
Optically Pure D-Lactic Acid Production 71

Applied Biochemistry and Biotechnology Vol. 119, 2004

Copyright © 2004 by Humana Press Inc.
All rights of any nature whatsoever reserved.
0273-2289/04/119/0071/$25.00

71

*Author to whom all correspondence and reprint requests should be addressed.

Production of Optically Pure D-Lactic Acid
by Nannochlorum sp. 26A4

SHIN HIRAYAMA*,1 AND RYOHEI UEDA2

1Advanced Technology Research Center,
and 2Yokohama Research & Development Center,

Mitsubishi Heavy Industries, Ltd., 1-8-1 Sachiura Kanazawa-Ku,
Yokohama 236-8515, Japan, E-mail: shin_hirayama@mhi.co.jp

Received September 15, 2003; Revised June 9, 2004;
Accepted June 17, 2004

Abstract

Microalgae were screened from seawater for greenhouse gas CO2 fixation
and D-lactic acid production by self-fermentation and tested for their growth
rate, starch content, and conversion rate from starch into D-lactic acid. More
than 300 strains were isolated, and some of them were found to have suitable
properties for this purpose. One of the best strains, Nannochlorum sp. 26A4,
which was isolated from Sakito Island, had a starch content of 40%
(dry weight), and a conversion rate from consumed starch into D-lactic acid
of 70% in the dark under anaerobic conditions. The produced D-lactic acid
showed a high optical purity compared with the conventional one. The pro-
posed new D-lactic acid production system using Nannochlorum sp. 26A4
should also be an effective technology for greenhouse gas CO2 fixation
and/or conversion into industrial raw materials.

Index Entries: D-lactic acid; optical purity; microalgae; self-fermentation;
Nannochlorum sp.; Sakito Island.

Introduction

Lactic acid is a chiral molecule that includes some types of optical
isomer acids, such as the L type or D type or a mixture of the L and D types.
Of these isomers, D-lactic acid has a valuable potential as a raw material for
biodegradable plastics, agricultural chemicals, and medical supplies. Up to
now, optically high-purity D-lactic acid could be heterotrophically pro-
duced from sugar by some bacteria such as Sporolactobacillus inulinus, Lac-
tobacillus delbrueckii subsp. delbrueckii, and Leconostoc mesenteroides subsp.
mesenteroides (1–3). The optical purity of these D-lactic acids was confirmed
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to be approx 96% (4,5). This optical purity is lower than that of L-lactic acid
that was developed a long time ago for increasing the optical purity in the
fermentation industry (6–8). Regarding chiral molecule production,
because a low optical purity has led to a thalidomide disaster, a high optical
purity of the chiral molecule must provide high safety for application to
agricultural chemicals and medical supplies. Based on this history, it was
postulated that the development of a new method or technology was
needed for the production of higher optically pure D-lactic acid, with
this technology leading to more applications of D-lactic acid.

It is known that microalgae containing starch have the ability to con-
vert their starch into some organic matters such as lactic acid, ethanol,
acetic acid, and formic acid under dark and anaerobic conditions (9–11).
There are only a few reports on the productivity and/or optical character-
istic of lactic acid from microalgal anaerobiosis. Based on this background,
we screened microalgal strains that produce D-lactic acid with high optical
purity. In this article, we report on the isolation of this microalga mean
isolated alga of Nannochlorum sp. 26A4 and its properties of the D-lactic acid
production under dark and anaerobic conditions. We also discussed the
proposed new system with D-lactic acid production.

Materials and Methods

Cultivation of Microalgae

Each algal strain was isolated from seawater samples from around
Japan by micropipet manipulation and colony formation on a gellan gum
or an agar gel containing medium A (pH 7.8) (12). The content of medium
A was as follows: 0.2 g of NaNO3, 0.01 g of sodium β-glycerophosphate,
0.1 g of ethylenediaminetetraacetic acid iron salt (Fe-EDTA), 0.06 g of
Clewat-32 (Teikoku, Osaka, Japan), 0.2 g of vitamin Bl2, and 0.1 g of Tris
(hydroxy methyl) aminomethane in 1 L of seawater. The pH of medium A
was adjusted to 7.8, and then the medium was autoclaved. Algal cells from
the seawater sample in the stationary growth phase in the main culture
using 2-L flat culture bottles sparged with air containing 0.5% CO2 at
15,000 lux were harvested by centrifugation.

Dark Fermentation

The cells were resuspended in 0.4 M potassium phosphate buffer
(pH 7.7) for protection against a decreasing pH at a final density of 150–
250 mg dry wt/mL and placed in a light-shielded airtight tube (10 mL) for
self-fermentation. The starch content was measured by a coupled method
with perchloric acid and glucose oxidase (13). The fermentative products
were analyzed by gas chromatography, and optical isomers of the lactic
acid were detected by both liquid chromatography with a chiral column
(SUMICHIRAL OA-5000, Sumitomo, Osaka, Japan) and enzymatic analy-
sis (F-Kit; Boehringer Mannheim).
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Enzyme Assay

Soluble extracts were made by breaking the microalgal cells in a soni-
cator followed by centrifugation and dialysis at 4°C. The nicotinamide
adenine nucleotide-linked lactate dehydrogenase was measured by moni-
toring A340 (14). One unit of enzyme activity was defined as the amount of
enzyme catalyzing the degradation of 1 µmol of NADH/min at 25°C.

Results and Discussion

Isolation of Microalgae From Seawater

The location of the seawater sampling sites around Japan are shown
in Fig. 1, and the seawater samples were mainly collected from the southern
area of Japan. During the course of screening the microalgae from the sea-
water, more than 300 strains were isolated, but many of them showed
adhesive growth on the preculture flasks and/or flocculated growth.
More than 20 strains were tested to examine their algal productivity, starch
content, and microalgal lactic acid production. Some strains had a starch
content of more than 35% (vs dry weight), and a starch conversion into
some organic acids. One of the best strains, Nannochlorum sp. 26A4 (see Fig. 2),
was isolated from Sakito Island, located in the Nagasaki Prefecture, Japan.
Professor I. Inouye and Dr. T. Nakayama of the University of Tsukuba
classified and identified this strain.

Fig. 1. Location of seawater sampling sites in Japan.
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D-Lactic Acid Production From Isolated Microalga

The resulting cultivation of Nannochlorum sp. 26A4 showed a starch
content of 40% (dry weight). After the algal cells were harvested and then
incubated under anaerobic conditions at room temperature, this strain
indicated a conversion rate, which is defined as the theoretical ratio
shown by Eq. 1, from consumed microalgal starch to lactic acid of 70%,
corresponding to 26,000 mg/L of lactic acid. As minor components, acetic
acid, propionic acid, and ethanol were produced, but the main product was
lactic acid:

C6H10O5 + H2O → 2C3H6O3 (1)

Because barely no intracellular starch remained after 3 d at 25–35°C,
this lactic acid production seemed to finish within 3 d. These results dem-
onstrate that no added energy for temperature control was needed to pro-
duce lactic acid at room temperature levels. The resulting supernatant of
the algal slurry was filtered and then underwent separation to a chiral
isomer by high-performance liquid chromatography. As a result of this
chromatography, only D-lactic acid was detected and no L-lactic acid was

Fig. 2. Electron micrograph of Nannochlorum sp. 26A4. The preparation was fixed in
2.5% glutaraldehyde in 0.2 M cacodylate buffer (pH 7.2) followed by 2% osmium
tetroxide in the same buffer. C, chloroplast; M, mitochondrion; N, nucleus; S, starch.
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found, as shown in Fig. 3. Because the concentration of the detected D-lactic
acid was 5100 mg/L, and the identification limit of the L-lactic acid was
<5 mg/L, the optical purity of this D-lactic acid is thought to be at least
99.9%. In addition, because the purity of the D-lactic acid was >99.8% by an
enzymatic analysis, the optical purity of D-lactic acid must be at least 99.8%.
Phosphate has been used to improve optical purity, but its detailed mecha-
nisms are not clear (8). In the present study, because phosphate was not
used for D-lactic acid production under dark and anaerobic conditions, the
mechanisms leading to the high optical purity are now being investigated.
Such an extremely high optically pure D-lactic acid has never been reported.
This optical purity of D-lactic acid seemed to be the highest in the world
reported for D-lactic acid production.

Green algae usually produce organic matter, such as lactate and etha-
nol, only under dark conditions by intracellular starch digestion via the
Embden-Meyerhof-Pamas pathway (9). The activity of lactate dehydro-

Fig. 3. High-performance liquid chromatograms of lactic acid. (A) Standard of D- or
L-lactic acid; (B) optical purity check of lactic acid in fermentative products of
Nannochlorum sp. 26A4.
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genase determined from the cell-free extract of Nannochlorum sp. is shown
in Table 1. The activities of the lactate dehydrogenase were detected only
under dark conditions. These results indicate that D-lactate was produced
only under dark conditions by lactate dehydrogenase, not under light
conditions.

Designation of D-Lactic Acid Production System

Based on some properties of D-lactic acid production by microalgae,
we designed and proposed a new optically specific D-lactic acid production
system using this microalgal fermentation under dark and anaerobic con-
ditions. The proposed D-lactic acid production system as a new technology
shown in Fig. 4 consists of microalgal cultivation, algal cell harvest, slurry
preparation, self-fermentation of the algae, and D-lactic acid extraction
processes. The system seems very simple for the production of D-lactic acid
with an extremely high optical purity compared with other conventional
ones (4,5). In addition, the culture medium in the system does not need
careful selection compared with heterotrophic microorganisms such as
Streptococcus faecalis (8), thus providing a simple process.

From both the growth rate and conversion rate to the lactic acid,
approx 2.3 g of lactate/(m2·d) is expected as the carbon sequestration

Fig. 4. D-lactic acid production system using microalgal self-fermentation.

Table 1
Lactate Dehydrogenase Activities of Cell-Free Extract

of Nannochlorum sp. 26A4 Cells From Light or Dark Conditiona

Activity
(nmol/[min·mg] of protein)

Enzyme Light condition Dark condition

Lactate dehydrogenase 0.0 ± 0 3.1 ± 0.1
aValues are an average of repeatedly measuring three times.
The extract of light condition was immediately prepared from photoautotrophi-

cally grown cells. The extract of dark condition was prepared from the dark fermen-
tation cells for 24 h.
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potential of this system. Although the cost of producing lactic acid must
depend on its scale and sanitary grade of the main facilities, such as the
microalgal cultivation ponds and harvester, the minimum potential costs
are expected to be less than the cost ($10–20/dry kg) of microalgal supple-
ment food with sanitary equipment (15).

Because algal cultivation has the advantages of being used in devas-
tated lands and seawater on a large scale, the system also should be an
effective technology for greenhouse gas CO2 fixation and/or conversion
into more valuable products.

References

1. Sneath, P. H. A., Mair, N. S., Sharpe, M. E., and Holt, J. G (1986), Bergey’s Manual of
Systematic Bacteriology, vol. 2, Williams & Wilkins, Baltimore.

2. Kandler, O. (1983), Antonie van Leeuwenhoek 49, 209–224.
3. Benthin, S. and Villadsen, J. (1995), Appl. Microbiol. Biotechnol. 42, 826–829.
4. Ohtsuka, M., Okada, S., Vchimura, Y., and Komagata, K. (1994), Seibutsu Kougakukaishi

72(2), 81–86 (in Japanese).
5. Kobayashi, T. and Tanaka, M. (1988), Bio Industry 5, 800–806 (in Japanese).
6. DeMan, J. C., Rogosa, M., and Sharpe, M. E. (1960), J. Appl. Bacteriol. 23, 130–135.
7. Okada, S., Toyoda, T., and Kozaki, M. (1978), Agric. Biol. Chem. 42, 1781–1783.
8. Ohara, H. and Yoshida, T. (1993), Appl. Microbiol. Biotechnol. 40, 258–260.
9. Gfeller, R. P. and Gibbs, M. (1984), Plant Physiol. 75, 212–218.

10. Oost, J. V. D., Bulthuis, B. A., Feitz, S., Krab, K., and Kraayenhof, R. (1989), Arch. Micro-
biol. 152, 415–419.

11. Hirayama, S., Veda, R., Ogushi, Y., Hirano, A., Samejima, Y., Hon-Nami, K., and
Kunito, S. (1998), Studies Surf. Sci. Catal. 114, 657–660.

12. Hirano, A., Ueda, R., Hirayama, S., and Ogushi, Y. (1997), Energy 22(2/3), 137–142.
13. Hirokawa, T., Hata, M., and Takeda, H. (1982), Plant Cell Physiol. 23(5), 813–820.
14. Kreuzberg, K., Klöck, G., and Grobheiser, D. (1987), Physiol. Plant. 69, 481–488.
15. Richmond, A. (1986), in Handbook of Microalgal Mass Culture: Future Prospects, Rich-

mond, A., ed., CRC Press, Boca Raton, FL, pp. 485–487.


	f19: 
	f20: 
	f21: 
	f22: 
	f23: 
	f24: 
	f25: 
	f26: 


