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[ . INTRODUCTION

Microalgae have received attentions for the bioenergy production because
microalgae can make oil in the cell body as well as carbohydrate and protein (Kim ef
al., 2005; Tran et al., 2010). Although the growth of the microalgae depends on
characteristics of species, microalgae can grow fast and no land is required for the
cultivation in comparison to land-based crop (Widjaja et al., 2009). Therefore, the
production of biodiesel from microalgae can replace the present diesel production
from petroleum in near future (Tran et al., 2010).

Biodiesel is one of the liquid-fuels with the sustainability. It has advantages of non-
toxic and biodegradable bio-fuel with low pollutant emission (Widjaja et al., 2009).
Recently, some countries have enforced biodiesel blending to diesel fuel such as BD5
and BD10 using 5% and 10% of biodiesel, respectively. Animal fats, soap-stocks, and
fish oils have been already tried to produce biodiesel, however, the total amount of
those are insufficient for the world demands (Mata et al., 2010). Most of the biodiesel
are currently produced from the plant oils such as soybean, rapeseed and palm.
However, the price and supply of those are unstable. Thus; inexpensive and secure
energy source for the oil production is necessary, and, the potential resource of the
future renewable bioenergy has been focused on microalgae.

In this study, five species of microalgae, Tetraselmis suecica, Phaeodactylum
tricornutum, Chaetoceros calcitrans, Isochrysis galbana and Nannochloropsis oculata
were evaluated to select microalgae for the production of biodiesel. Those microalgae
with the oil content ranging from 15 to 68% are already known as potential species for

the oil production (Chisti, 2007). Those microalgae contain large portion of C18 fatty
-1-



acids. All of microalgae species used in this study are commonly used as live feeds for
larvae culture in aquaculture (Lin ef al., 2007) with stable cultivation and high
nutritional value.

To procure high quantity of oil content, biomass production from microalgae should
be enhanced which can be optimized by L:D cycle, light intensity, nitrate
concentration and aeration rate (Jacob-Lopes et al., 2009; Kaixian and Borowitzka,
1993; Imamoglu et al., 2007; Hsieh et al., 2009; Chen and Johns, 1991). Oil from
microalgae is chemically similar to that of the land-based crop (Chiu et al., 2009). In
particularly, oil accumulation in the cell body of microalgae occurs when microalgae
are placed in environmental stress such as nitrogen deficiency (Hsieh et al., 2009).
Several studies have been focused on the growth and oil accumulation of microalgae
through cultivation in photobioreactors (Hsieh and Wu, 2009; Fernandez et al., 2003).

Oil is generally consisted of saturated and unsaturated fatty acids.' Palmitic acid
(Cie.0), stearic acid (Cig,), oleic acid (Cis.;), linoleic acid (Cis.2) and linolenic acid
(Cs:3) are known as common fatty acids for biodiesel production, especially, those of
fatty acids are strong candidates for improving the quality of biodiesel (Gerhard,
2008). However, few studies on fatty acid composition of ‘the oil from microalgae
have been carried out for biodiesel production (Lin et al., 2007).

The aim of this study is to evaluate cell growth, specific growth rate, biomass
productivity, oil content and fatty acid composition of oil from five microalgae
candidates for biodiesel production in 15-L monospecific batch culture. The
microalgal species chosen among five microalgae was also determined optimize

growth conditions on various L:D cycles, light intensities, nitrate concentrations and



aeration rates to increase biomass production. After optimizing culture conditions, 2-
stage culture with various nitrate concentrations was further carried out for increasing

oil content.




II. MATERIALS AND METHODS

1. Microalgae & Culture medium

Five species of microalgae, Tetraselmis suecica, Phaeodactylum tricornutum,
Chaetoceros calcitrans, Isochrysis galbana and Nannochloropsis oculata were
obtained from NLP corp. (Busan, Korea). All microalgae were cultured in the /2

media (Guillard and Ryther, 1962).

2. Culture conditions

After the pre-cultivation in 5-L beaker, microalgae were cultivated at 20+1C with

the illumination of 36.3 umol/m?/s in 20-L circular cylindrical photobioreactor with a
working volume of 15-L sterilized sea water. Air was provided through air-stone at the
rate of 2.5 L/min. All cultures were performed with 12:12 L:D cycle.

For the optimization of ‘culture conditions on the selected species, growth
experiments were'done at different L:D cycle, light intensity, nitrate concentration and
aeration rate. Various “light and dark cycles (L:D cycles), light intensities, nitrate
concentrations and aeration rates of the culture were varied as 24:0, 20:4, 16:8, 12:12,
8:16, 4:20 and 0:24, 36.3, 60.5, 84.7, 108.9 and 133.1 umol/m?/s, N-free, 6.18, 12.37,
18.55 and 24.74 mg/L and 0, 0.61, 1.25, 2.5 and 5.0 L/min, respectively.

Two-stage culture of the species at the stationary phase by the optimized growth
conditions from the studies of L:D cycle, light intensity and aeration rate was carried

out with artificial sea water including various nitrate concentrations which were N-

-4-



free, 4.61, 9.23 and 18.55 mg/L. All of the cultures were harvested every day for 4

days and the content and five total fatty acids were analyzed

3. Analytical methods

3.1. Measurement of cell growth

Samples were obtained daily from the culture and 3% chloroform was added for the
fixation of cell mobility. Microalgae were counted in a haemocytometer with a light
microscope (Olympus CK40-SLP, Tokyo, JAPAN). For dry cell weight determination,
30 ml of culture samples in triplicate were filtered through pre-weighted 1.2 um glass-
fiber filters (Whatman GF/C; 47mm)to remove water.. The retained cells were washed

twice with distilled water and dried at 105C to constant weight.

3.2. Estimation of nitrate concentration

Nitrate concentration was determined by spectrometry using UV-Vis
spectrophotometer (Ultrospec 6300 pro, Biochrom Ltd., England) at 220 nm (Collos
et al., 1999). The sample was centrifuged at 10,000 rpm.for710 min. The supernatant
was used for the measurement. of nitrate concentration.~A standard curve was

constructed and used for the determination of nitrate concentration.

3.3. Cell harvest and oil extraction

The microalgae were harvested by the centrifugation at 8000 rpm, 4°C for 5 min on

0, 3rd, 6th and 9th day from the stationary phase. The pellet was washed using

-5-



distilled water three times. The sample was dried at 105C to constant weight. Dried

cells were ground using a mortar. The oil from 1.0 g of dried cell was extracted with a
modified Soxhlet method (Li et al., 2008). Extracted oils from the culture sample
were properly dried until reaching constant weight. Oil content was calculated by

following equation below:

Where W and Wo are weights of Soxhlet extractor flask after and before extracting oil.

DCW is dry cell weight.

3.4. Measurement of specific growth rate

Specific growth rate of microalgae was calculated by following equation below:

Where X, is final dew and X 1S initial dcw.

3.5. Fatty acid analysis
In order to analyze-fatty acids, crude oil extracted by Soxhlet extractor was
methylated. Extracted oil was weighed and added to 0.5N NaOH-methanol. The oil
with 0.5N NaOH-methanol was heated at 75°C for 30 min for the saponification of
the oil and cooled at room temperature. A solution of 14% Boron trifluorid methanol
(SIGMA, St. Louis, MO, USA) was added and heated at 75°C for 15 min.

Fatty acid methyl ester was made by the addition of hexane. The methyl ester was

analyzed by modified method (Liu and Lin, 2001) in gas chromatography (Thermo

-6-



Finnigan Trace GC, San Jose, CA, USA) equipped with silica capillary column (007-
CW-30-0.25F) and a flame ionization detector (FID). The initial temperature was

100°C, followed by a temperature program of 5C min' to reach a final oven
temperature of 200 C. The injector and detector temperature were 200C and 250 C,

respectively. Carrier gas was N, and gas pressure was 65 psi. The quantity of fatty
acid was calculated by comparing peak areas with standard curves of palmitic acid
(SIGMA, St. Louis, MO, USA), stearic acid (SIGMA, St. Louis, MO, USA), oleic
acid (SIGMA, Bangalore, India), linoeic acid (SIGMA, St. Louis, MO, USA) and

linolenic acid (SIGMA, St. Louis, MO, USA).

3.6. Statistical analysis

The statistical analyses were performed using the software SAS 9.1 (SAS Institute,
Cary, NC, USA). Biomass production, specific growth rate, biomass productivity and
oil content were analyzed by one-way analysis of variance (ANOVA). Values are
means of triplicates. The data were analyzed statistically by the analysis of variance
(ANOVA) and difference between means of the samples was analyzed by the least

significant difference (LSD) at probability level of 0.05.



[II. RESULTS AND DISCUSSION

1. Five microalgae experiment

1.1. Growth and oil content

Biomass (g/L), nitrate concentration (mg/L) and oil content (% of dry cell weight)
of five marine microalgae are shown in Fig. 1. The highest biomass production of 0.58
g/L was observed in 7. suecica on 9th day after the inoculation as shown in Fig. 1(a)
and Table 1. The lowest biomass production of 0.26 g/l was observed in P
tricornutum on l4th day after the inoculation as shown-in Fig. 1(d). However, P.
tricornutum have been shown the biomass production of 3.0 g/L..(Fernandez et al.,
2003). It was considered that P. tricornutum needs higher light intensity and aeration
than these conditions in this study. Biomass production of /. galbana and N. oculata
were showed 0.57 g/L on 23th and 28th day as shown in Fig. 1(b) and (c), respectively.

I galbana showed that maximum dry cell weight with 200 pmol/m*/s at 15°C and
30C were 0.55 and 0.52 g/L, respectively (Zhu et al.,-1997). The growth of L

galbana in this study showed similar result to those of previous study regardless of
light intensity (Zhu et al., 1997).

Thirteen mg/L of nitrate were added to the medium and nitrate concentration was
decreased until the microalgae reached to the stationary phase as shown in Fig. 1. T.
suecica culture showed the residual nitrate concentration of 0.51 mg/L on 7th day of

the culture as shown in Fig. 1(a). This indicates that the cell growth of T. suecica was



fast comparing to that of other microalgae in this study. On 13th day, all microalgae

except for N. oculata showed residual nitrate of 0.40-1.05 mg/L, however N. oculata

(@ °* re *
7. suecica bew ) -
—a— Nitrate concentration |+ 42 30
=3 Ol content =
06 E 3
- 10 z
=2 o e
H ts & fa20 &
bl = -
= 04 e £
= le s
= £ H
8 4 s t10 =
02 2 3
L2 £
0.0 0 0
o 10 20 30
Day
(b) °* 14
I gaibana =a=Don —_
—a— Mitrate concentr ation 12 3 30
3 Ol content E' =~
i 0 3
2 S <
E 8 B f20 2
< £ £
= H s
= ' & s
a s 5 o2
= =
2 3
z £
[ [
08 14
(c) N. oculatea ==Dtw C.
—a— Nitrate concents ation 12 2 30
=3 il content >
08 £ 3
—d 10 H
3 3] ¥5
3 8 B h20 2
= 04 € £
= ke 2 £
= £ 5
8 4 o 102
02 2 3
2 2
0.0 0 0
08 14
(d) P. tricornutung —— VoW 5%
—a— Nitrate concentration | 12 = | 30
=3 0il content b
06 0 & 3
3 5 =
;. 8 51z =
= 04 & é §
= £ H
8 4 3 10.=
02 - 5
L > ;
00 0 ]
] 10 20 30
Day
08 14
(E) C. calcitrans —*— DW =
—a— Nitrate concents ation 12 30
o =3 0l content E’ —_
= 0 - H
) S e
;. 8 E t20
=04 . & H
= £ H
o T - o
a 4 o 10 =
02 2 S
2 =
L
0.0 [ 0
o 10 20 30
Day



Fig. 1. Culture profiles of oil content (% dcw), nitrate concentration (mg/L) and
biomass (g dew/L) of (a) 7. suecica, (b) 1. galbana, (¢) N. oculata, (d) P.

tricornutum and (e) C. calcitrans.

Table 1. Total biomass, specific growth rate and biomass-productivity of five
marine microalgae; 7. suecica, I. galbana, N. oculata, P. tricornutum

and C; calcitrans

Biomass production Specific growth rate Biomass productivity

(g/L decw, AVGESD) (day”', AVG£SD) (mg/L/day, AVG£SD)
T. suecica 0.58+0.02° 0.28+0.02° 64.57£0.55%
1 galbana 0.5740.01° 0.13+0.02° 24.93+1.70°
N. oculata 0.57+0.03* 0.10+0.02° 20.36+0.93¢
P. tricornutum 0:26+0.04 0.18+0.02° 18.58+1.39¢
C. calcitrans 0.48+0.01° 0.27+0.01* 44.09+2.72°

Means in the same column with the same superscript letter are significantly different (P<0.05)

by least significant difference (LSD) test.
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cultures remained 4.37 mg/L nitrate as shown in Fig. 1(c) indicating the slow growth
of N. oculata as shown in low specific growth rate (Table 1). The growth of N. oculata
showed the longest culture period of 28 days to reach the stationary phase even after
the deficiency of nitrate on 17th day from the inoculation as shown in Fig. 1(c). This
indicates that N. oculata stores nitrogen source in the cell for the cell growth (Toron et
al., 2002). A study reported that the nitrate depletion was observed at 7th day of the
culture with the stationary phase regardless of initial nitrate concentrations of 0.3, 1.05,
2.1, 3.5 and 6.3 mg/L for the culture of C. calcitrans.(Corzo et al., 2000). However,
the nitrate remained at the concentration of 1.79 mg/L with~C. calcitrans at the
stationary phase as shown in Fig. 1(e). The reason for the low uptake'of nitrate by C.
calcitrans was low energy input, therefore, in order to increase the cell growth and
uptake of nitrate, high light intensity and high L:D cycle condition should be provided.

T. suecica showed a similar specific growth rate with C. calcitrans'as shown in
Table 1. However, T suecica showed higher biomass productivity than C. calcitrans.
Therefore, the biomass production-of 7. suecica was higher'thanthat of C. calcitrans.
1. galbana showed slightly higher biomass productivity than those of P. tricornutum
and N. oculata as shown in Table 1. I. galbana and N. oculata showed higher biomass
production of 0.57 g/L. Considering the specific growth rates and biomass
productivities of /. galbana and N. oculata, the growth of both microalgae was slow
for the biomass production. However, the P tricornutum showed low biomass

production probably due to the low light intensity in this study (Kaixian and
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Borowitzka, 1993).

The oil contents for five marine microalgae at 0, 3rd, 6th and 9th day after the
stationary phase were shown in Fig. 1. Oil content was increased to 9th day of the
stationary phase. P. tricornutum showed the highest oil content of 25.31% of dry cell
weight on 9th day of the stationary phase among five marine microalgae as shown in
Fig. 1(d). Various light intensities of 18, 36 and 72 pmol/m?/s for oil production have

been applied to the culture of P. tricornutum at 22°C, 12:12 L:D cycle in 2-L air-lift

glass cylinder for 9 days (Kaixian and Borowitzka, 1993). The oil contents by light
intensities of 18, 36 and 72 umol/m®/s were 9.20, 15.90 and 29.52% of dry cell weight
with biomass productions of 0.18, 0.32 and 0.46 g/L, respectively (Kaixian and
Borowitzka, 1993). Therefore, it suggests that high light intensity and low temperature
could increase the oil accumulation in P. tricornutum.

The oil content of 23.15% of dry cell weight from /. galbana was obtained using /2
medium with NaNO3 as N source as shown in| Fig. 1(b). I. galbana showed that oil
content reached to 24.65% of dry cell weight with modified Walne medium
containing NH4NOj5 as N source (Lin et al., 2007). The oil content in this study with /.
galbana was consistent (Lin'et al., 2007). It suggested that NaNOs-in /2 medium and
NH4NO; in Walne medium produced similar oil content.to /. galbana. C. calcitrans
and N. oculata showed the oil contents of 16.25% and 8.23% of dry cell weight on 9th
day after the stationary phase as shown in Fig. 1(e) and (c), respectively. T. suecica
showed the shortest culture period with the oil content of 7.55% of dry cell weight on
9th day of the stationary phase as shown in Fig. 1(a). Oil content of 7. suecica is in the

range of 15 to 23% of dry cell weight (Chisti, 2007). High oil content of 26.8% of dry
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cell weight in 7. suecica was obtained with continuous addition of nitrogen deficient

medium for 38 days of cultivation (Thomas et al., 1984).
1.2. Fatty acids composition

Changes in five fatty acids composition and oil content after the stationary phases
of five microalgae cultures were shown in Fig. 2. Palmitic acid contents of all
microalgae were increased at early stationary phase as shown in Fig. 2. As shown in
Fig. 2(b), high palmitic acid content of 417.33 mg/g oil was observed in I. galbana on
9th day of the stationary phase. High oleic acid content of 235.61 mg/g oil was
observed in 7. suecica on 3rd day of the stationary phase as shown in Fig. 2(a). Stearic
acid, linoleic acid and linolenic acid contents were lower than 30 mg/g oil in the five
microalgae as shown in Fig. 2. N. oculata showed the increase.of 1.3-fold on palmitic
acid and oleic acid contents. from early stationary phase to the late stationary phase
(Toron et al., 2002). The same tendency was observed in this study with increases of
1.4-fold on palmitic acid content and 1.3-fold on oleic acid content as shown in Fig.
2(c). The palmitic acid content of P. tricornutum increased by 1.9-fold at early
stationary phase to late stationary phase, however, oleic acid content of P. tricornutum
decreased by 0.8-fold-(Toronvet al., 2002). Same tendency of P. tricornutum was
observed in this study as shown-in Fig. 2(d).

Oil contents of I galbana and C. calcitrans increased as palmitic acid contents
increased from O to 9th day of the stationary phase as shown in Fig. 2(b) and (e).
However, the other fatty acids contents were not increased as oil content increased as
shown in Fig. 2. Palmitic acid content of T. suecica increased to 297.55 mg/g oil from

0 to 3rd day of the stationary phase as shown in Fig. 2(a). However, oil content of 7.
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suecica remained at low level of 7.55% of dry cell weight. Oil content of N. oculata

increased from 0 to 3rd day of the stationary phase. However, five fatty acids contents
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Fig. 2. The change of oil content and fatty acid composition of palmitic acid

(Ci6:0), stearic acid (Cig,), oleic acid (Cys.), linoleic acid (Cis.,) and
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linolenic acid (Cis.3) at 0, 3rd, 6th and 9th day of the stationary phase on
(a) T suecica, (b) 1. galbana, (¢) N. oculata, (d) P. tricornutum and (e) C.
calcitrans.

did not change in N. oculata culture as shown in Fig. 2(c). Oil content of P
tricornutum increased to 25.31% of dry cell weight from O to 9th day of the stationary
phase as shown in Fig. 2(d). However, five fatty acids content of P tricornutum
decreased from 3 to 9th day of the stationary phase as shown in Fig. 2(d). The fatty
acid composition of microalgae could be easily changed by controlling the culture
condition and period (Lin et al., 2007; Zhu et al., 1997; Toron et al., 2002). The C16
and C18 fatty acids content of Chlorella sp. was changed significantly by the culture
conditions during the 5 days of cultivation period (Johnson et al., 2009). It suggests
that changes on specific fatty acid contents in total fatty acids are depended on species
characteristics, culture condition and period.

In the previous study, the C16 and C18 fatty acids, particularly oleic, and palmitic
acid, were recognized as the most common components of biodiesel (Gerhard, 2008).
Palmitic acid contents were increased and unsaturated fatty acids were decreased
during post-exponential phase to stationary phase in Schizochytrium limacinum SR21
and Nannochloropsis-oculata cultivation (Morita et al., 2006; Hodgson et al., 1991).
Five microalgae in this study-also-showed the increment of palmitic acid content
during the early stationary phase. It presumed that microalgae uses unsaturated fatty
acids as energy sources and accumulate saturated fatty acids when nutrients deficiency
occurs in the culture medium (Jeh et al., 2007).

From the present study, 7. suecica with high biomass production and 1. galbana

with high oil content were chosen for the production of biodiesel. However, T. suecica
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with short culture period was further studied to optimize L:D cycle, light intensity,
nitrate concentration and aeration rate for the production of biomass, and the increase

of oil content through 2-stage cultivation system.
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2. Optimization of growth condition

2.1. Effect of light and dark cycle

T. suecica was cultured on various L:D cycles to increase biomass production and
reduce culture period as shown in Fig. 3. T suecica with 24:0 L:D cycle was faster to
reach the stationary phase on 6th day. Moreover, nitrate was almost absorbed by T.
suecica with 24:0 L:D cycle in 4 days from the inoculation. As shown in Fig. 3(b),
nitrate was almost consumed by 7. suecica on various L:D cycles except for the
condition of 4:20 and 0:24 L:D cycle which remained-the nitrate concentration up to 4
mg/L on 14th day. T. suecica could consume nitrate faster and showed high biomass
production at the conditions of high L:D cycles.

The results of biomass production, specific ‘growth rate, biomass productivity and
oil content of T. suecica with various L:D cycles were shown in Table 2. T. suecica at
24:0 L:D cycle showed high biomass production of 0.78 g/L and high specific growth
rate and biomass productivity of 0.48 /day and 129.87 mg/L/day, respectively. The
tendency of biomass production 6f:0.78 g/L on varieus L:D cycles from the present
study showed similar trends to those-of previous-study (Jacob-Lopes et al., 2009). It
indicates that the biomass production could be increased by high L:D cycles.

Oil contents of 7. suecica at various L:D cycles were increased by long dark cycle.
High oil content of 7. suecica was shown 11.14% of dry cell weight on 4:20 L:D
cycle as shown in Table 2. It indicates that 7. suecica could accumulate oil by long

dark cycle. However, there were no significant differences among 12:12, 8:16 and
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4:20 L:D cycles as shown in Table 2 (P>0.05).
Therefore, the condition of 24:0 L:D cycle was used for the further study to

increase biomass production.
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Fig. 3. Changes of (a) growth and (b) nitrate concentration from 7. suecica on

various L:D cycles.

Table 2. Total biomass, specific-growth rate, biomass-productivity and oil content

of T. suecica on various L:D cycles

Biomass
Biomass
L:D Specificgrowth rate productivity Oil content (% of dry
production
cycle (day, AVG£SD) (mg/L/day, cell weight, AVG£SD)
(g/L, AVGSD)
AVG+SD)
24:0 0.78+0.05° 0.48+0.01° 129.87+9.42° 7.17+0.12%
20:4 0.70+0.11% 0.4120.02° 99.63+16.16™® 7.25+0.07"
16:8 0.62+0.09% 0.33+0.02% 78.05+12.37% 8.48+0.48"
12:12 0.58+0.09%° 0.26+0.02 64.56+10.21% 9.48+0.62
8:16 0.40+0.09° 0.30%0.03¢ 50.00£12.37° 11.03£1.47*
420 0.31+0.07% 0.2120.03¢ 44.29+10.10%f 11.14+1.58°
0:24 0.28+0.09% 0.38+0.08" 55.56+18.38% 6.361.88%¢

Means in the same column with the same superscript letter are significantly different (P<0.05)

by least significant difference (LSD) test.
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2.2. Effect of light intensity

Various light intensities were used with the optimized condition of 24:0 L:D cycle
on biomass production. Culture period of 7. suecica to reach the stationary phase was
5 days with the light intensities of 108.9 and 133.1 pmol/m?/s, however, other groups
with low light intensities showed 6 days to reach the stationary phase. Nitrate was
almost consumed by 7. suecica of all group of experiment within 5 days after the
inoculation as shown in Fig. 4(b).

Total biomass, specific growth rate, biomass productivity and oil content of 7.
suecica on various light intensities were shown in Table 2. T. suecica on the light
intensity of 108.9 umol/m?s showed high biomass production of 0.89 g/L and specific
growth rate and biomass productivity of 0.67 /day and 178.00 mg/L/day, respectively.
However, light intensity of 133.1 pumol/m?*s did not increase the high biomass
production comparing to the light intensity of 108.9 pmol/m®/s, as photoinhibition on
photosynthetic system would be occurred with the conditions ‘of light /intensity over
108.9 pmol/m?/s (Imamoglu-et al., 2007). As shown in-Fig. 4 and Table 3, light
intensity is essential energy source to enhance the biomass production (Kaixian and
Borowitzka, 1993).

High oil content of 7. suecica was shown on high light intensity of 133.1 pmol/m?/s
as shown in Table 3. It indicates that the conditions of long light cycle and high light
intensity on 7. suecica could accumulate high oil content (Kaixian and Borowitzka,

1993).
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Therefore, optimized light intensity of 108.9 pmol/m%s could be used for

increasing biomass production in further study.
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various light intensities.

Table 3. Total biomass, specific growth rate, biomass productivity and oil content

of T. suecica on various light intensities

Biomass Biomass
production Specific growth rate productivity Oil.content (% of dry
pmol/m*/s
(g/L, (day’;* AVG£SD) (mng/L/day, cell weight, AVG=SD)
AVG=SD) AVG=SD)
36.3 0.78+0.11° 0.51+0.02° 129.87+18.85" 7.83+0.31%
60.5 0.800.05¢ 0.52+0.01° 133.33+9.42° 10.23+1.15*
84.7 0.85+0.05° 0.53+0.01° 141.67+10.28" 10/25+0.94%
108.9 0.89+0.07° 0.67+0.02° 178.00+14.14* 10.97+1.40°
133.1 0.88+0.05° 0.67+0.02° 176.00+11.31° 12.2241.15°

Means in the same column with the-same superseript letter are significantly different (P<0.05)

by least significant difference (LSD) test.
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2.3. Effect of nitrate concentration

Various nitrate concentrations were used with the optimized conditions of 24:0 L:D
cycle and light intensity of 108.9 pmol/m®/s on the previous study for the production
of high biomass. To optimize nitrate concentration for the growth, various nitrate
concentrations of N-free, 6.18, 12.37, 18.55 and 24.74 mg/L were applied to the
culture as shown in Fig. 5. T suecica with nitrate concentrations of 12.37, 18.55 and
24.74 mg/L reached to the stationary phase on 5th day as shown in Fig. 5. Nitrate was
consumed early phase of the culture by T.-suecica at the condition with low nitrate
concentrations as shown.in Fig. 5(b). As shown in Table 4, high-biomass production of
1.07 and 1.00 g/L of T suecica was observed with the nitrate concentration of 18.55
and 24.74 mg/L similar to result with Hsieh ez al. (2009), Kaixian and Borowitzka
(1993). However, nitrate concentration of 24.74 mg/L did not produce higher biomass
comparing to that of 18.55 mg/L. T. suecica showed the biomass production of 0.36
g/L with N-free. It'would be due to stored the nitrate in the cell body during 7. suecica
was cultured in pre-cultivation (Toron et al., 2002).

Comparing the condition of N-free-to-the nitrate added conditions for the culture,
high oil content of 11.60% of dry cell weight was observed with the N-free condition
which was significant differences with 18.55 and 24.75 mg/L of nitrate concentration
(P<0.05). Consequently, the condition of N-free was considered to be appropriate to
accumulate oil (Hsieh er al., 2009). The results imply that various nitrate
concentrations influence culture period, biomass production and oil content (Hsich et
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al., 2009)
Therefore, nitrate concentration of 18.55 mg/L was applied to the culture for high

biomass production in further study.
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Table 4. Total biomass, specific growth rate, biomass productivity and oil content

of T. suecica on various nitrate concentrations

Specific growth Oil content (% of
Biomass production Biomass productivity
mg/L rate (day’’, dry cell weight,
(g/L, AVG+SD) (mg/L/day, AVG+SD)
AVG£SD) AVG£SD)
N-free 0.36+0.11¢ 0.8940.15°% 120.00+37.71¢ 11.60+1.13%
6.18 0.72+0.04° 0.67+0.02® 143.84+12.37°4 11.27+0.90®
12.37 0.89+0.07° 0.54+0,02° 148.22+14.14% 10.71£0.97%
18.55 1.07+0.042 0.76+0.03%* 213.0048.48" 11.2540.35>
24.74 1.00+0.02% 0.70+0.02% 200.00+5.65% 8.23+0.53°

Means in the same column with the same superscript letter are significantly different (P<0.05)

by least significant difference (LSD) test.

2.4. Effect of aeration rate
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As shown in Fig. 6, the cell growth and nitrate concentrations of 7. suecica with
various aeration rates were observed. Culture periods of 7. suecica on aeration rates of
2.5 and 5.0 L/min were same to reach the stationary phase as shown in Fig. 6(a). T
suecica with low aeration rates of 1.25, 0.61 and 0 L/min showed long culture period
over 10 days to reach the stationary phase. Most nitrates were consumed within 7 days
after the inoculation except for group without aeration.

Total biomass, specific growth rate, biomass productivity and oil content of 7.
suecica with various aeration rates were listed in Table 5. High biomass production of
1.04 and 1.05 g/L from T suecica was observed on aeration rates of 2.5 and 5.0 L/min.
However, aeration rates of 2.5 and 5.0 L/min showed significant difference for
biomass production as well as specific growth rate and biomass productivity (P<0.05).

High oil content of 7. suecica was observed with the acration rate of 2.5 L/min as
shown in Table 5. However, oil content did not increase over the aeration rate of 2.5
L/min. In the results, aeration rate of 2.5 L/min was chosen to increase biomass
production of 7. suecica.

From the studies of L:D cycle, light intensity, nitrate concentration and aeration rate,
the biomass production of T:-suecica could be enhanced from'0.58 g/L to 1.07 g/L. and
culture period was reduced by the optimized all growth conditions from 9th day to 5th

day to reach the stationary phase.
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Table 5. Total biomass, specific growth rate, biomass productivity and oil content

of T. suecica on various aeration rates

Biomass
Specific growth rate Biomass productivity Oil content (% of dry
L/min production
(day”', AVG£SD) (mg/L/day, AVG=SD) cell weight, AVG£SD)
(g/L, AVGSD)
0 0.3240.11° 0:33+0.07° 53:33£18.85" 2.7240.19°
0.61 0.54+0.02° 0.17+0.04° 38.57+2.02° 5.96+1.18°
1.25 0.65+0.06° 0.24+0.01% 59.095.78° 6.3840.43"
25 1.0420.02° 0.7140.04* 207.80+5.65° 11.04+1.38°
5.0 1.05+0.04 0.7240.01° 209.86+8.48" 10.85+0.77

Means in the same column with the same superscript letter are significantly different (P<0.05)

by least significant difference (LSD) test.

2.5. Two-stage culture for increasing oil content

T. suecica grown until the stationary phase by optimized growth culture conditions
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was reinoculated with various nitrate concentrations of N-free, 4.18, 9.27 and 18.55
mg/L.

Su et al. (2010) showed the results of oil and fatty acid content increased by nitrate
limitation condition at 2-stage culture. In this study, oil content of 7. suecica was
increased to 17.28% of dry cell weight on 4th day in the N-free group that showed
similar tendency to previous study (Widjaja et al., 2009; Su et al., 2010). It considers
that the conditions of nitrate depletion increased oil content of 7. suecica and the other
groups of nitrate concentrations did not increase in oil content for 2-stage culture. As
oil content of 7. suecica was increased, the contents of five total fatty acids were also
increased to 720.21 mg/g oil on 4th day in N-free group as shown in Fig. 7(d). C16
and C18 series fatty acids were accumulated by increasing oil content. In contrast,
nitrate concentrations of 4.18, 9.27 and 18.55 mg/L decreased oil and five fatty acid
total fatty acid contents as shown.in Fig. 7(a), (b) and (c).

In the results of 2-stage culture, oil content of 7. suecica was increased from 7.55%
of dry cell weight to 17.28% of dry cell weight, and the contents of five total fatty

acids were increased from 540.21 mg/g oil to 720.54 mg/g oil.
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Fig. 7. Results of 2-stage culture for oil accumulation on 7. suecica. Nitrate
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N-free.

IV. CONCLUSION
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Five marine microalgae showed distinct characteristics of growth, oil and fatty
acids contents under culture conditions of 12:12 L:D cycle with 36.3 pmol/m*s and

20+1°C. T suecica showed rapid growth and remarkable nutrient uptake rate for the

biomass production of 0.58 g/L. I. galbana produced high biomass of 0.57 g/L next to
T. suecica, however, culture period to reach the stationary phase was 23 days which is
longer than 9 days of T. suecica. P. tricornutum and C. calcitrans showed low biomass
production of 0.26 g/L and 0.47 g/L, however, oil contents of 25.13% and 16.25% of
dry cell weight were obtained, respectively. N. oculata showed the longest culture
period and low oil content of 8.23% of dry cell weight.

Even though oil content of 7. suecica was low, total quantity of C16 and C18 fatty
acid contents reached to the-highest value of 561.22 mg/g oil.. /. galbana also showed
high oil and total C16 and C18 fatty acids contents of 23:15% of dry cell weight, and
472.66 mg/g oil; respectively. Therefore, 7. suecica and 1. galbana can be suitable
candidates as oil forming microalgae for the biodiesel production.

To optimize biomass production of 7. suecica, various L:D cycles, light intensities,
nitrate concentrations and aeration rates were applied to the culture. From the results
of various environmental factors, 7. suecica showed high biomass production of 1.04
g/L from optimized growth conditions of 24:0 L:D cycle, 145.2 pmol/m?/s, 18.55
mg/L and 2.5 L/min. In addition, the optimized growth conditions reduced the culture
period of 5 days to reach the stationary phase.

Two-stage culture was carried out for the increment of oil content with various
nitrate concentrations with 7. suecica. Nitrate concentration changed oil content and

five total fatty acid content of T. suecica grown from the optimized growth condition
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until the stationary phase by nitrate stress. The condition of N-free led to high oil
content and five total fatty acid content of 17.28% of dry cell weight and 720.54 mg/g
oil at day-4 after the reinoculation on 7. suecica as second stage culture. However, the
oil content and five total fatty acid content of 7. suecica with the conditions of 24:0
L:D cycle, light intensity of 108.9 pmol/m?/s, nitrate concentration of 18.55 mg/L and
aeration rate of 2.5 L/min were decreased due to the addition of nitrate.

In the results of this study, the biomass production and oil content of 7. suecica was
enhanced to 1.04 g/l and 17.28% of dry cell weight by the optimized growth

conditions and 2-stage culture with controlling nitrate, respectively.
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