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Optimization of Docosahexaenoic Acid (DHA) Production and
I mprovement of Astaxanthin Content in a Mutant Schizochytrium
limacinum I solated from Mangrove Forest in Thailand

Wassana Chatdumrong?, Wichien Yongmanitchai'*, Savitree Limtong?!
and Wanchai Worawattanamateekul?

ABSTRACT

Polyunsaturated fatty acids including DHA are essential dietary fatty acids. At present, fish
oils are a major source, but an aternative supply is needed because of increasing demand and fish
dwindling stocks. This need might be satisfied using a thraustochytrids found in mangrove forests of
Thailand and identified by 18SrDNA sequencing aseither Schizochytriumlimacinumor Thraustochytrium
aggregatum. S. limacinum was tested in various culture conditions to find the optimal yield of DHA.
This culture medium contained 7.5% glucose, 0.5% peptone, 0.5% yeast extract (with either 0.25%
soybean meal or 1% skimmed milk) and 0.75% sea salt at 20-30°C. The C:N ratio was about 15:1. The
culture was mutated using NTG and one isolate showed high DHA content and also a red pigment
identified as astaxanthin by TLC and HPLC. Astaxanthin synthesis peaked on day 6 - 10 of incubation
in medium containing 2% glucose using shaking flasks at 180 rpm, 25°C, 2 kLux light intensity with a
18:6 h light:dark periods. Six days of incubation yielded the highest yields of both DHA (224.6 mg/l)
and astaxanthin (8.9 pg/ml of medium). These results suggested that this microorganism could provide
acommercial source of thisvaluable lipid and pigment.
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INTRODUCTION in preventing and treating pathologies such as
coronary heart disease, stroke and rheumatoid

Thraustochytridssuch as Schizochytrium  arthritis (Kinsella, 1987), provide protection

and Thraustochytrium are aquatic heterotrophic
microorganisms commonly found in marine and
estuarine environment (Barr, 1992). The capacity
of thraustochytrids to accumulate large amounts
of polyunsaturated fatty acids (PUFAS), especially
omega-3 fatty acids including docosahexaenoic
acid (C22:6, DHA), iswell recognized (Lewis et
al., 1999; Huang et al., 2001). They areimportant

against asthma, dyslexia, depression and some
forms of cancer (Simopoulos, 1989; Takahata et
al., 1998). DHA is an essential fatty acid for
neuronal development (Yongmanitchai and Ward,
1989). Demand of these fatty acids as a dietary
supplement has increased and the major supply is
presently derived fromfish cil. But dwindling fish
stocks and increasing demand has created a need
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for alternative sources of supply.

Astaxanthin (3,3 -dihydroxy-,3-
carotene-4,4'dione) is a carotenoid found
especialy in marine crustaceans. It is added to
food products (Vazquez et al., 1997) and use asa
colorant for cultured fish, poultry (Johnson and
An, 1991) and shrimp. It also acts as a scavenger
of free oxygen radicals which damage DNA and
oxidizes proteins (Schroeder and Johnson, 1993).
Astaxanthin used as an animal feed is often
produced commercially by chemical synthesis.
However, the public have a preference for
additives coming from natural source (Fang and
Cheng, 1993) such as algae, fungi and small
crustaceans. When in the food chain, they lead to
pigmentation of larger animals including fish
(especially salmon), lobsters, krill and small
marine and freshwater organisms (Johnson and
Lewis, 1979).

Recently, microbial production of
astaxanthin pigment has been improved through
isolated or combined strategies, i.e., mutagenesis
and mediafermentation (Fontanaet al., 1996). The
thraustochytrids, Schizochytrium aggregatum
(Valadon, 1976) and Thraustochytrium CHN-1
(Marvelisaet al., 2003), have both been found to
contain this pigment. This study aims to improve
both the astaxanthin and DHA production by the
creation of mutations of Schizochytrium sp.
BR2.1.2 and also by optimizing the media and
conditions in small scale cultures and then
applying to larger vessels.

MATERIALSAND METHODS

Microor ganisms

Wild type strain

Thewild type of thraustochytrid selected
strain BR2.1.2 wasisolated from mangrove forest
at Bang-rong area, Amphur Thalang in Phuket
province, Southern Thailand. The isolation was
carried out in GPY agar medium (Huang et al.,
2001) by baiting technique. After a series of

streaking on the agar medium, pure culture was
obtained for this study.

Identification of microorganism by
18SrDNA sequencing

Morphological characteristics of
thraustochytrid BR2.1.2 resembled
Schizochytrium. ldentification was further
confirmed by 18SrDNA sequencing. Two primers
of NS1 and NS8 were used for amplification of
18S rDNA by PCR technique using a thermal
cycler (Perkin EImer GeneAmp PCR system
2400). Theamplification program was carried out
following the protocol of Mo et al. (2001). Purified
PCR product of 18SrDNA wasanalyzed by DNA
autosequencer with NS1-8 primers set according
to White et al. (1990)

Mutagenesis

Increased expression of astaxanthin was
sought by mutagenesis of the wild type BR2.1.2
using N-methyl-N’-nitro-N-nitrosoguanidine
(NTG) (FlukaChem, AG) modified from Chaunpit
(1993). Theinitial concentration of 1-9x106 cells/
ml wastreated with NTG (0.1 mg/ml) for 20 min
with shaking. NTG wasremoved from suspension
by centrifugation and cells pellet washed by 0.5
M phosphate buffer pH 7.0 and spreaded on GPY
agar plate. The treated culture contained 0.05 —
0.1 % of theinitial cells. Red coloniesindicating
accumulation of astaxanthin were collected for
further assessment of growth, astaxanthin and
DHA contents.

Optimization of growth and DHA production
by wild type BR2.1.2

Culture conditions for thraustochytrid
BR2.1.2 were optimized for growth and DHA
production. Thefollowing conditionswere applied
throughout unless otherwise stated. Thirty
milliliters of GPY medium (Huang et al., 2001)
composed of 3% glucose, 1% peptone, 0.5% yeast
extract and 50% of natural seawater was used as
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the basal medium and placed in a 125 ml
Erlenmeyer flask. All experiments were carried
out in triplicate flasks. Cultivation was initiated
by addition of 1 ml of inoculum (adjusted cells
concentration to 1.0 at OD 600 nm). Incubation
was done on a rotary shaker (Sac Science-ENG
LTD, Part) at 140 rpm at room temperature for 4
days. To test different media, the basal mediawas
maodified in the following manner:

1. Thecarbon sourcereplaced by either
glucose, fructose, sucrose, glucose syrup and
agricultural productsi.e. molasses, and sugar cane
juice (Sahakarnnamtan Co. Ltd., Chonburi,
Thailand).

2. The nitrogen sources replaced by
peptone, soybean meal, skimmed milk,
ammonium sulfate, potassium nitrate, sodium
nitrate, monosodium glutamate (M SG).

3. Sea salt concentration (salinity) O-
200% of seawater.

The effect of temperature on growth and
DHA production were also determined by using
temperature gradient incubator (Model TN-3,
Toyo, Kagaku Sangyo Co., Ltd., Tokyo, Japan)
set at 15, 20, 25, 30 and 35°C.

Optimization of growth and astaxanthin
production by thraustochytrid mutant

The mutant was cultivated in a 125 ml
Erlenmeyer flask containing 30 ml of GYC
medium (Marvelisa et al., 2003) and kept in an
incubator shaker at 180 rpm for 10 days at 25°C.
Light was provided by fluorescent lamps at the
intensity of 2 kLux with light:dark periodsat 16:8
hrs. Effects of carbon sources such as sugar cane
juice, molasses and maltose:glucose (1:1, w/w)
contained the same carbon equivalent as 2%
glucose were studied. Environmental conditions
such as light intensity at 0, 5 and 10 kLux and
temperature (as described above) were also
determined.

Analytical procedures

Growth was determined asthe dry weight
of the cells (drying conditions).

Lipid was extracted by the modified
method of Bligh and Dyer (1959), followed by
transmethylation according to Holub and Skeaff
(1987). Fatty acid methyl esterswere analyzed in
agas-liquid chromatography (GC-14B; Shimadzu,
Tokyo, Japan) equipped with flame ionization
detector and a split injector at 1:40 ratio using
capillary columnin 30 mlength, 0.25 mminternal
diameter, 0.25 mm. film thickness (AT-WAX,
Alltech Associates Inc, USA). Fatty acids were
identified by comparing retention times with
authentic standards from Sigma by using C-R6A
Chromatopac Data | ntegrator (Shimadzu, Japan).

The astaxanthin content was determined
by the method modified from Fontanaet al. (1996).
The concentration was quantified by using
absorbance values at 479 nm calculated with the
specific absorption coefficient am 106 = 1600 as
proposed by Anderwes et al. (1976). Isomers of
astaxanthin were identified by thin layer
chromatography according to Donkin (1976)
compared with reference standards extracted from
Haematococcus pluvialis. These determinations
were confirmed by HPL C (model HP1100, Agilent
Technology) following the procedure of Marvelisa
et al. (2003).

RESULTSAND DISCUSSION

Identification of thraustochytrid BR2.1.2 by
18SrDNA sequence analysis

The corrected partial sequence of 18S
rDNA of thraustochytrid BR2.1.2 was 912 bases
in length after gaps, inserts and ambiguous
positions had been removed and was deposited in
DDBJ as accession number 794133. A
phylogenetic tree was constructed from an
alignment of the BR2.1.2 sequence with those
from related species obtained from GenBank by
the NJmethod (Figure 1). It wasclearly seen that
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BR2.1.2 formed the same clade with
Thraustochytriumaggregatumand Schizochytrium
limacinum but with slight distance. Hence the
strain BR2.1.2 was finally identified as
Schizochytrium limacinum.

Effect of cultureconditionson growth and DHA
production by S. limacinum BR2.1.2

1. Carbon source

Among the various carbon sources
tested, S. limacinum BR2.1.2 exhibited highest
growth ratesin 3% fructose and glucose with 14.3
and 13.4 g/l of CDW, respectively (Figure 2A).
DHA yieldswere 392.5 and 362.1 mg/l with DHA
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contents at 49.1 and 49.7% of TFA, respectively.
Although, relatively good growth rates were
obtained in complex carbon sources, i.e. molasses
(10.5 g/l) and sugar cane juice (11.5 g/l), DHA
production was low. Sucrose and glucose syrup
were poorer carbon source for this organism. The
results coincided with those of Wu et al. (2005) as
glucose syrup contained mainly oligosaccharides
that could not support growth for many
microorganisms. Although glucose was slightly
inferior compared to fructose, it is considered to
be the good carbon source, because it was ready
available and substantially cheaper.
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Figure1l Phylogenetic tree reconstruction based on 18S rDNA sequence by neighbour-joining (NJ)
method. The number at each branch shows bootstrap values 1000 replications.
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Figure 2B demonstrates the effect of
glucose concentration. Cell mass depended on
glucose concentrations and was maximal with 7%
(cell mass 28.3 g/l). However, the highest DHA
production was obtained in 5% glucose (732
mg/l) making up 50.6% of TFA. When glucose
concentration wasincreased to 7%, the proportion
of DHA (641.1 mg/l) was 44.6% of TFA.

2. Nitrogen source

Further experiments used 5% glucose
and 0.5% yeast extract to determine the effect of
thenitrogen sourcein Figure 3A. Resultsrevealed

Kasetsart J. (Nat. Sci.) 41(2)

that among complex nitrogen sources (1%
peptone) was the best in supporting growth for
both CDW (20.9 g/l) and DHA (828.2 mg/l).
Soybean meal and skimmed milk although
relatively good nitrogen sourcefor CDW but DHA
production was considerably lower at 441.8 and
545.9 mg /I, respectively. In the medium
containing 0.2% MSG, BR2.1.2 grew at 20.3 g/l
and produced DHA 768.5 mg/l, ailmost the same
levels as supported by 1% peptone. This result
agrees with those using with Thraustochytriun
aureum ATCC 34304 that grew well in medium
containing glucose, peptone, yeast extract and
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Figure 2 Effect of (A) carbon sources and (B) glucose concentration on growth and DHA production
by S limacinum BR2.1.2 cultivated at room temperature in shaker 140 rpm.
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supplement with glutamate (lida et al., 1996).
Although, soybean meal and skimmed
milk were slightly inferior compared to peptone
and probably not suitable as sole nitrogen source,
they are agricultural products that are less
expensive and readily available in Thailand.
Moreover, soybean meal not only provided protein
but also carbohydrate, fat, mineral and vitamins
which was likely to support growth and DHA
production of thraustochytrids (Fan et al., 2002).
Therefore, they could partially replace peptone

which was expensive and economically unsuitable
for large scale production. Figure 3B shows the
effect of various peptone and soybean meal
mixtures on growth and DHA production by S
limacinum BR2.1.2. In this experiment, the base
medium consisted of 5% glucose, 1% skimmed
milk and 0.2% MSG and 0.5% yeast extract.
Clearly, treatment with 0.5% peptone and 0.25%
soybean meal produced highest DHA contents at
1,170.9 mg/l which was 45.3% of TFA.
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Figure 3 Effect of (A) single nitrogen source and (B) combined nitrogen source on growth and DHA
production by S limacinum BR2.1.2 cultivated at room temperature in shaker 140 rpm (P =

peptone; SBM = soybean meal).
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3. C/Nratio

Lipid accumulation in oleaginous
microorganisms can be enhanced by providing
excess carbon while limiting nitrogen (Ratledge,
2004). Figure 4 showed that optimum C/N ratio
at 15:1 was suitable for S limacinum BR2.1.2 in
terms of growth and DHA production of 2,416.7
mg/l. Although, the cell concentration was
improved (27.6 g/l) the highest biomass of 38.0
g/l wasachieved in mediumwith C/N ratio of 20:1.

Kasetsart J. (Nat. Sci.) 41(2)

4. Salinity

Seawater was used as the source of
salinity in this study. It should be noted that
although S limacinumBR2.1.2 wasisolated from
marine environment, it could grow and produced
DHA at dl levelsof salinity (Figure5). Theresults
coincided with Yokochi et al. (1998) who reported
that S. limacinum SR21 could grow in condition
at zero salinity or without salt. However, asalinity
equivalent to 25% of natural sea water appeared
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Figure4 Effect of C:N ratio on growth and DHA production in S. limacinum BR2.1.2 cultivated at

room temperature in shaker 140 rpm.
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optimal for S. limacinum BR2.1.2 for DHA
production (975.4 mg/l , 41.1% of TFA). At the
highest salinity (200%), the organism showed
good growth but DHA production was lowest at
2775 mg/l  This contrasts to T. aureum which
failsto grow at zero salinity and also completely
inhibited at 200% salinity of seawater (lidaetal.,
1996).

5. Effect of temperature

In this study cultures were grown in L-
shaped tubes containing 10 ml medium and
incubated in a temperature gradient incubator. S
limacinumBR2.1.2 grow well and produced fairly
constant DHA levels at a wide range of
temperature between 20-30°C. Growth of culture
varied from 8.7-10.3 g/l, and DHA contents were
220-236 mg/I (Figure 6).

Improvement of astaxanthin content by
mutation

Although, culture of S. limacinum
BR2.1.2inliquid GPY medium wascreamy white
color, it developed orange colonies on agar plate
after several weeks of incubation. This might be
explained by an accumulation of carotenoid
pigments. Preliminary analysis of the pigments

by TLC and HPLC confirmed that it was
astaxanthin. Hence, it was considered to be
appropriatetoimprovethe content of thispigment
inS limacinumBR2.1.2 by mutation. If successful
this organism would provide two important
nutrients, i.e., DHA and astaxanthin making it
suitable for animal and human consumption

1. Isolation of S. limacinum BR2.1.2
mutants

From an initial S. limacinum BR2.1.2
concentration of 8.75x10° cells/ml, the culturewas
treated with NTG for 20 minuteswhich yielded a
0.05% cell survival rate. The treated culture was
then plated on GY P medium but only one colony
showed adistinctivered color. After sub-culturing
for several timesthedeep red color persisted which
showed that it was stably expressed. The mutant
was then used for further investigation.

The mutant grew rapidly for the first 2
dayswith cell concentration of 7.8 g/l. Maximum
cells mass was obtained on the 6% days at 10.8
o/l and declined gradually (Figure 7). Astaxanthin
contentsin cell massincreased corresponding with
growth and reached highest value at 8.9 pg/ml and
remained relatively constant towards the end of
fermentation. Thisresult coincided with Marvelisa
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et al. (2003) who reported that, carotenoid contents
of Thraustochytrium CHN-1 paralleled the
biomassand cell growth. Themutant S. limacinum
BR2.1.2 could produce both DHA and astaxanthin
at moderate amounts. However, DHA production
decreased from 224.6 mg/l day 6 to only 29.8
mg/l at day 10. Hence it seemed that we have to
sacrifice either DHA or astaxanthin production
depending on the degree of necessity.

2. Effect of light intensity on
astaxanthin accumulation by S. limacinum
BR2.1.2 mutant

12
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Under dark condition, the mutant
accumulated 5.6 pg/ml of astaxanthin at 25°C after
incubation for 8 days. However, when fluorescent
light source of 5 kLux was provided, the culture
produced higher pigment yield of 13.1 pg/ml.
Further increase of light intensity to 10 kLux had
adverse effect on astaxanthin production (10.7
pa/ml) (Figure 8). Therefore, moderate light was
an important bioinduction for carotenogenesis as
it was also shown by Phycomyces blaksleeanus
and several species of Rhodotolula (Goodwin,
1984). Yamaoka et al. (2004) also demonstrated
that Thraustochytrium sp. CHN-1 grown under
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Figure7 Growth, astaxanthin and DHA production by S. limacinum BR2.1.2 mutant strain in GYC
broth at 25°C with 2 kLux light intensity and light:dark 16:8 hrs.
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fluorescent lamp at 1.5 kL ux devel oped orangeto
red color.

CONCLUSIONS

A thraustochytrid strain BR2.1.2 was
isolated from mangrove forest in Thailand. The
strain showed an ability to grow rapidly while
accumulating large amounts of DHA.
| dentification of the strain based on morphological
characteristics and 18S rDNA sequence reveaed
that it belonged to Schizochytrium limacinum
species. Under optimal culture conditions, i.e., 5%
glucose, combined nitrogen source (0.5% peptone,
0.2% M SG, 0.25% soybean meal and 1% skimmed
milk) and C/N ratio at 15:1, the DHA yield was
2,416.7 mg/l from a cell dry weight of 27.6 g/l.
Furthermore S. limacinum BR2.1.2 had a unique
feature of growing in media having a wide range
of salinity equating to 0-200% seawater. When the
strain was cultivated in liquid GPY medium the
culture appeared creamy white color. But on agar
medium with prolong incubation, color of the
colony developed into typical orange color of
carotenoid pigment which was identified as
astaxanthin. Improvement of S. limacinum
BR2.1.2 for astaxanthin content by mutation with
NTG wascarried out and resulted in acolony with
intense red color. This mutant produced
astaxanthin in liquid medium even without light.
Optimization of culture conditionsin liquid GYC
medium, particularly highlight intensity at 5 kL ux
at 25°C caused the mutant to accumulate the
pigment at 13.1 pg/ml.

ACKNOWLEDGEMENTS

The authors would like to thanks The
Graduate School of Kasetsart University,
Bangkok, Thailand for providing research grant.
Special thank to Dr. C. Norman Scholfield, Queen
University, UK, for his English editing was aso
acknowledged.

LITERATURE CITED

Andrews, A.G., H.J. Phaff and M.P. Starr. 1976.
Carotenoids of Phaffia rhodozyma, a red-
pigmented fermenting yeast. Phytochem. 15:
1003-1007.

Bligh, E.G. and W.J. Dyer. 1959. A rapid method
for total lipid extraction and purification. Can.
J. Biochem. Physiol. 37: 911-917.

Barr, D.J.S. 1992. Evolution and kingdom of
organisms from the perspective of a
mycologist. Mycologia. 84: 1-11.

Chaunpit, D., 1993. Mutagenesis in fungi. pp.
5.24-5.25. In Wattanalai Panbanklet and
Sroung Udomworabpun (eds.). Biotechnology
Laboratory Manual I. Thai Society for
Biotechnology.

Donkin, P. 1976. Ketocarotenoid biosynthesis by
Haematococcus pluvialis. Phytochemistry
15: 711-718.

Fan, K.W., L.L.P. Vrijmoed. and E.B.G. Jones.
2002. Physiological studies of subtropical
mangrove thraustochytrids. Botanical
Marina 45: 50-57.

Fang, T.J. and Y.S. Cheng. 1993. Improvement of
astaxanthin production by Phaffia rhodozyma
through mutation and optimization of culture
conditions. J. Fer ment. Bioeng. 75: 466-469.

Fontana, J.D., B. Czeczuga, T.M.B. Bonfim, M.B.
Chaociai, B.H. Oliveira, M.F. Guimaraes and
M. Baron. 1996. Bioproduction of
carotenoids: The comparative use of raw
sugarcane juice and depolymerized bagasse
by Phaffia rhodozyma. Bioresource
Technology 58: 121-125.

Goodwin, T.W. 1984. The Biochemistry of the
Carotenoids, Vol 1. Plants, 2 ed, Chapman
and Hall, London. 377 p.

Holub, B.J. and C.M. Skeaff. 1987. Nutritional
regulation of cellular phosphatidyllinositol.
Methodsin Enzymology 141: 234-244.

Huang, J., T. Aki., K. Hachida, T. Yokochi., S.
Kawamoto., S. Shigeta., K. Ono. and O.



334 Kasetsart J. (Nat. Sci.) 41(2)

Suzuki. 2001. Profileof polyunsaturated fatty
acids production by Thraustochytrium sp.
KK17-3. J. Am. Oil. Chem. Soc. 78: 605-
610.

lida, 1., T. Nakahara., T. Yokochi., Y. Kamisaka.,
H. Yagi., M. Yamaoka. and O. Suzuki. 1996.
Improvement of docosahexaenoic acid
production in culture of Thraustochytrium
aureum by medium optimization. J. Ferment.
Bioeng. 81: 76-78.

Johnson, E. A. and G.H. An. 1991. Astaxanthin
from microbial sources. Crit. Rev.
Biotechnol. 11: 297-326.

Johnson, E.A. and M.J. Lewis. 1979. Astaxanthin
formation by the yeast Phaffia Rhodozyma.
J. Gen. Microbiol. 115: 173-183.

Kinsella, J.E. 1987. Seafoods and Fish Qilsin
Human Health and Disease. New York:
Marcel Decker. 320 p.

Lewis, T.E., PD. Nichols and T.A. McMeekin.
1999. The Biotechnological Potential of
Thraustochytrids. Mar. Biotechnol. 1: 580-
587.

Mo, C. and B. Rinkevich. 2001. A simple. Reliable
and fast protocol for Thraustochytrid DNA
extraction. Mar. Biotechnol. 3: 100-102.

Marvelisa, L.C., T. Naganuma and Y. Yamaoka.
2003. ldentification by HPLC-MS of
carotenoids of Thraustochytrium CHN-1
strain isolated from Seto Inland Sea. Biosci.
Biotechnol. Biochem. 67: 834-888

Ratledge, C. 2004. Fatty acid biosynthesis in
microorganismsbeing used for Single Cell Oil
production. Biochimie. 86: 807-815.

Schroeder, W.A. and E.A. Johnson. 1993.
Antioxidant role of carotenoids carotenoids
in Phaffia rhodozyma. J. Gen. Microbiol.
139: 907-912.

Simopoulos, A.P. 1989. Summary of NATO
Advanced Research Workshop on dietary w3
and w6 fatty acids: biological effects and
nutritional essentiality. J. Nutr. 119: 521-528.

Takahata, K., K. Monobe, M. Tadaand P.C. Weber.
1998. The benefits and risks of n-3-
polyunsaturated fatty acids. Biosci.
Biotechnol. Biochem. 62: 2079-2085.

Valadon, L.R.G. 1976. Carotenoids as additional
taxonomic characters characters in fungi: A
review. Trans. Br. Mycol. Soc. 67: 1-15.

Vazques, M., V. Santos and J.C. Pargjo. 1997.
Effect of the carbon source on the carotenoid
Profiles of Phaffiarhodozyma strains. J. Ind.
Microbiol. and Biotech. 19: 263-268.

White, T.J,, T. Bruns,, S. Lee., and J. Taylor. 1990.
Amplification and direct sequencing of fungal
ribosomal RNA genes for phylogenetics, pp.
315-322. In M.A. Innis, D.H. Gelfand, J.J.
Sninsky and T.J. White (eds.). PCR Protocol
. A Guide to Methods and Applications.
Academic Press, San Diego.

Wu, ST, ST. Yu, and L.P. Lin. 2005. Effect of
culture conditions on docosahexaenoic acid
production by Scizochytrium sp. S31. Proc.
Biochem. 40: 3103-3108.

Yamaoka, Y., M.L. Carmona and S. Oota. 2004.
Growth and carotenoid production of
Thraustochytrium sp. CHA-1 cultured under
superbright red and bluelight-emitting diodes.
Biosci. Biotechnol Biochem. 68: 1594-1597.

Yokochi, T., D. Honda,, T. Higashihara. and T.
Nakahara. 1998. Optimization of
docosahexaenoic acid production by
Schizochytrium limacinum SR 21. Appl.
Microbiol. Biotechnol. 49: 72-76.

Yongmanitchai, W. and O.P. Ward. 1989. Omega-
3 fatty acids: Alternative sources of
production. Pr oc. Biochem. 24: 117-125,





