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Abstract

We show here that a new labyrinthulid strain, L72,
isolated from a fallen leaf in the Seto Inland Sea of
Japan, produced only docohexaenoic acid (DHA)
among all the long-chain polyunsaturated fatty acids
(LCPUFAs). The main fatty acid composition was 16:0
(28.9%), 18:0 (7.2%), 18:1 (5.7%), 18:2 (10.4%), and
DHA (45.9%) without any other LCPUFA. The lipid
content of the strain was 27.4%. The cells had many
lipid bodies, which were densely located in all of the
cells. On phylogenetic analysis using the 18S rDNA
sequence, the strain was located in the labyrinthulids
group, forming a monophyletic group with Labyrin-
thula sp. (strain s) and Labyrinthuila sp. (strain L59).
We further tested the culture optimization of strain
L72 to evaluate the ability of the strain to produce
DHA. The optimum salt concentration and the tem-
perature of the strain were 100% of artificial seawater
and 20-C. Strain L72 could grow well on soybean oil
(SBO) or soybean lecithin (SBL) as the carbon source.
When 20 g/l of SBL was added to the medium, DHA
production reached the maximum amount at 0.67 g/l
for 14 d. The two important facts, that the strain can
use SBL as the main nutrient and contains only DHA
among the LCPUFAs, will be of great advantage for
industry.
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Introduction

Docosahexaenoic acid (DHA) is a long-chain poly-
unsaturated fatty acid (LCPUFA) composed of 22
carbon atoms and 6 double bonds. It is one of the

most attractive chemicals because of its various
specific functions. It can lower the blood cholesterol
level, thereby reducing the risk of arteriosclerosis
(Bang and Dyerberg, 1972). LCPUFAs have also been
found to be effective in retina and brain (Urquiza
et al., 2000; San Giovanni and Chew, 2005). DHA is
used in medicine, supplements, enriched milk, and
enriched feed stock for domestic animals. At pres-
ent, almost all DHA is purified from fish oil,
although the source has some problems. It always
occurs along with icosapentaenoic acid, which was
contraindicated for inclusion in infant diets as it
affects the uptake of DHA. Also, there were serious
doubts about the use of fish oils because of environ-
mental manmade pollutants, such as dioxins and
heavy metals, being taken up by fish and con-
centrated in the organs (Ratledge, 2004). Micro-
organisms have sometimes replaced fish oil as the
source of DHA. DHA is being produced from the
marine dinoflagellate Crypthecodinium (Swaaf
et al., 2003) and the thraustochytrid Schizochytrium
(Ratledge, 2004).

Labyrinthulids are marine microorganisms com-
prising the single genus Labyrinthula. They belong
to the phylum Labyrinthulomycota, which contains
three distinct groups, labyrinthulids, thraustochy-
trids, and aplanochytrids (Honda et al., 1999; Lean-
der and Porter, 2001). They are peculiar organisms
with spindle-shaped cell bodies and a gliding move-
ment within the ectoplasmic networks. The ecto-
plasmic network of labyrinthulids can digest
bacteria, yeast, and other organisms (Porter, 1989).
They have started to attract attention because of
their ability to produce LCPUFAs. Since some iso-
lation techniques of labyrinthulids were proposed
(Watson and Ordal, 1957; Sakata and Iwamoto,
1995; Yokochi et al., 2001), not a few strains of
the labyrinthulids have been isolated. The active
culture condition of the labyrinthulids had almost
been limited on agar media, probably owing to theCorrespondence to: Yasuyuki Kumon; E-mail: y-kumon@aist.go.jp
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microbial requirement of food bacteria or yeasts. We
then reported a new method of growth acceleration
for labyrinthulids by dispersing soybean oil (SBO) or
soybean lecithin (SBL) in agar medium (Kumon et al.,
2002, 2005). These methods realized the three-
dimensional growth of labyrinthulids and may
enable high-quantity LCPUFA production.

We report here the isolation of a new labyrin-
thulid strain, which produces only DHA among all
the LCPUFAs, and the trial of increasing DHA
production by optimization of the culture condi-
tions for the purpose of future industrialization.

Materials and Methods

Isolation of Labyrinthulid. Labyrinthulid strain
L72 was isolated from a fallen leaf floating in the
coastal area of Takehara (Hiroshima prefecture) in
the Seto Inland Sea of Japan, in February 2002, using
the isolation technique for Psychlobacter phe-
nylpyruvicus (FERM P-16954) as previously reported
(Yokochi et al., 2001). The plant samples were cut
into square pieces of about 1 cm length and washed
twice with sterilized 50% salt concentration of
artificial seawater (50% ASW) (Tropic Marine Aqua-
rientechnik, Wartenberg, Germany) (approximately
1.5% NaCl). The cut samples were then aseptically
placed on the GPYA medium on which P. phenyl-
pyruvicus had grown. The plates were sealed with
sealing films and incubated at 25-C. We observed
the plates daily using an inverted microscope for the
next 7 d. Owing to their specific spindle shape and
gliding movement, the labyrinthulids were easily
recognizable. The isolated strains were kept on
PYA–SBO medium as a monoxenic culture with P.
phenylpyruvicus.

Media and Cultivation. The base medium for
the isolation of the labyrinthulids is GPYA me-
dium, which contained glucose (2 g/l), peptone (1
g/l), yeast extract (0.5 g/l), and agar (15 g/l) in 50%
ASW.

In this study, the labyrinthulids were cultivated
with bacteria (a monoxenic culture). The medium
without agar from the GPYA medium was designat-
ed GPY medium. The bacterial suspension (100 ml)
containing almost 50 mg dry cell weight, which had
grown in GPY medium, was spread on the fresh agar
medium. A square piece of inoculum (PYA-SBO
medium about 5 mm length and width, on which
labyrinthulids had already grown) was then placed in
the center of the fresh medium. The culture was
incubated under stationary conditions at 25-C.

We previously reported that the labyrinthulid
strain S3-2 grew well on the agar medium that

contained soybean oil (SBO) as the carbon source
(Kumon et al., 2002). The PYA–SBO medium, which
included SBO (5 g/l) instead of glucose in GPYA,
was used for the morphological observation and
maintenance of the isolated labyrinthulids. Tween-
80 (Nacalai Tesque Inc.) was added to SBO at 25%
(wt/wt oil) and the mixture was autoclaved sepa-
rately from the PYA medium. The autoclaved SBO
was aseptically mixed with the PYA medium before
solidification and the oil emulsion was prepared by
repeated charge/discharge using disposable syringes.
Petri dishes (9-cm diameter) containing 10 ml of
medium were used in all the experiments.

The base medium to determine the optimum
culture conditions was the PYA–SBL medium which
included 10 g/l of paste-forming SBL instead of
glucose in GPYA. SBL contains mainly triacylgly-
cerol and phospholipids (Kumon et al., 2005). The
labyrinthulid strain L72 was cultivated on the
medium at 25-C for 7 or 14 d. For the test of the
optimum carbon source, 5 g/l of each SBL, SBO,
linoleic acid, a-linolenic acid, glycerol, or glucose
(Wako Pure Chemical Industries, Ltd., Tokyo, Japan)
was added to PYA medium. The four lipids (SBL,
SBO, linoleic acid, a-linolenic acid) were added to the
medium by the same method with the SBO dispersed
medium described above. To determine the opti-
mum nitrogen source, a nitrogen-rich base contain-
ing organic nitrogen: 1.5 g/l of yeast extract,
tryptone, peptone, or inorganic nitrogen: 1.5 g/l of
urea, KNO3, or NH4Cl (Wako Pure Chemical
Industries Ltd., Tokyo, Japan) was added to the base
medium instead of 1.0 g/l of peptone and 0.5 g/l of
yeast extract. Other experiments for the optimum
conditions, that is, temperature and salt concentra-
tion, were performed with the PYA medium includ-
ing 10 g/l of SBL.

Lipid Analysis. Square pieces of the agar me-
dium (about 2 cm length) containing labyrinthulids
and P. phenylpyruvicus were cut off, weighed, and
dried at 105-C for 3 h. The oxidation of LCPUFAs
did not occur during the drying procedure. The dried
cultures were directly methyl-esterified with 10%
HCl in methanol. The resultant methylesters were
then injected into a gas chromatograph (GC) (GC-
17-A Shimadzu, Kyoto, Japan), equipped with a TC-
70 capillary column (GL Science, Tokyo, Japan)
under temperature programming (180 to 220-C
at 4-C/min increments). Each fatty acid and total
fatty acids were quantified using arachidic acid
(20:0) as the internal standard. The produced DHA
is expressed as ‘‘DHA production’’ (g-DHA/l of me-
dium) using the average specific gravity (0.96 g/l) of
the cultivated agar media and ‘‘DHA content’’
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using percent of DHA peak area to the total peak
area.

Separation of Strain L72 from the Monoxenic
Culture. Labyrinthulid strain L72 and bacterium
cultivated on the surface of GPYA were collected
and suspended with 50% ASW, then filtered
through a 1-mm-pore filter. The residue on the filter
was resuspended with 50% ASW and filtered again.
The residue on the filter was resuspended and
centrifuged at 1,000 g for 5 min. Most of the bacteria

were not precipitated but suspended in the 50%
ASW, which was removed by decantation. The cell
pellets were rinsed twice with 50% ASW. The sedi-
mentary fraction was used for the analysis of the
fatty acid composition of the purified labyrinthulid
strain L72. The lipid content was estimated by the
weight of the total fatty acid in the dry cell weight.

Morphological Observations. This strain was
grown on PYA–SBO medium at 25-C. The living
cells of the colony were observed using an Olympus
BX50 light microscope fitted with Nomarski inter-
ference differential contrast objectives. For observa-
tion of the lipid bodies, a drop of the cell suspension
was mixed with a drop of Nile red (1 mg/ml in
acetone). The cells were then observed using an
Olympus BX60 epifluorescence microscope under
520–550 nm excitation.

Phylogenetic Analysis. Cells were harvested
after 3 d. The total genomic DNA was extracted
using the suggested method of the Genomic Prepi
Cells and Tissue DNA Isolation Kit (Amersham
Pharmacia Biotech, Inc.) and purified by a phenol
and chloroform–isoamyl alcohol protocol. To obtain
almost the complete 18 S rDNA, we used the
polymerase chain reaction (PCR) protocol with
amplification primers SR1 and SR12 (Nakayama et
al., 1996). We cut out the amplified band of about
1,800 bases in 0.5% TBE–agarose gel, then extracted
it using GENECLEAN\ Turbo (Q-BIO gene). The
nucleotide sequences were determined by the ter-
minator method with 12 primers, 18S01-12, that are
same as those of Nakayama et al. (1996) using an
ABI PRISMi 310NT Genetic Analyzer (Applied
Biosystem). The data set included the determined
sequence in this research, the aligned sequence data
set (Honda et al., 1999), and the submitted sequen-
ces through a profile alignment process by Clustal
W version 1.74 (Thompson et al., 1994) and manu-
ally aligned. The positions with gaps and undeter-
mined and ambiguous bases were removed for
subsequent phylogenetic analysis. Phylogenetic

Fig. 2. (a) Nomarski interfer<
ence contrast image. (b) Fluo-
rescence image with Nile red
staining. Note the large and
small spherical lipid bodies
filling the cell. (c) Nomarski
interference contrast image
superimposed with fluores-
cence image.

Fig. 1. (a) The colony ofLabyrinthula sp. (strain L72). (b)The
spindle-shaped cell bodies glide in the ectoplasmic ele-
ments. Arrowheads show the ectoplasmic net membrane.
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trees were generated using the neighbor-joining (NJ)
method (Saitou and Nei, 1987). NJ analysis was
performed using PAUP* version 4.0b10 (Swofford,
2002). Distances were used with the model of
Hasegawa et al. (1985).

Results

Microscopic Morphology of Strain L72. The cells
grew on the surface as well as within PYA–SBO me-

dium. All cells were surrounded by the ectoplasmic
net elements (Figure 1, arrowheads), and glided over
along the element. The spindle-shaped cells were
12.2 T 1.8 mm long and 3.3 T 0.4 mm wide (n = 20).
The aggregated cells were colorless. The cell had
many oil bodies, large and small, that were stained
by Nile red, and observed under the 520–550 nm
excitation fluorescence. These lipid bodies were
densely located in all of the cells (Figure 2). These
observations supported the cell has typical charac-

Fig. 3. Neighbor-joining (NJ) tree of labyrinthulids and thraustochytrids based on 18 S rDNA with Ochromonas danica as
an outgroup (47 OTUs, 2147 nucleotide sites). Accession numbers in the database are shown in parentheses. Distance
was used with the Hasegawa et al. (1985) (HKY85) model. Bold characteristics indicate the strain for which the 18 S
rDNA sequences were determined in the present study. The numbers at each internal branch show the bootstrap values
(%, 1,000 replicates).

YASUYUKI KUMON ET AL.: A NEW LABYRINTHULID THAT PRODUCES ONLY DHA 173



ter of labyrinthulids. The heterokont biflagellate
zoospore was not clearly recognized on the agar
medium.

Phylogenetic Classification of Strain L72. The
almost complete length of the 18 S rDNA sequence
(1,730 bases) was sequenced and deposited in the
DNA Data Bank of Japan (DDBJ) as accession no.
AB220158. The NJ tree includes the four following
groups: Thraustochytrid Group 1, Thraustochytrid
Group 2, the genus Aplanochytrium, and the genus
Labyrinthula (Figure 3). The monophyly of the four
groups was well supported by the bootstrap proba-
bilities (93% to 100%). Our strain (L72), located in
the Labyrinthulids Group, formed a monophyletic
group with Labyrinthula sp. (strain s) and Labyrin-
thuila sp. (strain L59) (Kumon et al., 2003), sup-
ported by 99% bootstrap probabilities.

Fatty Acid Composition of L72 Separated from
Associated Bacteria. The fatty acid composition of
the separated L72 strain is shown in Figure 4. The
main fatty acid compositions of L72 were 16:0
(28.9%), 18:0 (7.2%), 18:1 (5.7%), 18:2 (10.4%), and
DHA (45.9%). The other small peaks in Figure 4
were less than 0.5%. A very small peak of n-6 DPA
was detected. Other LCPUFAs, such as arachidonic
acid, icosapentaenoic acid, n-6 22:4, and n-3 DPA,
were not detected. The peak of DHA showed the
same retention time and mass spectrum pattern
as the standard methylesterified DHA (data not
shown). The lipid content (total fatty acids in dry
cell weight) was 27.4%.

Optimum Culture Conditions for DHA
Production. The effects of the various cultural con-

ditions (carbon source, nitrogen source, tempera-
ture, and salt concentration of ASW) on cell growth
were tested. The culture of P. phenylpyruvicus
without the labyrinthulid was maintained as the
control for all experiments. In no case were LCPU-
FAs noticed in the control, confirming that the
DHA was produced by the labyrinthulids. When the
bacterium was cultivated in PYA–SBL at 14 d, the
fatty acid composition was as follows: 16:0 (20.5%),
18:0 (4.6%), 18:1 (23.6%), 18:2 (42.1%), and 18:3
(3.6%).

Carbon and Nitrogen Source. The effect of the
carbon source is shown in Table 1. With SBO and
SBL, the strain grew more than with the other four
carbon sources. DHA production with SBO and SBL
reached 0.32 g/l and 0.17 g/l at 14 d. Although the
growth of L72 was observed only on the surface of
the agar plate with glucose and glycerol, few DHAs
were detected. In the case of the free fatty acids,
DHA production also resulted in a small amount. In
particular, the growth of L72 with linoleic acid
appeared to be inhibited by the acid. For the op-

Fig. 4. GC chromatogram of methyl-
esterified L72 separated from associated
bacteria.

Table 1. Effect of Carbon Source on DHA Production

Carbon source DHA production (g/l)

SBO 0.32
SBL 0.17
Linoleic acid 0.01
a-Linolenic acid 0.03
Glycerol Trace
Glucose 0.01

Strain L72 was cultivated on PYA medium with 5 g/l of each
carbon source at 25-C for 14 d. Trace means less than 0.005 g/l
(although growth of labyrinthulid was observed). Values show
the averages of duplicate analysis.
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timum concentration of SBO and SBL, each oil was
added to the medium in the range of 0 to 30 g/l (Figure
5). SBO showed a higher DHA production than SBL
at an oil concentration lower than 5 g/l. On the
contrary, when these oils were added at more than 10
g/l, DHA production with SBL was higher than that
with SBO. The maximum amount of DHA produc-
tion reached 0.67 g/l for the 20 g/l SBL condition.
Each LCPUFA showed the highest amounts with
SBO and SBL, 46.1% (5 g/l of SBO) and 34.2% (10 g/l of
SBL).

The effect of the nitrogen source is shown in
Table 2. For the inorganic nitrogen source, urea,
KNO3, or NH4Cl, DHA production was low. For
peptone, tryptone, and yeast extract, strain L72 grew
well, and DHA production using peptone was the
highest.

Temperature and Salt Concentration. The ef-
fect of temperature on the cell growth was tested in
the range of 10-C to 30-C (Table 3). The labyrin-
thulid accumulated higher amounts of DHA at 14 d
than 7 d except at a temperature of 10-C. At 7 d at
10-C, DHA production was very low although a

little growth was observed, and at 14 d, growth had
already stopped. The culture cultivated at 20-C
resulted in the highest DHA production (0.54 g/l),
at 14 d. Increase in LCPUFA production from 7 d to
14 d was also highest at 20-C.

The effect of the ASW salt concentration on
growth was examined in the range of 0 to 150%
ASW (Table 4). At 0%, no labyrinthulid growth was
observed. In the range of 25% to 150%, the lab-
yrinthulids grew, but very little growth was ob-
served at 150%. The culture at 100% resulted in the
highest DHA production (0.44 g/l).

Discussion

A high content of a single LCPUFA in microbial
lipid is universally rare but is an important factor
for the production of single cell oils including the
LCPUFAs. For example, Crypthecodinium cohnii,
frequently utilized for DHA production, contains
only DHA among all the LCPUFAs (Ratledge, 2004).
C. cohnii is one of the Dinophyta group, and phylo-
genetically distant from the Labyrinthulids Group.
We show here that the new labyrinthulid strain, L72,
produced only DHA among all the LCPUFAs (45.9%
DHA composition). Sakata et al. (2000) found a lab-

Fig. 5. Effects of concentration of SBO and SBL.
The values show the averages of duplicate
analysis. Closed circle, DHA production (g/l)
with SBO; open circle, DHA content (%) with
SBO; closed square, DHA production (g/l)
with SBL; and open square, DHA content (%)
with SBL.

Table 2. Effect of Nitrogen Source on DHA Production

Nitrogen source DHA production (g/l)

Peptone 0.56
Tryptone 0.36
Yeast extract 0.47
Urea Trace
KNO3 Trace
NH4Cl Trace

Each nitrogen source was added in the base medium instead of
1 g/l of peptone and 0.5 g/l of yeast extract with 10 g/l of SBL.
Strain L72 was cultivated at 25-C for 14 d. Trace means less than
0.005 g/l (although growth of labyrinthulid was observed). Values
show the averages of duplicate analysis.

Table 3. Effect of Temperature on DHA Production

Temperature

DHA production (g/l)

7 d 14 d

10-C 0.02 0.02
15-C 0.21 0.28
20-C 0.33 0.54
25-C 0.28 0.31
30-C 0.19 0.26

Strain L72 was cultivated on base medium at 25-C for 7 or 14 d.
Values show the averages of duplicate analysis.
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yrinthulid, L95-2, that mainly produced DHA. The
L95-2 contained not only DHA but also a few n-3
DPA and icosapentaenoic acid among LCPUFAs.
Strain L72 contained mainly DHA and palmitic acid
(16:0). It contained also very few n-6 DPA among
the LCPUFAs, but did not contain n-3 DPA and
icosapentaenoic acid, which is different from strain
L95-2. In all the experiments for the culture
optimization of the strain L72 (Tables 1 to 4 and
Figure 5), the content of n-6 DPA did not go beyond
0.5%. The strain may well become a promising
DHA producer without other LCPUFAs.

Some labyrinthulid strains can accumulate
LCPUFAs at almost 50% of the total fatty acids;
L59 contains 48.1% LCPUFAs (only n-6 DPA)
(Kumon et al., 2003), and strain S3-2 contains
59.1% LCPUFAs (25.4% n-6 DPA and 33.7% DHA)
(Kumon et al., 2002). Strain L72 also contained
45.9% LCPUFAs (only DHA). While they differed
between DHA and n-6 DPA, these strains have in
common a high LCPUFA content at almost 50%.
The results suggested that the high LCPUFA con-
tent may have originated from an evolutional
process or have some role in survival in the marine
biosphere.

Strain L72 contains many oil bodies in the cell,
like other labyrinthulid strains (Figure 2b). The sig-
nificance of the lipid and LCPUFA accumulation
in the microbes is to be determined. The presence of
dense lipid bodies in L72 suggested higher lipid
contents than in L59 (26.6% (Kumon et al., 2003)),
but actually amounted to only 27.4%. The cell size
of labyrinthulid L72 was very similar to that of strain
L59 (10.5 � 3.5) and L. coenocystis (10_15 � 3_6)
(Porter, 1989). L72 was colorless, similar to strain
L59 (Kumon et al., 2003). The phylogenetic rela-
tionship of strains L72 and L59 also resulted in their
near close proximity in the genus Labyrinthula
group (Figure 3). The fatty acid composition was
often used for grouping of the microorganisms.
Huang et al. (2001) used fatty acid compositions for
grouping thraustochytrids. It is interesting that L72
as the DHA producer and L59 as the n-6 DPA pro-

ducer were in close proximity based on phyloge-
netic analysis.

The strain could grow well on SBO or SBL as
the carbon source (Table 1 and Figure 5). The paste-
forming SBL is produced as a coproduct of degum-
ming SBO. At present, a large part of SBL has not
been effectively utilized. The utility of SBL as carbon
source may be one of the advantages for DHA pro-
duction by the strain. Although we expected that
strain L72 can produce a high content of DHA of with
a-linolenic acid, one of the same n-3 LCPUFAs as
DHA, it did not use the carbon source as a DHA
precursor. The culture with less than 5 g/l of SBO
resulted in a high DHA content at 46.1% (Figure 5).
This value is almost the same as the DHA content
of the purified L72 (Figure 4). This means that
almost all the oil in medium was effectively used
by strain L72. The culture at 10 g/l or more of SBO,
however, resulted in extremely decreased DHA
content owing to the unused lipid of increased
SBO in the medium. When strain L72 grew at 10 g/
l or more of SBL, a higher DHA content and DHA
production were obtained than with SBO. In the
culture with peptone, strain L72 could accumulate
the highest DHA production, which was the same
as for L59 (Kumon et al., 2003). The test of the salt
concentration and temperature showed the highest
DHA production in 100% ASW and at 20-C, re-
spectively. We previously reported that the difference
in the optimum temperature in each labyrinthulid
might be attributed to the isolated environment of
these strains (Kumon et al., 2003). The optimum
temperature of L72 (20-C) was the same as that of
L59 that was isolated from the environment at a
seawater temperature of 15-C. In the present study,
strain L72 was also isolated from cold seawater at
11-C.

When 20 g/l of SBL was added to the medium,
DHA production reached the maximum amount
at 0.67 g/l in 14 d. Compared with other DHA pro-
ducers such as Crypthecodinium and Schizochy-
trium sp. SR21 (Sijtsma and Swaaf, 2004), the
present production rate by labyrinthulid strain L72
was still lower. However, two important facts, that
the strain can use SBL as the main nutrient and
contains only DHA among the LCPUFA composi-
tions, will be of great advantage for industry.
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