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Summary
Galactose and glucose are the main monosaccharides produced from the saccharification of Gelidium amansii. They were hydrolysed with 3 % (by volume) H2SO4 at 140 °C for
5 min and obtained at concentrations of 19.60 and 10.21 g/L, respectively. G. amansii hydrolysate (5 %, by mass per volume) was used as a substrate for L(+)-lactic acid production by Lactobacillus rhamnosus. The maximum lactic acid yield (YP/S) was 42.03 % with optical purity of 84.54 %. Lactic acid produced from G. amansii hydrolysate can be applicable, among others, for the production of lactic acid esters, like ethyl or methyl lactate,
and disinfectant in seaweed cultivation.
Key words: Gelidium amansii, galactose, lactic acid fermentation, Lactobacillus rhamnosus, acid
hydrolysis

Introduction
Lactic acid has many pharmaceutical and cosmetic
applications as formulations in topical ointments, lotions,
anti-acne solutions, humectants, parenteral and dialysis
solutions or as anticaries agent (1). The properties and
applications of lactic acid, its derivatives and polymers
have been discussed previously. Many studies have reported on the production of lactic acid from renewable
feedstock and its usage in the production of a variety of
biodegradable plastics (2–4), but high concentrations and
high optical purity are required. Lactic acid esters like
ethyl and methyl lactate are high-boiling, non-toxic and
degradable components (5), and can be used as green
(environmentally benign) solvents, as they do not need
to be of high optical purity. In addition, lactic acid has a
strong disinfectant effect, so it is used as a disinfectant
of seaweed culture in the treatment of laver culture (6).

The selection of suitable raw materials is an effective approach to reduce the cost involved in the production of lactic acid. Marine biomass (marine algae) has recently received a lot of attention as a renewable source
of bioethanol (7), biomethanol (8), biobutanol (9), biohydrogen (10) and biodiesel (11). Generally, marine algae
are categorized into macroalgae (seaweed) and microalgae, whereas seaweed is divided into three categories
according to the colour: green, brown, and red seaweed
(12). Among the seaweeds indigenous to Japan, we focused on Gelidium amansii in this study. G. amansii is an
economically important species of red seaweed commonly found in the shallow coastal waters of many East
and Southeast Asian countries. It is applied in the food
and chemical industries or sometimes even served in
salads. Approximately 3.0–3.3·104 tonnes (dry mass) of
G. amansii is produced in Japan annually (13). G. amansii
agar can be used to obtain galactose. Agar is a gelati-
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nous substance derived from red seaweed, and it can be
divided into two fractions as follows: a neutral polymer
(agarose) and a sulphate polysaccharide (agaropectin).
Therefore, galactose is obtained from agarose and agaropectin hydrolysates (14,15).
Although many studies on the production of biofuels from seaweed have been reported, thus far there
are only a few studies about lactic acid production from
seaweeds (16). The purpose of this work is to investigate
lactic acid production by Lactobacillus rhamnosus using
Gelidium amansii hydrolysate as renewable feedstock or a
synthetic medium (glucose, galactose or their mixture).

Materials and Methods
General analysis of Gelidium amansii
G. amansii used in this study was obtained from a
supermarket in Munakata city, Japan. It was thoroughly
washed to remove salt and then dried in an oven at 50
oC. After drying, the seaweed was milled to less than a
100 mesh size using a coffee mill. Protein, lipid, ash and
water were analyzed using the method of AOAC (17).
Carbohydrate content was determined by calculating the
percentage remaining after all the other constituents had
been measured (18).

Saccharification of Gelidium amansii by sulphuric
acid hydrolysis
Saccharification of 3–5 % (by mass per volume) biomass of G. amansii was conducted using 3 % (by volume) H2SO4 as a catalyst at the reaction temperature of
140 °C and reaction time of 15 min, according to our previous work (19). After hydrolysis, the mixture was neutralized with 10 % (by volume) NH4OH and centrifuged
at 8000 rpm for 10 min to remove the precipitated salt.

tion, the pH was set at 6.8 by the addition of 5 % (by
volume) aqueous ammonia. The fermentation broth was
incubated at 37 °C and agitated at 100 rpm for 6 days.
At given fermentation times, samples were withdrawn
from the medium and centrifuged. The supernatant was
then kept in HPLC vials and stored at –20 °C prior to
the analysis. Fermentation inhibitors were added to the
fermentation broth in 300-mL conical flask containing
100 mL of broth. All the incubation conditions were the
same as above except for the pH control, which was
done with CaCO3. The absorbance (A) of the sample was
measured at 600 nm using spectrophotometer F-4500/
U-3310 (Hitachi, Tokyo, Japan) to determine the bacterial
growth.

Analytical methods
The acid hydrolysis and fermentation process were
monitored by measuring the concentration of glucose and
galactose, and lactic acid, respectively, by HPLC. The Rezex ROA-Organic Acid H+ (8 %) cation-exchange column
(Phenomenex, Torrance, CA, USA) at 40 °C with UV-detector and Shim-pack SPR-Ca column (Shimadzu, Kyoto,
Japan) at 80 °C with IR detector were used to analyze
lactic acid, and glucose and galactose concentrations, respectively. The mobile phase was 0.005 M H2SO4 and
water at a flow rate of 0.5 mL/min. The D- and L-enantiomers were separated with MCI GEL™ CRS10W column (Mitsubishi Chemical, Tokyo, Japan) at 30 °C and
eluted with 1 mM CuSO4 solution (flow rate 0.6 mL/min).
The samples were filtered with 0.45 mm of cellulose acetate filter, and 10 mL of injection volume were added. To
determine the concentration of fermentation inhibitors (5-hydroxymethyl-2-furfural, furfural and phenol) in G. amansii hydrolysate, a colorimetric assay was done (20–22).

Results and Discussion

Microorganism and culture condition

Composition of Gelidium amansii

Lactobacillus rhamnosus KY-3 was used in this study
as L(+)-lactic acid producer and seeded at an initial cell
density of 106 cells/mL. The stock cultures were maintained at –80 °C in nutrient supplement (Nissui Pharmaceutical Co. Ltd., Tokyo, Japan) with 30 % glycerol. A
stock culture was transferred to 100 mL of general LAB
medium as follows: yeast extract 5.5 g/L, peptone 12.5
g/L, glucose 11 g/L, KH2PO4 0.25 g/L, K2HPO4 0.25 g/L,
CH3COONa 10 g/L, MgSO4 0.1 g/L, MnSO4 0.05 mg/L
and FeSO4 0.05 mg/L. Before fermentation, the precultivation of inoculum was carried out for 24 h in an incubator at 37 °C under anaerobic conditions.

G. amansii was composed of (in %): carbohydrates
71.43, dietary fibers 67.10, protein 10.47, lipids 0.74, ash
2.82 and water 14.55. Overall composition of G. amansi
sample in this study was in agreement with the values
previously reported for red seaweed (23). G. amansii is
composed of higher carbohydrates and has a microscopic crystal structure of fibres covered by mucilaginous
polysaccharide layer and storage polysaccharides (24).
G. amansii carbohydrates were converted to galactose
and glucose. The conversion ratio was estimated to be
59.62 % (39.20 % galactose and 20.42 % glucose) and concentrations of galactose and glucose in G. amansii hydrolysate (5 %, by mass per volume) were 19.60 and 10.21
g/L, respectively.

Fermentation parameters
The fermentation was conducted in 1-litre bioreactor
(MDL-1 L, B.E. Marubishi, Tokyo, Japan, with a working
volume of 700 mL) equipped with temperature, agitation and pH controllers. The bioreactor was autoclaved
at 121 °C for 15 min and then nutrient supplement (in
g/L) was added to the neutralized G. amansii hydrolysate: yeast extract 5.5, peptone 12.5, KH2PO4 0.25, K2HPO4
0.25, CH3COONa 10 and MgSO4 0.1. The 10 % (by volume) inoculum of L. rhamnosus was aseptically inoculated into the bioreactor. At the initial stage of fermenta-

Lactic acid production by Lactobacillus rhamnosus on
Gelidium amansii hydrolysate and on carbohydrates
Fig. 1 shows the time course of lactic acid production on G. amansii hydrolysate using L. rhamnosus. The
lactic acid production gradually increased and achieved
the maximum value at 72 h, which was maintained until
the end of fermentation. The time required to reach the
maximum levels of lactic acid production may be affect-
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ed by the reduction of sugars consumed by L. rhamnosus
throughout the fermentation (25). Lactic acid was produced simultaneously with the consumption of galactose
and glucose for 24 h. After all glucose was consumed, L.
rhamnosus grew and lactic acid was produced until the
remaining galactose was consumed. However, galactose
had a lower consumption rate and productivity than glucose during fermentation on G. amansii hydrolysate.
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Fig. 1. Lactic acid production on Gelidium amansii hydrolysate
by Lactobacillus rhamnosus

Fig. 2 and Table 1 show the results of lactic acid production on the synthetic medium, i.e. the mixture of ga40
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Fig. 2. Lactic acid production on the mixture of galactose and
glucose by Lactobacillus rhamnosus

lactose and glucose compared to G. amansii hydrolysate.
It can be seen from Fig. 2 that both glucose and galactose
in the mixture were consumed faster by L. rhamnosus (in
18 and 48 h, respectively), compared to G. amansii hydrolysate, which was consumed in 24 and 90 h, respectively. In the fermentation using the mixture of galactose
and glucose, the consumption of galactose and production of lactic acid came to an end simultaneously (Fig.
2), although lactic acid was not produced after 70 h despite the consumption of the remaining galactose in G.
amansii hydrolysate (Fig. 1).
Results in Table 1 show that product yield on G. amansii hydrolysate was 42.03 %, on the mixture of galactose
and glucose was 64.05 % and on galactose only was 66.07
%. The lactic acid yield on only galactose or glucose was
higher than on G. amansii hydrolysate and on their mixture. In G. amansii hydrolysate and the mixture, it was
difficult to determine which was the main carbon source
for the lactic acid production because galactose and glucose were consumed simultaneously. Higher yield was
obtained on glucose compared to galactose (Table 1), so
it can be assumed that lactic acid is mainly produced
from glucose. According to the results, it was found that
sugar consumption rate, lactic acid production rate, bacterial growth rate and lactic acid production yield on G.
amansii hydrolysate were lower compared to the mixture
of galactose and glucose.
Galactose fermentation and metabolism have been
studied by many lactic acid bacteria (LAB) so far (26),
but it was difficult to find literature about lactic acid production on galactose by Lactobacillus rhamnosus. As illustrated in Table 1, the lactic acid yields of 66.07 and 95.66
% were obtained when only galactose or glucose were
used respectively, with 100 % of substrate consumption
by L. rhamnosus. The yield of lactic acid on galactose was
lower than on glucose, possibly due to different metabolism pathways. The inducible enzyme system required
for galactose utilization in LAB is a complex of structural and regulatory genes that includes a galactose permease and three enzymes of the Leloir pathway: galactokinase, galactose-1-phosphate uridyltransferase and
uridine diphosphoglucose-4-epimerase. The enzyme phosphoglucomutase converts glucose-1-phosphate to glucose-6-phosphate, which then enters the glycolytic pathway
(27). Although galactose might be expected to be fermented in a similar way as glucose since it enters the path-

Table 1. Parameters of lactic acid production by Lactobacillus rhamnosus on Gelidium amansii hydrolysate and on synthetic media
Parameter

G. amansii hydrolysate

Galactose and glucose mixture

Sole chemical

Total

Galactose

Glucose

Total

Galactose

Glucose

Galactose

Glucose

g(sugar)initial/(g/L)

29.81

19.6

10.21

38.53

24.61

13.92

30.15

30.79

g(sugar)final/(g/L)

0

0

0

0

0

0

0

0

100

100

100

100

100

sugar consumption rate/%

100

100

g(lactic acid)/(g/L)

100

12.53

24.68

19.92

29.45

YP/S/%

42.03

64.05

66.07

95.66

Hydrolysate obtained from 5 % (by mass) of G. amansii treated with 3 % H2SO4 (by volume) at 140 °C for 15 min
Sugar consumption rate=(g(sugar)final/g(sugar)initial)·100
The fermentations were conducted in a 1-litre bioreactor with working volume of 700 mL at 37 °C and 100 rpm for 6 days
YP/S=(m(lactic acid)/m(substrate))·100
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way of glycolysis as glucose-6-phosphate (28), there is a
possibility that it enters another pathway like tagatose
pathway. In addition, when pyruvate enters the course
of fermentation, there is a possibility that some pyruvate
enters tricarboxylic acid (TCA) cycle. The reported results showed that yields of lactic acid on galactose were
in the range from 23.3 to 69.5 % (27,29–32). L. rhamnosus
showed considerably high yield of 66.07 % in this study
(Table 1).

Optical purity of L(+)-lactic acid produced on
G. amansii hydrolysate and on the mixture of
galactose and glucose
Optical purity of lactic acid is important for the quality of final products such as polylactic acid (PLA), so
that the selection of microorganisms that produce high-purity L(+)-lactic acid was essential (36). Table 3 shows
the optical purity of L(+)-lactic acid obtained on G. amansii hydrolysate and on the mixture of galactose and glucose. The optical purity of L(+)-lactic acid produced from
G. amansii hydrolysate by L. rhamnosus was 84.54 %, which
was lower than when using glucose only. L(+)-lactic acid
produced from G. amansii hydrolysate is not suitable for
PLA production because of its low optical purity; however, alternative applications for the production of lactic
acid esters, like ethyl or methyl lactate, or as a disinfectant of seaweed culture would be possible.

Fermentation inhibitors in G. amansii hydrolysate
and their effect on lactic acid fermentation
This study focused on the determination of concentrations of fermentation inhibitors 5-hydroxymethyl-2-furfural (5-HMF, 1.15 g/L), furfural (0.26 g/L) and phenol
(0.47 g/L) in G. amansii hydrolysate using colourimetric
method, and their effect on lactic acid production by L.
rhamnosus. To investigate the effect of inhibitors on the
lactic acid production, fermentation broth was prepared
by the addition of 5-HMF, furfural and phenol to the
mixture of galactose and glucose. The fermentation broth
without any inhibitors was used as a control. Table 2
shows the effects of inhibitors on lactic acid fermentation by L. rhamnosus. From the experimental results, it
was found that lactic acid yield decreased in the presence of fermentation inhibitors compared to the control.
The results clearly show that fermentation inhibitors in
G. amansii hydrolysate affect the fermentation process.
In addition, more research needs to be done to identify toxic compounds in the acid hydrolysates such as
furans, aliphatic acids (33) and phenolic compounds (34).
The removal of these inhibitors is very important for the
improvement of the fermentability of seaweed hydrolysate (35).

End products of fermentation on G. amansii
hydrolysate and on the mixture of glucose and galactose
Lactic acid bacteria can belong to the genera Aerococcus, Lactobacillus, Lactococcus, Enterococcus, Carnobacterium, Leuconostoc, Oenococcus, Pediococcus, Tetragenococcus,
Vagococcus and Weissela, and they metabolize carbohydrates
via different pathways resulting in homo-, hetero-, or
mixed acid fermentations (37). The homofermentation
routes give only lactic acid as a major end product of
glucose catabolism through Embden–Meyerhof–Parnas
pathway, while the hetero- or mixed acid fermentation
routes give not only lactic acid, but also formic and acetic acids as by-products. Only a few lactic acid bacteria,
such as L. bulgaricus, L. helveticus, L. amylophilus and L.
delbrueckii, could produce optically pure lactic acid (18,
38). Table 4 shows the end products of fermentation by

Table 2. Lactic acid yield influenced by the presence of fermentation inhibitors
Control (without inhibitor)

Chemical inhibitor

Total

Galactose

Glucose

Total

Galactose

Glucose

g(sugar)initial/(g/L)

30.23

20.2

10.13

31.57

21.68

9.89

g(sugar)final/(g/L)

0

0

0

0

0

0

100

100

100

100

100

sugar consumption rate/%

100

g(lactic acid)/(g/L)

19.95

16.99

YP/S/%

65.99

53.82

Chemical inhibitors: 5-HMF (1.15 g/L), furfural (0.26 g/L), phenol (0.47 g/L)
Sugar consumption rate=(g(sugar)final/g(sugar)initial)·100
YP/S=(m(lactic acid)/m(substrate))·100

Table 3. The optical purity of L(+)-lactic acid produced on Gelidium amansii hydrolysate and on synthetic media

Optical purity ratio

Fermentation on synthetic media

Fermentation on
G. amansii
hydrolysate

Galactose and glucose
mixture

Galactose

Glucose

Sole chemical

L(+)-lactic

acid/%

84.54

85.62

83.43

97.15

D(–)-lactic

acid/%

15.46

14.38

16.57

2.85
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Table 4. End product of the fermentation by Lactobacillus rhamnosus on Gelidium amansii hydrolysate and on synthetic media
g/(g/L)
Product

Sole chemical
Galactose Glucose

galactose

Chemical
mixture
(galactose
and glucose)

G. amansii
hydrolysate*

30.15

0

24.61

19.60

0

30.79

13.92

10.21

lactic acid

19.92

29.45

24.68

12.53

formic acid

0.43

n.d.

0.33

0.24

acetic acid

1.61

n.d.

1.34

0.98

ethanol

0.82

n.d.

0.62

0.37

glucose

*

5 % (by mass) of G. amansii was treated with 3 % H2SO4 (by
volume) at 140 °C for 15 min
The fermentations were conducted in a 1-litre bioreactor with
working volume of 700 mL at 37 °C and 100 rpm for 6 days
n.d.= not detected

L. rhamnosus on G. amansii hydrolysate and on the mixture of glucose and galactose. L. rhamnosus ferments carbohydrates via homofermentative pathways. However, in
the case of galactose, formic acid, acetic acid and ethanol
were produced as end products, although the cell growth
was similar as in case of glucose fermentation.

Conclusion
In this study, sulphuric acid hydrolysate of Gelidium
amansii, a major species of red seaweed was used for lactic acid production. G. amansii has more than 70 % of
carbohydrates, and its hydrolysate contains galactose and
glucose as the main components originating from agar and
cellulose. These fermentable monosaccharides were utilized as a substrate for lactic acid production by Lactobacillus rhamnosus KY-3. In G. amansii hydrolysate, fermentation inhibitors were detected as follows: 5-HMF, furfural
and phenol. Inhibitor removal is necessary to improve
lactic acid production. Although L. rhamnosus is homofermentative bacterium, a small amount of formic acid,
acetic acid and ethanol as end products was also produced from G. amansii hydrolysate. Lactic acid produced
from G. amansii hydrolysate can be applied for the production of lactic acid esters, like ethyl and methyl lactate, or as disinfectant of seaweed culture, even though
its optical purity is lower. Among the seaweed, G. amansii hydrolysate could be a good potential substrate for
the production of lactic acid as shown in this study.

Acknowledgements
The authors would like to thank Fisheries Agency of
the Ministry of Agriculture, Forestry and Fisheries of Japan for the financial support of this research.

References
1. H. Oh, Y.H. Wee, Y.S. Yun, S.H. Ho, S. Jung, H.W. Ryu,
Lactic acid production from agricultural resources as cheap
raw materials, Bioresour. Technol. 96 (2005) 1492–1498.

135

2. S. Praneetrattananon, M. Wakisaka, Y. Shirai, V. Kitpreechavanich, Kitchen refuse: A novel substrate for L-(+)-lactic
acid production by Rhizopus oryzae in submerged fermentation, Jpn. J. Food Eng. 6 (2005) 45–51.
3. S. Thomas, Production of lactic acid from pulp mill solid
waste and xylose using Lactobacillus delbrueckii (NRRL B445),
Appl. Biochem. Biotechnol. 84–86 (2000) 455–468.
4. S. Schmidt, N. Padukone, Production of lactic acid from
wastepaper as a cellulosic feedstock, J. Ind. Microbiol. Biotechnol. 18 (1997) 10–14.
5. R. Datta, S.P. Tsai, P. Bonsignore, S.H. Moon, J.R. Frank,
Technological and economical potential of poly(lactic acid)
and lactic acid derivatives, FEMS Microbiol. Rev. 16 (1995)
221–231.
6. A. Akizuki, M. Tabata, Y. Kawamura, Disinfectant effects
of lactic acid on Pythium porphyrae as acid treatment agent,
Aquacult. Sci. 55 (2007) 325–330.
7. T. Okamoto, H. Taguchi, K. Nakamura, H. Ikenaga, Production of ethanol from maltose by Zymobacter palmae fermentation, Biosci. Biotechnol. Biochem. 58 (1994) 1328–1329.
8. K.T. Bird, D.P. Chynoweth, D.E. Jerger, Effects of marine
algal proximate composition on methane yields, J. Appl.
Phycol. 2 (1990) 207–213.
9. Conditionally Activated Enzymes Expressed in Cellulosic
Energy Crops, ARPA E Biomass Project, USA (2009) (http://
nextbigfuture.com/2009/11/arpa-e-biomass.html).
10. J. Rupprecht, B. Hankamer, J.H. Mussgnug, G. Ananyev, C.
Dismukes, O. Kruse, Perspectives and advances of biological H2 production in microorganisms, Appl. Microbiol.
Biotechnol. 72 (2006) 442–449.
11. Total Dietary Fibre Assay Procedure K-TDFR, Megazyme
International Ireland Ltd., Bray, Wicklow, Ireland (2009) (http://
www.megazyme.com/downloads/en/data/K-TDFR.pdf).
12. D.J. McHugh, A guide to the seaweed industry, FAO Fisheries Technical Paper No. 441, FAO, Rome, Italy (2003) pp. 441.
13. B. Santelices, The wild harvest and culture of the economically important species of Gelidium in Chile, FAO Fisheries
Technical Paper, No. 281, FAO, Rome, Italy (1987) (http://www.
fao.org/docrep/x5819e/x5819e07.htm).
14. Y. Tsuchita, K.C. Hong, Agarose and agaropectin in Gelidium and Gracilaria-agar, Tohoku J. Agric. Res. 16 (1965) 141–
146.
15. R. Armisen, F. Galatas, Production, properties and uses of
agar, FAO Fisheries Technical Paper, No. 288, FAO, Rome,
Italy (1987) (http://www.fao.org/docrep/x5822e/x5822e03.htm).
16. M. Uchida, Studies on lactic acid fermentation of seaweed,
Bull. Fish. Res. Agency, 14 (2005) 21–85.
17. Official Methods of Analysis of the AOAC, Association of
Official Analytical Chemist (AOAC), Gaithersburg, MD, USA
(1990).
18. S. Benthin, J. Villadsen, Production of optically pure D-lactate by Lactobacillus bulgaricus and purification by crystallisation and liquid-liquid extraction, Appl. Microbiol. Biotechnol. 42 (1995) 826–829.
19. S.S. Jang, Y. Shirai, M. Uchida, M. Wakisaka, Production of
mono sugar from acid hydrolysis of seaweed, African J. Biotechnol. 11 (2012) 1953–1963.
20. Y.G Khabarov, N.D. Kamakina, L.V. Gusakov, V.A. Veshnyakov, A new spectrophotometric method for determination of furfural and pentoses, Russ. J. Appl. Chem. 79 (2006)
103–106.
21. M. Iqbal, F.A. Khan, A.H. Farooqui, A.F.K. Ifrahim, Determination of phenol in locally grown fruits and vegetable
by spectrophotometric method, J. Chem. Soc. Pak. 27 (2005)
271–278.
22. N. Kreuziger Keppy, M.W. Allen, The determination of HMF
in honey with an evolution array UV-visible spectrophoto-

136

S.S. JANG et al.: Lactic Acid Production from Red Seaweed, Food Technol. Biotechnol. 51 (1) 131–136 (2013)

meter, Application Note 51864, Thermo Fisher Scientific Inc.,
Madison, WI, USA (2009) (http://www.thermoscientific.com/
ecomm/servlet/techresource?productId=12987526&taxonomy=
4&resourceId=87413&contentType=Application%20Notes&
storeId=11152).
23. K. Manivannan, G. Thirumaran, G. Karthikai Devi, P. Anantharaman, T. Balasubramanian, Proximate composition of
different group of seaweeds from Vedalai coastal waters
(Gulf of Mannar): Southeast Coast of India, Middle-East J.
Sci. Res. 4 (2009) 72–77.
24. M. Indergaard: The Aquatic Resource. I. The Wild Marine
Plants: A Global Bioresource. In: Biomass Utilization, W.A.
Cote (Ed.), Plenum Publishing Corporation, New York, NY,
USA (1983) pp. 137–168.
25. M.T. Gao, M. Koide, R. Gotou, H. Takanashi, M. Hirata, T.
Hano, Development of a continuous electrodialysis fermentation system for production of lactic acid by Lactobacillus
rhamnosus, Process Biochem. 40 (2005) 1033–1036.
26. J.S. Yun, Y.J. Wee, H.W. Ryu, Production of optically pure
L(+)-lactic acid from various carbohydrates by batch fermentation of Enterococcus faecalis RKY1, Enzyme Microbial
Technol. 33 (2003) 416–423.
27. Microbial Physiology, A.G. Moat, J.W. Foster, M.P. Spector
(Eds.), Wiley-Liss, Inc., New York, NY, USA (2002) pp.
395–396.
28. R. Caputto, L.F. Leloir, R.E. Trucco, C.E. Cardini, A.C. Paladini, The enzymatic transformation of galactose into glucose derivatives, J. Biol. Chem. 179 (1949) 497–498.
29. T.T. Fukuyama, D.J. O’Kane, Galactose metabolism. I. Pathway of carbon in fermentation by Streptococcus faecalis, J.
Bacteriol. 84 (1962) 793–796.

30. R.H. Steele, A.G.C. White, W.A. Pierce Jr., The fermentation of galactose by Streptococcus pyogenes, J. Bacteriol. 67
(1954) 86–89.
31. K.W. Turner, F.G. Martley, Galactose fermentation and classification of thermophilic lactobacilli, Appl. Environ. Microbiol. 45 (1983) 1932–1934.
32. W.H Peterson, E.B. Fred, J.A. Anderson, The fermentation
of glucose, galactose, and mannose by Lactobacillus pentoaceticus n. sp., J. Biol. Chem. 42 (1920) 273–287.
33. R.P. Chandra, R. Bura, W.E. Mabee, A. Berlin, X. Pan, J.N.
Saddler, Substrate pretreatment: The key to effective enzymatic hydrolysis of lignocellulosics?, Adv. Biochem. Eng./Biotechnol. 108 (2007) 67–93.
34. E. Palmqvist, B. Hahn-Hägerdal, Fermentation of lignocellulosic hydrolysates. II: Inhibitors and mechanisms of inhibition, Bioresour. Technol. 74 (2000) 25–33.
35. L.M.D. Gonçalves, A. Ramos, J.S. Almeida, A.M.R.B. Xavier, M.J.T. Carrondo, Elucidation of the mechanism of lactic acid growth inhibition and production in batch cultures
of Lactobacillus rhamnosus, Appl. Microbiol. Biotechnol. 48 (1997)
346–350.
36. N. Narayanan, P.K. Roychoudhury, A. Srivastava, Isolation
of adh mutant of Lactobacillus rhamnosus for production of
L(+) lactic acid, Electron. J. Biotechnol. 7 (2004) 72–84.
37. M.E. Stiles, W.H. Holzapfel, Lactic acid bacteria of foods
and their current taxonomy, Int. J. Food Microbiol. 36 (1997)
1–29.
38. M. Moo-Young: Comprehensive Biotechnology: The Principles,
Applications and Regulations of Biotechnology in Industry, Agriculture and Medicine, Pergamon Press, Oxford, UK (1985)
pp. 761–776.

