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The relationship between morphology of Schizochytrium sp. BCC 25505 and
25509 and production of docosahexaenoic (DHA) were studied in batch and pulsed-batch
processes in optimized medium. In batch cultivation, the highest production by
Schizochytrium sp. BCC 25505 (60-100% vegetative cells for 72 h) of biomass, DHA, and
total fatty acid were 38.7 = 0.14 g/L at 72 h, 5.9 * 1.56 g/L at 63 h, and 13.03 %= 0.09 g/L at
54 h, respectively, whereas that of Schizochytrium sp. BCC 25509 (70-100% vegetative
cells for 72 h) were 41.35 = 0.46 g/L at 72 h, 12.09 = 0.81 g/L at 69 h, and 26.32 = 2.28 g/
L at 66 h. In pulsed-batch cultivation, the highest production by Schizochytrium sp. BCC
25505 (57-86% vegetative cells) of biomass, DHA, and total fatty acid were 97.05 * 1.63 g/
L at 166 h, 20.73 * 1.21 at 166 h, and 35.24 * 3.27 g/L at 166 h, respectively, whereas that
of Schizochytrium sp. BCC 25509 (25-94% vegetative cells) were 101.75 = 2.19 g/L at 166
h, 20.0 * 1.31 g/L at 143 h, and 36.48 * 3.97 g/L at 118 h, respectively. Synchronous
vegetative growth in high nitrogen content medium and in controlled high glucose supply
for lipid accumulation enhanced efficiency of DHA production.
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Polyunsaturated fatty acid (PUFAS) play
an important role in human health. The E-3-fatty
acid, docosahexaenoic acid (DHA), isessential for
functional development and maintenance of human
brain and retina'. DHA also is involved in the
prevention of cardiovascular diseases and in
improving neural and retinal development in
infants*4. DHA hasbeen added toinfant formul ae®,
food and beverage for human consumption® and
animal and aquaculture feed™®,

The largest source of PUFAS, especially
DHA, comesfrom marinefish, but other organisms
also can synthesize DHA at high yields, including
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Aurantiochytrium®, Crypthecodinium cohniil®-12,
and thraustochytridst®**¢. Thraustochytrids are
marine protists, whose dominant genera are
Thraustochytrium, Aurantiochytrium and
Schizochytrium and belong to the kingdom
Chromista®®. Schizochytrium sp. can synthesize
PUFAs containing 30-40% DHA?22 and has
become an industrial source of DHAZ.
Cultivation of Schizochytrium for
industrial production of DHA involvestwo phases:
cell growth (biomass production) and lipid
accumulation. The early stage of cell growth is
dependent on nitrogen supply and the later stage
of cell enlargement for lipid accumulation on
carbon supply?*? (Figure 1). In order to achieve
high accumulation of lipidsand DHA production,
synchronous Schizochytrium cell morphologies
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haveto be controlled during both phases of growth
at high cell density and lipid accumulation?®.
Although Schizochytrium is an established
microorganism for the commercial production of
long-chain PUFAsincluding DHA at low cogt, there
isstill aneed to develop an optimal fermentation
process that can provide increased biomass via
high-cell density cultivation® %, In the present
study, the relationship between Schizochytrium
sp. morphology and DHA production in batch and
pulsed-batch fermentation processes were
compared. Morphological control using pulsed-
batch cultivation was investigated.

MATERIALS AND METHODS

Microorganism strains

Schizochytriumsp. BCC 25505 and BCC
25509, marine protists, were collected from
mangroveleaf inthegulf of Thailand and identified
by Dr. PanidaUnagul, National Center for Genetic
Engineering and Biotechnology (BIOTEC),
National Science and Technology Development
Agency, Thailand. The microbes were deposited
in BIOTEC Culture Collection. Schizochytriumsp.
BCC 25505 and BCC 25509 were maintained at 22
°C by monthly sub-cultivation on GPY medium
(glucose 10 g/L; peptone 1 g/L; yeast extract 1 g/
L) supplemented with 15 g/L agar (Difco, Franklin
Lakes, USA) and 15 ¢/L artificial seasats(Sigma,
St. Louis, USA). Schizochytrium sp. BCC 25509
had higher growth rate and higher lipid content
than BCC 25505.
I noculum preparation

Schizochytriumsp. BCC 25505 and BCC
25509, stored in 20% (v/v) glycerol at -80 °C, were
grown in GYP medium (20 g/L glucose, 10 g/L
peptone and 5 g/L yeast extract) at 28 °C for 3
days. Seed cultureswere prepared in abasal medium
comprising of 40 g/L glucose, 17.57 g/L yeast
extract, 2.56 g/L. ammonium dihydrogen phosphate,
12.32¢/L MgSO,.7H,0, 1 mL/L Ami G (wastefrom
glutamic acid production; Ajinomoto Co., Ltd,
Samutprakarn, Thailand), and 1 mL/L multivitamins
complex (Blackmores, NSW, Australia), on arotary
shaker (250 rpm) at 28 °C for 24-36 h. A 10% (v/v)
inoculum was used as starter culture in each
experiment.
Batch fermentation

Medium used in a 5-L batch bioreactor
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(B. Braun, Goettingen, Germany) consisted of 40
g/L glucose, 17.57 g/L yeast extract, 2.56 g/L
ammonium dihydrogen phosphate, 12.32 g/L
MgSO,.7H,0, 1 mL/L Ami G, and 1 mL/L vitamins
complex, withaworking volumeof 3.5L, cultivation
temperature of 28 °C, agitation at 300 rpm, aeration
rate of 1 vvm and cultivation for 2-3days. A 1 mL
aliquot of fermentation broth wasremoved every 3
hfor measurements of dry weight, residual glucose
concentration, Schizochytrium sp. morphology,
and DHA and TFA contents.
Pulsed-batch fermentation

When 1-5 g/L glucose was l€eft in the
fermentation broth of the batch cultivation, fresh
medium (800 g/L glucose, 12 g/L sodium nitrate,
0.5g/L KCl,2.0g/L MgSO,.7H,0,0.65¢9/L K,SO,,
3.0 g/L KH,PO,, 10 g/L (NH,),SO,, 0.17 g/L
CaCl,.2H,0, 3.0 g/L yeast extract, 10.0 g/L
NH,H,PO,, 1 mL/L vitamins solution, 0.35 mL/L
antifoam (PM X-200, Dow Corning, M1, USA), and
1mL/L tracesolution (4.5g/L CaCl,.2H,0, 0.3 g/L
CoCl,.6H,0, 0.3 g/L CuSO,.5H,0, 3.0 g/L
FeSO,.7H20, 1.0 g/L H,BO,, 0.1 g/L KI, 1.0 g/L
MnCl,.4H,0, 0.4 g/L NaMoO,.2H.,0, 4.5 g/L
ZnS0O,.7H,0) was pulsed into the bioreactor to
obtain amedium of 40 g/L glucose.
Dry biomassdeter mination

Cellswere harvested by centrifugation at
10,000 g for 5 min and washed twicewith distilled
water followed by freeze-dried in pre-weighed tubes
for 72-96 h. Tubeswere weighed and the amounts
of dry biomass calculated.
Fatty acid extraction and analysis

Two mL aliquot of 4% sulfuric acid in
methanol containing butylated hydroxytoluene (0.1
g/L) (as anti-oxidant) and C17:0 (as internal
standard) was added to freeze-dried cell pellet (10-
20mg) inavid equipped withtightly fitting Teflon-
lined cap, and incubated at 90 °C for 1 h. Following
rapid cooling, the produced fatty acid methyl esters
were extracted twicewith 2 ml of hexane:water (1:1)
solution and a few grains of sodium sulfate were
added to the hexane layer to absorb any remaining
water. Then the hexane samplewasinjected using
an auto-injector with a1:100 split into a Shimadzu
GC-17A instrument (Osaka, Japan) equipped with
Supel co Omegawax-250 (Supel co, Bellefonte, USA)
fused silicacapillary column (30 minlength, 0.25
mm internal diameter). Injector and detector
temperaturewas 250 and 260 °C respectively. Carrier
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gas was helium with a linear flow of 30 cm/s.
Column temperature was kept at 200 °C for 10 min
andthenincreased to 230 °C at arate of 10 °C/min.
After 17 min at 230 °C, the column was cooled to
200°C and anew cycle initiated. Calibration was
performed using amixture of fatty acid methyl ester
(FAME) standards (Sigma no 189-19) as well as
DHA-FAME (Sigma). In addition, the procedure
was tested using methylated C17:0 and DHA
(Sigma) and recovery was determined against
FAME standards.
Mor phological study

Protist morphologies were visualized
under a compound microscope (Leica
Microsystems CMS GmbH, Germany) (400x
magnification) and counted using a
hematocytometer.
Sugar analysis

Supernatant was centrifuged at 10,000 g
for 10 min and filtered through a 0.22 um paper
filter (Millex, MA, USA). Filtrate was subjected to
HPLC analysis using Aminex HPX-87H column
(Bio-Rad, Hercules, Calif.) ina(Waters, MA, USA)
equipped with a Waters 410 differential
refractometer detector (Millipore Corp., Milford,
MA, USA) at 60°C using 5mM H,SO, asamobile
phase at aflow rate of 0.6 mL/min.

RESULTS AND DISCUSSION

DHA production by Schizochytrium sp. BCC
25505 and BCC 25509in 5-L batch bioreactor
Batch cultivation in a 5-L bioreactor of
Schizochytrium sp. BCC 25505 and BCC 25509
produced highest biomassof 38.7+0.14 g/L at 72
hand 41.35+ 0.46 g/L at 72 h (Fig. 2A and 3A),
complete glucose consumption after 63 h with
highest DHA yield of 5.9+ 1.56 g/L and after 54 h
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with 12.09+ 0.81 g/L (at 69 h) (Fig. 2B and 3B), and
highest total fatty acid content of 13.03+ 0.09 g/L
at 54 hwith DHA/TFA ratio ranging from 27.3 to
50.75% and 26.32 + 2.28 g/L at 66 h with ratio
ranging from 24 to 53% (Fig. 2B and 3B),
respectively.

For Schizochytrium sp. BCC 25505, 67-
100% vegetative cells were observed throughout
the first 60 h of cultivation but decreased
thereafter. When glucose was completely
consumed (after 63 h), increasing numbers of
zoospores were observed (Fig. 4A). As for
Schizochytriumsp. BCC 25509, 70-100% vegetative
cellswere observed throughout 72 h of cultivation
(Fig.4B).

The medium used in this study is
optimized for growth and DHA production of
Schizochytrium sp., in which high concentrations
(50 mM) of magnesium salts are included to
maintain osmotic pressure in order to alow the
protiststo grow synchronously asvegetative cells
in amedium of high nitrogen content followed by
that of high carbon content for lipid production
(26). Synchronous vegetative growth of
Schizochytriumsp. BCC 25505 and BCC 25509 were
obtained during the early phase (48 h) in the

/”Jﬁ

Lipid accurmulation phase
Call enlargameant

b4 Growth phase

Time

Fig. 1. Growth and lipid accumulation phases of
oleaginous microorganisms.

Table 1. Maximum biomass, docosahexaenoic acid (DHA), total fatty acid (TFA) and amount of vegetative
cells of Schizochytrium sp. BCC 25505 and BCC 25509 in batch and pul sed-batch fermentation processes

Variable Schizochytrium sp. BCC 25505 Schizochytrium sp. BCC 25509
Batch Pulsed-batch Batch Pulsed-batch
Biomass(g/L) 38.70+0.14 97.05+ 1.63 41.35 + 0.46 101.75+ 2.19
DHA (g/L) 590+ 1.56 20.73+1.21 12.09 + 0.81 20.00+1.31
TFA (g/L) 13.03+ 0.09 35.24 + 3.27 26.32+2.28 36.48 + 3.97
Vegetative cells (%) 60-100 57-86 70-100 72-94
Averagevegetaivecdls(%) 82.10 + 15.31 71.32+10.12 89.50 + 8.90 73.17 + 20.64
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Fig. 4. Time profile of morphology of (A) Schizochytrium sp. BCC 25505 and (B) Schizochytriumsp. BCC 25509,
during batch cultivation in 5-L bioreactor.
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condition of nitrogen excess, and low amounts of
DHA and TFA were synthesized. During the later
phase of excess of carbon source from non-glucose
repression medium, lipid accumulation occurred
resulting in higher DHA and TFA content. The
higher number of synchronous vegetative
Schizochytriumsp. BCC 25509 cells compared to
BCC 25505 accountsfor the better performance of
the former strain in terms of biomass, DHA and
TFA production.
DHA production by Schizochytrium sp. BCC
25505 and BCC 25509 in 5-L pulsed-batch
bior eactor

Pulsed-batch cultivation in a 5-L
bioreactor of Schizochytrium sp. BCC 25505 and
BCC 25509 produced the highest biomass of 97.05
+1.63¢g/L at 166 hand 101.75+2.19¢g/L at 166 h
(Fig. 5A and 6A), highest DHA yield of 20.73+ 1.21
at 166 hand 20.0 £ 1.31 ¢g/L at 143 h, highest total
fatty acid content of 35.24 + 3.27 at 166 hand 36.48
+3.97g/L g/L a 118h(Fig. 5B and 6B), and DHA/
TFA ratio of 40% and 35-44% (Fig. 5A and 6A),
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Fig. 5. Time profile of docosahexaenoic acid (DHA),
total fatty acid (TFA), ratio of DHA/TFA, glucose
concentration and dry weight (DW) of Schizochytrium
sp. BCC 25505 cultivated in a 5-L pulsed-batch
bioreactor
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respectively. For Schizochytrium sp. BCC 25505,
57-86% vegetative cell were observed during 166
h of cultivation but amoeboid cells, with 2, 4 and 6
partitions, were found thereafter (Fig. 7A). Asfor
Schizochytriumsp. BCC 25509, 72-94% vegetative
cells were observed during 166 h of cultivation
(Fig 7B). At 166 h of fed-batch cultivation,
Schizochytriumsp. BCC 25505 and BCC 25509 had
larger lipid- accumulating cells compared to those
in the earlier stages of cultivation (Fig. 8). The
majority of Schizochytrium sp. cells were
maintained at the vegetative stage throughout the
pulsed-batch cultivation process.

In pulsed-batch cultivation, both strains
had similar numbers of vegetative cells and
production of DHA, but different TFA content,
and thismight be dueto the non-glucose repression
level. Under stress conditions of glucose depletion
and glucose repression, protist morphologies
changed to other stages (viz. zoospores and
released zoospores) resulting in lower DHA
production. As Schizochytriumis a slow growing
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Fig. 6. Time profile of docosahexaenoic acid (DHA),
total fatty acid (TFA), ratio of DHA/TFA, glucose
concentration and dry weight (DW) of Schizochytrium
sp. BCC 25509 cultivated in 5-L pul sed-batch bioreactor.
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wai
heterotroph consuming glucose at a slow rate,

cultivation in a non carbon catabolite repression
condition or in an increased acetyl-CoA
synthethase state gives rise to higher growth and
glucose consumption rates”’. Similar findings have
been reported regarding excess nitrogen supply
for optimal cell growth and excess carbon feeding
for cell enlargement to accommodate lipid
accumulation?. Synchronous growth of
Schizochytrium limacinum SR21 affectslipid and
fatty acid composition®, Fed-batch process of high
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cell density has been reported to be the more
efficient in DHA production by Schizochytrium
sp. compared with batch process®.

Thus, in order to obtain high DHA
production by Schizochytrium sp., early phase
synchronous vegetative growth has to be
maintained by supplying high nitrogen content,
which isthen followed by controlled high glucose
supply to allow size enlargement of vegetativecells
for lipid accumulation. This strategy is
recommended for high cell density cultivation of
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Fig. 7. Timeprofile of morphology of (A) Schizochytrium sp. BCC 25505 and (B) Schizochytriumsp. BCC 25509,

during batch cultivationin a5-L bioreactor.
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Fig. 8. Cell morphology of Schizochytrium sp. BCC 25505 and BCC 25509 during pulsed-batch cultivation
visualized under alight microscope (400x). Schizochytrium sp. BCC 25505: (A) O h, (B) 24 h, (C) 70 h, (D) 166 h.
Schizochytrium sp. BCC 25509: (E) 0 h, (F) 24 h, (G) 70 h, (H) 166 h
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oleaginous protists for industrial production of
polyunsaturated fatty acids, especially E-3 fatty
acids such as DHA.
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