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Lactobacillus delbrueckii mutant Uc-3 utilizes both cellobiose and cellotriose efficiently, converting it into
L(+) lactic acid. The enzyme activities of cellobiose and cellotriose utilization were determined for cell extracts,
whole cells, and disrupted cells. Aryl-B-glucosidase activity was detected only for whole cells and disrupted
cells, suggesting that these activities are cell bound. The mutant produced 90 g/liter of lactic acid from 100

g/liter of cellobiose with 2.25 g/liter/h productivity.

Cellulosic biomass represents an abundant natural renew-
able carbon resource for the production of valuable fuels and
biomaterials for both short- and long-term sustainability. The
production of value-added products from such renewable feed-
stock is a present need and perhaps economically and environ-
mentally feasible process. Lactic acid is a commercially viable
product, and world consumption of it is estimated to be more
than 60,000 metric tons per year. Lactic acid has a wide range
of applications in pharmaceutical, cosmetic, textile, and chem-
ical industries (6, 14, 16, 17). It has the potential to become a
commodity chemical as feedstock for biodegradable polymers,
oxygenated chemicals, plant growth regulators, environmen-
tally friendly solvents, and special chemical intermediates.

The process for converting cellulosic material into lactic acid
is yet not feasible due to the high cost of enzymes involved in
cellulose hydrolysis (18, 19, 20) and also to the use of a fastid-
ious organism (10). The process may involve either a two-step
process with complete conversion to sugar, followed by fer-
mentation to lactic acid, or a one-step process in which the
saccharification of cellulose by cellulases coupled with fermen-
tation to eliminate the inhibition caused by glucose (8, 13).

During the hydrolysis of cellulosic material by cellulases, the
main bottlenecks are cellulase inhibition by glucose and cello-
biose (strong inhibitors of cellobiohydrolase), which remark-
ably slow down the rate of hydrolysis. In simultaneous sac-
charification and fermentation (SSF), glucose inhibition is
totally removed but cellobiose inhibition remains as it is (4, 9,
15). The addition of B-glucosidase at the beginning of SSF is
recommended for the removal of cellobiose inhibition, but
sometimes it is not feasible because of rapid deactivation of
enzyme (11). In some cases, cellobiose inhibition was removed
by supplementation of the medium with additional cellobiase,
leading to a remarkable improvement in lactic acid production
in fed-batch SSF (10). However, in simple-batch operations in
SSF with cellulase from Trichoderma reesei and Lactobacillus
delbrueckii, the supplementation of medium with fresh cello-
biase did not improve the overall process (12). To remove
these bottlenecks, it is advantageous to use a lactic acid-pro-
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ducing strain that has the ability to utilize both glucose and
cellobiose efficiently (9). It is known that some Lactobacillus
species utilize cellobiose as a carbon source (5), but very little
information is available about lactic acid production from cel-
lobiose. Specifically, to our knowledge, there is no report on
the utilization of cellotriose and cello-oligosaccharides by Lac-
tobacillus spp.

In this paper, we describe the efficient utilization of cellobi-
ose and cellotriose by a mutant strain, Lactobacillus delbrueckii
Uc-3, for L(+) lactic acid production. The mutant was isolated
by UV mutagenesis and selected on the basis of a bigger zone
of acid formation on sucrose-based medium (7). We also re-
port the enzyme activities present in Lactobacillus delbrueckii
mutant Uc-3 that are involved in cellobiose and cellotriose
utilization.

For the evaluation of lactic acid production from cellobiose,
experiments were performed in a 250-ml, screw-cap flask at
42°C with shaking at 150 rpm. The flask contained 100 ml
production medium consisting of 10 g cellobiose, 4.5 g CaCOs,
and 1 g yeast extract. The flasks were inoculated (5% inocu-
lum) with Lactobacillus delbrueckii mutant Uc-3 grown in hy-
drolyzed, sucrose-based medium (7). After a suitable time in-
terval, the samples for lactic acid and sugar were analyzed by a
high-pressure liquid chromatography system equipped with
UV or refractive index detectors using an Aminex HPX-87H
column (3). The profile of growth (optical density), pH, lactic
acid production, and cellobiose utilization is shown in Fig. 1.
The maximum amount of lactic acid was produced within 40 h
of fermentation, with an increase in optical density from 0.5 to
14 and a decrease in pH from 6.5 to 4.9. The maximum (90
g/liter) amount of lactic acid was produced from 100 g/liter of
cellobiose with a 2.25-g/liter/h productivity level and a 0.9-g/g
yield. These are the highest productivity and efficiency values
reported so far. This strain, therefore, proved to be highly
efficient for the conversion of cellobiose to lactic acid and
could be exploited at a commercial level. Previously, we re-
ported the production of lactic acid from bagasse-derived cel-
lulose using the same mutant strain. With SSF, we could not
detect cellobiose in the fermented broth at any point of time,
suggesting the possible presence of B-glucosidase activity in the
mutant strain (3).

Separate experiments were carried out to check whether L.
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FIG. 1. Profile of lactic acid production, growth, pH, and cellobiose utilization during fermentation by Lactobacillus delbrueckii mutant Uc-3
using cellobiose concentration of 100 g/liter. M, cellobiose; @, lactic acid; A, growth; ¥, pH. Error bars indicate standard deviations. Symbols with

error bars that cannot be seen have standard deviations of 5 to 6%.

delbrueckii Uc-3 utilizes cellotriose or cellooligosaccharides as
a sole carbon source. Ten milliliters of medium was prepared
in 15-ml, screw-cap tubes containing 1% yeast extract, 25 mg of
CaCOs, and 20 mg of cellotriose or cellooligosaccharides sep-
arately. The tubes were inoculated with a 5% inoculum grown
in 100 g/liter of hydrolyzed sucrose and kept at 42°C under
stationary conditions. At 0 h, the samples were analyzed by
high-pressure liquid chromatography for the initial concentra-
tions of glucose, fructose, and lactic acid present in the inoc-
ulum. Initially, totals of 20 mg glucose, 20 mg fructose, and 10
mg lactic acid were present in the 10 ml of medium. Within
18 h of fermentation, the complete utilization of glucose and
fructose led to the production of lactic acid. After 18 h of
incubation, the mutant started utilizing cellotriose, and within
30 h of incubation, complete utilization of cellotriose was ob-
served with the production of a proportional amount of lactic
acid (Table 1). The cellooligosaccharides were not found to be
utilized by this strain. No lactic acid was produced in medium
containing cellooligosaccharides, which shows that the mutant
does not utilize cellooligosaccharides as a sole carbon source.
The total lactic acid produced from 2 g/liter of cellotriose was
1.7 g/liter with a 85% yield. This is the first report which shows

TABLE 1. Lactic acid production from cellobiose, cellotriose,
and cellooligosaccharides”

Substrate Substrate concn Time of Lactic acid
(g/liter) sampling (h) (gfliter)
Cellobiose 100 40 90 + 4.5
Cellotriose 2 12 1.7+£02
Cellooligosaccharides 2 12 0.1 £0.12

“ Values are the average of three independent experiments.

that L. delbrueckii used cellotriose as a carbon source and
produced lactic acid with a significant yield.

We evaluated the capability of this strain to produce lactic
acid from cellulose substrates (50 g/liter) like Avicel PH 101,
Sigmacell, CP-123, and bagasse-derived cellulose. We carried
out SSF experiments using the above-mentioned cellulose sub-
strates by using cellulases derived from a Penicillium janthinel-
lum mutant isolated in our own laboratory (2) and from the L.
delbrueckii Uc-3 mutant. The methodology for SSF and the
amount of cellulase activities used per gram of substrates were
reported earlier (3). The amount of lactic acid produced in SSF
from the cellulosic materials varied between 18 and 22 g/liter
after 48 h. The level of lactic acid production from bagasse-
derived cellulose was 38 g/liter within 60 h of fermentation. We
have already reported the complete conversion of this bagasse-
derived cellulose to lactic acid with an 80% yield using this
strain (3). These results suggest that this Lactobacillus del-
brueckii mutant has a potential for the commercial production
of lactic acid from biomass material.

This strain was observed to utilize both cellobiose and cello-
triose (Table 1). Therefore, we attempted to detect the cellobiose
or cellotriose degrading enzymes by using p-nitrophenyl--p-glu-
copyranoside (pNPG), p-nitrophenyl-B-p-cellobioside (pNPC),
and p-nitrophenyl-B-p-galactopyranoside (pNPgal) as sub-
strates. The cells were grown in different sugars at 42°C and
harvested at late exponential phase by centrifugation. After
centrifugation, the supernatant and cells were used for an
analysis of aryl-B-glucosidase and aryl-B-galactosidase activi-
ties. We could not detect any enzyme activities in the super-
natant. The cells were washed three times with citrate phos-
phate buffer (50 mM, pH 6.0) and suspended in the same
buffer. This suspension was used for analyzing cell-bound hy-
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TABLE 2. Detection of aryl-B-glucosidase activity from
Lactobacillus delbrueckii mutant Uc-3 grown in
different sugar substrates”

Enzyme activity (U/g of cells) in:

Enzyme

Substrate
source Glucose Lactose  ydrolvzed ooy ibiose
sucrose
Cells pNPG 22*020 65*055 15*0.13 11.8 1.0
pNPgal 4.1 +035 6.0*0.50 40=030 3.0*+0.25
pNPC ND 1.3 +0.12 ND 4.5 +0.30
Sonicated pNPG ND 4.1 x0.35 ND 55 *0.45
cells pNPgal 1.0+ 0.10 45=*030 1.3*x0.10 1.7*=0.15
pNPC ND 0.8 = 0.07 ND 2.0+ 0.18

“ The cells were harvested at the onset of stationary phase for the determina-
tion of enzyme activity. Values are the averages of two independent experiments.
ND, not detected.

drolytic activities. The assay for aryl-B-glucosidase activity by
using pNPG was described earlier (1). The other substrates
used were pNPgal and pNPC. One unit of enzyme activity is
equivalent to one micromole of p-nitrophenol generated per
minute.

Table 2 presents the data of all the enzyme activities in the
mutant strain grown in liquid medium with different sugars. All
activities were detected in lactose- and cellobiose-grown cells.
However, a higher level of aryl-B-glucosidase was observed in
cellobiose-grown cells. Other than cellobiose, the lactose-
grown cells also exhibited all activities. When cells were grown
in glucose and hydrolyzed sucrose-based medium, aryl-B-glu-
cosidase and aryl-B-galactosidase activities were detected in
small amounts. No activity on pNPC was detected. These re-
sults show that the aryl-B-glucosidase or aryl-B-galactosidase
gene could be constitutively expressed, and enhancement in
activity was observed when the mutant was grown in either
cellobiose or lactose, respectively. The activity on pNPC was
detected only when culture was grown in cellobiose or lactose.
However, the induction in lactose-grown cells is comparatively
less than that in cellobiose-grown cells. This result suggested
that aryl-B-glucosidase and aryl B-galactosidase enzymes are
independent.

It is noteworthy to say that none of these activities are detected
in fermented broth, suggesting the intracellular location of these
enzymes. To check the intracellular localization of these enzymes,
cells were subjected to sonication (SONICS Vibra cell; model VC
130) in citrate phosphate buffer (pH 6.0, 50 mM) containing 20
mM EDTA, 1 mM dithiothreitol, 10 mM MgCl,, and phenyl-
methylsulfonyl fluoride (50 pg/ml). The sonication was per-
formed at a 60% amplitude (125 wm) for 5 min by using a 2-mm
probe under cold conditions. Almost 90% of the cells were dis-
rupted by this method. The supernatant and sonicated cell debris
were analyzed for all above-mentioned enzyme activities. No ac-
tivities were detected in supernatant, showing that enzymes are
not located in cytoplasm. However, all activities (lactose- and
cellobiose-grown cells) were detected with sonicated cells (Table
2), suggesting that the enzymes could be cell wall/membrane
bound. The activity levels were low compared to those of the
intact cells, which could be due to the inactivation of the enzymes
during sonication.

In conclusion, the Lactobacillus delbrueckii mutant Uc-3 is a
promising strain for the production of lactic acid from cellu-
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losic materials in SSF. Bottlenecks, like feedback inhibition by
glucose and cellobiose, were removed by using such a strain,
leading to the complete conversion of cellulosic substrates to
the products. This strain utilized both cellobiose and cellotri-
ose effectively and produced lactic acid in a homofermentative
way. Such an aryl-B-glucosidase, active on both pNPG and
pNPC, has not been reported for any of the Lactobacillus
species so far. These studies show the potentiality of such a
strain, which could produce commodity chemicals from renew-
able biomass. It could also be possible to generate Lactobacil-
lus strains capable of growing at higher temperatures (50°C), at
which the cellulases are most active, which in turn will enhance
the efficiency of lactic acid production in SSF.
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