cultivation time(h) Cultivation time(h) ' also in the production of 27-29kgm-3 of lactic acid with
Fig. 4. Production of lactic acid from unsterilized defatted high optical purity from 100kgm-3 of unsterilized derice bran by SSF using Mcllvaine buffer with strain No. 16. fatted rice bran. In an SSF process using Mcllvaine
Conditions:(A) pH controlled at 4,O and initial cell con- buffer (pH 4.5) instead of MRS medium, no growth of
centration of OD66o=O.1, (B) pH controlled at 4.5 and initial indigenous lactic acid bacteria was observed, and strain
cell concentration of OD66o=1.0. Symbols are the same as No. 16 produced 28kgm-3 of relatively optically pure

shown in Fig• 2• lactic acid from 100kgm-3 of unsterilized defatted rice
bran. The protein fraction in defatted rice bran was
found to support the growth of lactic acid bacteria.
Iowered, and sugar consumption and lactic acid produc- When the initial cell concentration of strain No. 16 was
tion werebothretarded,as shown in Fig. 4A. However, a elevated to OD66o==1.0 in a SSF process using Mcllvaine
high lactic acid production rate was observed for cells at buffer (pH 4.5), the amount of L-type lactic acid produced

a higher initial concentration, as shown in Fig. 4B. In increased to 95%,
SSF with pH 4.0, the concentration of lactic acid produced

and its optical purity were similar to those obtained in Aclenowledgements We wish to thank Nagaoka Yuryou Co.
SSF with pH 4.5 (Fig. 3B). When the initial cell concen- Nagaoka, Japan, for the kind gift of defatted rice bran. We are
tration was OD66o==1.0, the concent' ration of lactic acid glatefUl tO IY[essrs• Y• Ozaki and S. Kanelnoto of satake co.
Higashihirosima, Japan, for helpful discussion. The study was
produced was almost the samepartially
as thatsupported
obtained by
in SSF
a Grant-in-Aid for the Research Project
with pH 4.5 (Fig. 3B), but the optical purity of the laCtiC for production of Lactic Acid from Biomass Resources from the

acid increased slightly. Ministry of Agriculture, Forestry, and Fisheries of Japan.
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