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Certain species of thraustochytrids are being explored as potential producer of polyunsaturated fatty
acids for nutritional enrichment of food products and use as feed additives in aquaculture. The fatty
acid composition and squalene content were determined in the thraustochytrid, Schizochytrium
mangrovei that was newly isolated from decaying Kandelia candel leaves in Hong Kong mangrove
habitat. The major fatty acid constituents identified in all three S. mangrovei strains were tetradeanoic
acid (C14:0), hexadecanoic acid (C16:0), docosapentaenoic acid (C22:5 n-6, DPA) and docosa-
hexaenoic acid (C22:6 n-3, DHA). DHA was the most predominant polyunsaturated fatty acid, and
the percentage of DHA (of total fatty acids) in all these strains varied from 32.29 to 39.14%. Only
slight changes were observed in fatty acid composition of the S. mangrovei strains harvested at their
early (day 3) and late stationary (day 5) phases. In contrast, the cellular squalene content was affected
significantly by the culture time; the largest decrease of squalene content from 0.162 mg/g to 0.035
mg/g was found in S. mangrovei FB1 as the culture aged.
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INTRODUCTION cultivation using fermentation technologychizochytrium man-

Long chain polyunsaturated fatty acids, especially docosa- grovei belorjging to thraustochytri_ds has_, bee_n recently isolated
hexaenoic acid (C22:6-3, DHA), are of increasing interest from decaying mangrove leaves in the intertidal zone of Hong
owing to their beneficial effects on human health. Clinical and KOng mangroves (5). o _ _
epidemiological studies have indicated that DHA plays an  Thraustrochytrids are widely distributed geographically, with
important role in the development and functioning of brain, Strains isolated from sub-trophical mangroves, cold and cool
retina, and reproductive tissues for both adults and infants (  Water columns, and littorals, such as in Australia, Japan,
At present, the main commercial source of DHA is marine fish Antarctica, etc. Recently, thraustochytrids have attracted much
oil, wide application of which, however, is hindered by seasonal aftention, because some strains of thraustochytrids are found to
variation, marine pollution, and high processing cost. Difficul- Ccontain large amounts of polyunsaturated fatty acids in their
ties, therefore, arise in securing a reliable and healthy sourceliPids and can achieve relatively high cell densities in liquid
of polyunsaturated fatty acids. Many efforts have been devoted SuSpension culture (). Generally, there are six categories of
to developing a cost-effective and industrially feasible technol- Polyunsaturated fatty acid profiles in thraustochytrids, including
ogy to produce DHA from microbial source2-{4). docosapentaenoic acid (DPA)/DHA, eicosapentaenoic acid

Fermentation technology has proved to be a highly sophis- (EPA)/DHA, EPA/DPA/DHA, arachidonic acid (AA)/EPA/
ticated and globally utilized means in massive production of DHA, linoleic acid (LA)/AA/DPA/DHA, and LA/AA/EPA/

natural bioactive compounds by microorganisms. It has been DHA. The actual dominant polyunsaturated fatty acids of
reported that a number of microalgal groups possess the abilitythraustochytrids, however, depend on the genera and the habitats
to synthesize large quantities of bioactive compounds including Of the organism (8).
DHA. Among them, however, only a few species are suited for ~ Recent studies have discovered that thraustochytrids can also
cultivation under heterotrophic conditions, which completely Synthesize other new bioactive compounds, such as squalene,
eliminate the problem of light limitation in closed culture particularly in the genughraustochytriun(9, 10). Squalene, a
systems (2—4). Thraustochytrids can grow well heterotrophi- triterpene and an important intermediate in the endogenous
cally, and thus might be potentially suitable for large-scale synthesis of cholesterol, is known to be a natural antioxidant
and possesses cancer-preventive properligs Experiments

* To whom correspondence should be addressed. (F.C.) Tel.: (852) 2299-in vitro and in animal models have shown that squalene can
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Liver oils of deep-sea sharks represent the richest source of
squalene and are still the major commercial source of this
product. The continuous supply and availability of the liver oils,
however, are in doubt because of the concerns over the@
preservation of marine wildlife and fishery (14). Microbial
sources are a promising alternative for large-scale production
of squalene. Although the green microalBatryococcus braunii
may also synthesize squaleri), the inability of the alga to
grow well heterotrophically makes it less attractive in com-
mercial production of the producl$). Up to now, except the
genusThraustochytriumthe synthesis of squalene from thraus-
tochytrids has not been reported.

The aims of the present study were to investigate the growth
characteristics, fatty acid composition and squalene content of Y 1 2 3 4 5
Schizochytrium mangroveiewly isolated from Hong Kong Time (Day)
mangroves, and to study the effect of culture time on fatty acid Figure 1. Cell growth curves of the three Schizochytrium mangrovei strains
and squalene contents of theSehizochytrium mangrovei  cultured in glucose medium at 25 °C. O, S. mangrovei FB1; <, S.
strains. Moreover, it was of great interest to investigate the mangrovei FB3; A, S. mangrovei FB5. Each value represents mean +
coproduction of squalene and DHA in the isolated algal species, standard deviation of three replicates.
because both components are already considered functional food
ingredients, which may have the potential to be produced Squalene was prepared by fractional crystallization and analyzed
together as a new product. by HPLC. The lipids of lyophilized thraustochytrid cells (30 mg) were

extracted according to the procedure of Bligh & Dy&B), Squalene

was prepared from the lipids extracted using the modified fractional
MATERIALS AND METHODS crystallization method1(9). The lipids were dissolved in 5 mL of meth-
anol/acetone (7:3, v/v) and stored-s20 °C for 30 h. The refrigerated
sample was rapidly filtered through a 0.46% pore size filter (Millipore,
Bedford, MA) and the residue was washed with 2 mL of cold chlor-
oform/methanol (2:1, v/v). The filtrate was dried under nitrogen gas
and redissolved in 2 mL of absolute methanol for subsequent HPLC
analysis. The HPLC system used throughout this study consisted of a
Waters 510 pump (Waters, Milford, MA), a sample injector (Rheodyne,
Cotati, CA) with a 20xL loop, a Waters temperature control module,
an RCM-100/column heater, and a Waters 996 photodiode array detec-
tor. Evaluation and quantification were made on Millenium chroma-
tography data system (Waters). Squalene was well separated and
determined on a reversed-phase SymmetiydGlumn (150-x 3.9-
mm i.d., 5um particle size, Waters) at 3€ with acetonitrile (100%)
as mobile phase at the flow rate of 1.5 mL/min and UV detection at
195 nm. The squalene was determined by comparison of the retention
time and spectrum with authentic standard (Sigma Chemical Co.).

Biomass concentration (g

Heterotrophic Growth. Schizochytrium mangrov€&B1, FB3, and
FB5 were newly isolated from decayiri(andelia candelleaves on
the ground from local mangroves in Sai Keng, Hong Kong according
to the isolation method described in Fan et &b6)( Thraustochytrium
sp. ATCC 26185 an&chizochytriunsp. ATCC 20889 were obtained
from the American Type Culture Collection (Rockville, MD). Cultures
were maintained in yeast extract-peptone agar slants with 1 mL of 15%o
(v/v) sterile seawater and subcultured monthly. An inoculum was
prepared in 250-mL Erlenmeyer flasks, each containing 50 mL of
glucose medium consisting of (per liter) 20 g of glucose, 0.2 g offNH
SO, 2 g of monosodium glutamate, 0.3 g of KPIO,, 25 g of NaCl,
1 g of KCI, 5 g ofMgSQy + 7H,0, 0.3 g of Cad - 2H,0, 0.1 g of
NaHCGQ;, 2 g of yeast extract, 30 mg of BEDTA, 34.2 mg of H-
BO3, 2.9 mg of Fed - 6H,0, 0.02 mg of CuS®- 5H,0, 8.6 mg of
MnCl; - 4H,0, 0.26 mg of CoGl- 4H,0O and 0.6 mg of ZnGlat 25
°C for 2 days with orbital shaking at 200 rpm in darkness. Erlenmeyer
flasks (500-mL), each containing 100 mL of the glucose medium, were
inoculated with 5% (v/v) of an exponentially growing inoculum and RESULTS AND DISCUSSION
mcubated.at 23C in an orbital shaker at 200 rpm in the dark. Heterotrophic Growth Characteristics. Thraustochytrids are
Determination of Cell Dry Weight. A 4-mL aliquiot of the fer- common marine microheterotrophs and have significant impli-
mentation broth was sampled aseptically to determine the cell dry cation in decomposition of mangrove leaf debris with nutrient-
weight. The sample was centrifuged at 3§60 10 min, and the cell enriched materials recycling in estuarine and coastal water and
pellet was washed with distilled water twice. Cell dry weight was intertidal sediments. which indicates that thev can arow on
determined by filtering the fluid through a preweighed filter paper . ' . y 9
organic substrate®0, 21). Glucose is the commonly used and

(Whatman GF/C) and dried at 8@ in a vacuum oven to constant ; . o .
weight. economical substrate for microbial lipid productiazey. All

Determination of Glucose Concentration.Residual glucose con-  the three newly isolated strains (i.8ghizochytrium mangrei
centration was determined by the 3,5-dinitrosalicylic acid metha ( FB1, FB2, and FB3) tested in this study grew well on the
Analysis of Fatty Acid and Squalene ContentsThe thraustochytrid ~ Medium containing 20 g/L glucose in darkness. The cell growth
cells were harvested and lyophilized for analyses of squalene andCurves of the three strains are showifrigure 1. It was obvious
various fatty acids. Fatty acid methyl esters (FAMES) were prepared that when cultured for 3 days, the cells were at their early
by trans-methylation with methanol-acetyl chloride and analyzed by stationary phase, and the late stationary phase was reached when
HP 6890 capillary gas chromatograph (Hewlett-Packard, Palo Alto, CA) the cell had been cultured for 5 days. The biomass concentration
equipped with a flame-ionization detector and a J&W Scientific during the entire stationary phase slightly increased from 8.12
Innowax capillary column (30-nx 0.25-mm) (10). Nitrogen was used g/L to 8.53 g/L forS. mangroei FB1, 8.2-8.42 g/L for S
as carrier gas. Initial column temperature was set at 2X7,0which mangrovei FB2, and 7.62:8.36 g/L for S. mangroveiFB3,
was subsequently raised to 230 at 1 °C/min. The injector was kept respectively.

at 250°C with an injection volume of L under splitless mode. The S

FID detector temperature was set at 270 Fatty acid methyl esters Table l,ShOWS the kInetICS. of the ?e” growth a.nd g[ucose
were identified by chromatographic comparison with authentic standards CONsumption of the thre&chizochytrium mangrei strains
(Sigma Chemical Co.). The quantities of individual FAMEs were Cultured on the glucose medium. All three strains grew rapidly
estimated from the peak areas on the chromatogram using nonadecanoi@ith specific growth rate ranging from 0.072 to 0.080'h

acid (C19:0) as the internal standard. Among them S. mangroveFB1 produced the highest biomass
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Table 1. Kinetic Parameters of Growth and Glucose Consumption of
the Three Schizochytrium Mangrovei Strains?

Schizochytrium Schizochytrium Schizochytrium
params® mangrovei FB1 mangrovei FB3 mangrovei FB5
wu ™ 0.080 0.073 0.072
Xmax(0/L) 8.53 8.42 8.36
Yugu(0/g) 0.410 0.407 0.404

aData are expressed as mean of triplicates. ® u, specific growth rate; Xmax,
maximum biomass concentration; Yy, growth yield coefficient based on glucose.

concentration at 8.53 g/L. The growth yield coefficieWg
based on glucose &. mangroveFB1 was 0.410 g/g, which

Jiang et al.

their stationary phase2%). At different culture stages, there
were slight changes in fatty acid compositions of the five strains.
The contents of the main saturated fatty acids, C14:0 and C16:0
slightly decreased as the culture time increased from 3 days to
5 days Table 2). The total fatty acid content also decreased as
the culture aged. The decrease in saturated fatty acids was
accompanied by a slight increase in unsaturated fatty acids and
DHA proportions, which might be a result of complete
consumption of the specific nutrients (e.g., carbon source) in
the medium that induced qualitative and quantitative changes
in fatty acid composition (26). A similar trend was observed in
Singh and Ward22). The DHA proportions (as % of TFA)
and the degree of fatty acid unsaturation of the th&e

was the highest among the three strains. This value is compa-mangrovei strains were much higher than the other two

rable to that attained in other microbial fermentation systems
(23).

The medium pH value of the three strains during fermentation
increased from pH 6.0 to pH 8.0 as a result of sodium glutamate
consumption. The pH change, however, did not affect the cell
growth. Such observation was in good agreement with the
findings in the culture of another thraustochytrid species
Thraustochytrium aureurATCC 34304 (24).

Fatty Acid Composition and DHA Content at Different
Culture Ages. Fatty acid composition of thraustochytrids may
vary from different isolates, and different culture stages may
also influence the content of each fatty acid component. In this
study, the fatty acid composition of the thr& mangrovei

commercial strains with the highest DHA proportion (39.14%
of TFA) and the highest degree of fatty acid unsaturation (2.87)
being attained fronS. mangreei FB1 cultured for 5 days
(Table 2). In terms of the cellular DHA content, in contrast,
the highest DHA content (as % of cell dry weight) was 8.8%
obtained fromSchizochytriumsp. ATCC 20889 followed by
7.8% from S. mangreei FB3 and FB2, and 6.2% frors.
mangro=i FB1, respectively. The lowest cellular DHA content
was 4.1% fronirhraustochytriunsp. ATCC26185. For the three
S. mangroei strains, the largest difference in terms of proportion
of DHA of total fatty acids at the different culture stages was
only 2.61% (i.e., inS. mangreei FB3). After day 5, the culture
was in the decline phase and thus the yield of fatty acids was

strains cultured at different stages was analyzed and comparediecreased due to the lysis of cells.

with the other two commercially available thraustochytrid
strains,Thraustochytriunsp. ATCC 26185 an&chizochytrium

sp. ATCC 20889, cultured under the same conditions. The fatty
acid profile of the five strains is shown Trable 2. In all strains,
C14:0, C16:0, C22:5, and C22:6 were the principle components
of the total fatty acids, but C15:1 and C16:1 were not detected
in the threeS. mangreei strains. In general, proportions of fatty

Squalene Content.Squalene content and yield of the three
S. mangreei strains are shown ifigure 2. Of all the strains
investigated, the highest content and yield of squalene were
obtained inS. mangroveFB1 at 0.162 mg/g of cell dry weight
(Figure 2a) and 1.313 mg/L Kigure 2b), respectively. The
squalene content d. mangreei FB1 was higher than that
obtained fromSaccharomyces cerevisi§@.041 mg/g dry wt)

acids, especially the percentages of polyunsaturated fatty acidsand Thraustochytriumsp. ACEM 6063 (0.1 mg/g dry wt)

of the total fatty acids are higher at stationary phase than at
other growth phases. In this study, fatty acid composition of
the thraustochytrid strains was analyzed at different stages of

cultured at the same temperature (25) (11, 27). It was
noticeable that all theS. mangroveistrains investigated,
however, showed a marked decrease in squalene content and

Table 2. Fatty Acid Composition of Five Thraustochytrid Strains Cultured at Different Stages at 25 °C2

fatty Schizochytrium Schizochytrium Schizochytrium Thraustochytrium Schizochytrium
acids mangrovei FB1 mangrovei FB3 mangrovei FB5 sp. ATCC26185 sp. ATCC 20889
day 3 day 5 day 3 day 5 day 3 day 5 day 3 day 5 day 3 day 5
12:0 0.67 +0.05 0.82+0.20 0.85+0.08 0.90 +0.03 0.84+0.03 0.87+0.13 1.66 +0.15 1.28+0.19 0.89 +0.04 0.88+0.03
13.0 0.64 +0.01 0.79+0.08 0.78 £0.08 0.83 +0.04 0.85+0.05 0.74 +0.07 1.46 +0.32 1.47+0.03 1.05 +0.04 0.78 +0.12
14:0 5.99+0.24 4.45+0.15 552+0.11 4.47 £0.04 6.78 +0.31 742+003 1795+105 17.30+046 17.97+0.27 11.40+0.28
15:0 0.80 +0.08 1.05+0.01 1.60 +0.02 1.47+0.01 157+0.38 1.18 +0.04 8.78 +1.02 4.68 +0.32 5.58 +0.20 3.74+0.15
15:1 0.98 +0.04 0.89 +0.06 0.53+0.14 0.61 +0.06
16:0 42.17+0.88 4036+1.04 4825+117 4508+123 4736+033 46.69+0.09 28.79+057 2450+048 3495+0.04 19.50+0.78
16:1n-7 5.12+0.37 6.50 +0.21 7.62+0.26  12.00 £ 0.66
17:0 0.34+0.01 0.58 +0.04 0.30 £ 0.03 0.40 £ 0.04 0.44+0.11 0.30+0.04 0.72 £ 0.06 0.67+0.10 0.72+0.04 0.55+0.05
18:0 0.79+0.09 1.25+0.14 0.79+0.11 123+0.71 0.90 +0.03 0.96 +0.07 3.02+0.30 331+0.22 2.29+0.45 7.11+0.07
18:1n-9 0.36 +0.02 0.43+0.07 0.36 +0.09 1.00+0.04 0.45+0.07 0.58 +0.13 1.01+0.10 110+£0.13 2.29+0.37 474 £0.04
18:3n-3 0.25+0.02 0.47+0.01 0.39 +0.06 0.45+0.07 0.32+0.01 0.32+£0.02 0.53 +0.06 0.35+0.06 0.67 +0.08 0.34+0.03
20:3n-6 0.26 +0.05 0.51+0.03 0.80 +0.06 0.51+0.05 0.34+0.09 0.27 +0.01 0.42+0.10 0.36 £ 0.04 0.76 +0.07 0.84 +0.06
20:4 n-6 0.22+0.01 0.63 +0.06 0.84 +0.04 0.57+0.07 0.91+0.08 1.03+0.12 1.33+0.05 0.87 £0.05 1.05+0.13 0.58 +0.03
20:5n-3 0.67 +0.05 0.45 +0.06 0.69 + 0.02 0.47 £0.07 0.71+0.16 0.78 £ 0.04 1.28+0.17 0.47+0.10 1.48+0.16 0.84+0.11
22:5n-6 9.03 + 1.06 9.06 + 0.58 6.54 +0.24 7.73+0.19 5.90 + 0.01 6.09 +0.27 8.07+0.04 10.36+0.32 6.45+0.42 9.79 + 0.09
226n-3  3780+038 39.14+0.94 3229+035 3490+057 3263+0.68 3276+0.06 1886+0.39 2593+031 1556+039 26.25+121
TFA 16.33+0.36 1439+066 2415+384 1213+035 2395+195 1526+021 21.68+238 1540+1.05 4499+138 3358+2.18
unsatd® 48.33+1.17 50.19£0.77 41.10+0.89 4512+050 4091+0.33 41.55+0.25 37.19+0.32 46.47 +0.85 3567117 55.15+0.70
Vimoled 2.77+0.05 2.87+0.03 2.35+0.04 2.55+0.03 2.34+0.03 2.37+0.02 1.74£0.03 2.23+0.30 1.50 £ 0.02 231007

a Data are expressed as mean + SD of three replicates and statistically analyzed at a level of p < 0.05. P TFA = (total fatty acids/cell dry weight) x 100%. ¢ Unsatd:
percentage of unsaturated fatty acids of total fatty acids. ¢ V/mol: the degree of fatty acid unsaturation. The value was calculated according to Chen & Johns (26); V/mol
= (1.0 (% monoene) + 2.0 (% diene) + 3.0 (triene) + 4.0 (% tetraene) + 5.0 (% pentaene) + 6.0 (% hexaene))/100.
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