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ABSTRACT

The growth and lipid content of freshwater (Chlorella sp., C. vulgaris
CCAP211/11B, B. braunii FC124, and S. obliquus R8) and marine microalgae (I. galbana
LB987, N. oculata CCAP849/1, and D. salina) were investigated under different culture
modes. Enhanced growth was occurred when they were cultivated under heterotrophic or
mixotrophic conditions compared with photoautotrophic mode. Meanwhile, high lipid
accumulation in the cells occurred when they were cultivated under photoautotrophic or
mixotrophic conditions. During mixotrophic cultivation mode, light intensity had an impact
on freshwater microalgal growth and lipid accumulation. Marine microalgal biomass
production was not affected significantly by light intensity. However, both chlorophyll
concentration and lipid content increased dramatically with increasing light intensity under
mixotrophic culture mode. Additionally, in marine microalagae under photoautotrophic
culture mode, low nitrogen concentration stimulated lipid production, but a decreasing lipid

content and an increasing biomass were observed with increasing nitrogen concentration.

The effects of growth stimulators in oceanic sediment on biomass and lipid
production of B. braunii LB572 and P. tricornutum B2089 in mixotrophic culture was also
investigated. With the optimal mixing ratio of culture medium and oceanic sediment extract
of 6:4 (v/v), specific growth rates of B. braunii LB572 and P. tricornutum B2089
increased 13.0 and 11.3-fold, respectively. Then, maximum biomass and lipid production of
B. braunii LB572 was 5.54 and 3.09 g/L, and that of P. tricornutum B2089 was 6.41 and
3.61 g/L, respectively. Fe’" and Ca’* in sediment remarkably promoted biomass and lipid
production, but Mg”* did not. Humic acid extracted from sediment increased bioavailability
of metal ions. Thus, low-cost oceanic sediment can supply sufficient growth stimulators for

mass production of biomass and lipid in both microalgae.
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Moreover, this study investigated the effect of light regimes on the cell growth,
lipid accumulation and fatty acid composition of oleaginous microalgae under mixotrophic
culture mode in a tubular photobioreactor. Biomass production gradually increased with
increasing light intensity up to 200 pmol photon/m’/s for B. braunii LB572 and 150 pmol
photon/m®/s for P. tricornutum B2089, respectively, but the lipid content of both microalgae
tended to increase continuously up to 300 pmol photon/m®/s. The effect of photoperiod was
also similar to that of light intensity. Thus, the optimal photoperiod of the two microalgae
was 18:6 h/L:D cycle, and the optimal light intensity was 200 pmol photon/m’/s for B.
braunii LB572 and 150 pmol photon/m’/s for P. tricornutum B2089. Fatty acid composition
in both microalgal cells was changed by the light intensity and photoperiods. The amounts
of saturated and monounsaturated fatty acids in C16-C18 fatty acids, which were essential
component for biodiesel, increased with increasing light intensity and duration time, but that
of polyunsaturated fatty acids gradually decreased. Additionally, for optimization of
microalgal cell disruption method, the six disruption methods (autoclave, sonication,
bead-beater, microwave, french-press, and osmotic shock) for efficient lipid extraction of
B. braunii 1LB572 and P. tricornutum B2089 were optimized. As a result, microwave
disruption method was the most effective disruption for lipid extraction in both microalgae.
The optimum conditions of microwave methods were as follows: microwave oven at 150

C for 20 min with frequency of 1250 W and 2450 MHz.

In addition, biomass and lipid productivity of B. braunii LB572 and P.
tricornutum B2089 were investigated in the continuous or repeated-batch culture under
optimum light regimes. After cells of the two microalgae were cultured in the 12 L
tubular-type photobioreactor (working volume 10 L) for 13 days, they were further cultured
by different cultivation types. Each specific growth rate of B. braunii LB572 and P.
tricornutum B2089 was 0.33 and 0.37 d'l, respectively, when cultured in the batch
cultivation. In the continuous cultivation, fresh medium was supplied to the reactor at a

speed of 24 mL/min and the same volume of cell suspension was drained from the

- XIII -
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reactor. The highest biomass and lipid productivity was found when the dilution rate was
0.35 d'l, then those of B. braunii LB572 and P. tricornutum B2089 were 2.47 and 1.41
g/L/d and 4.24 and 2.45 g/L/d, respectively, which resulted in about 4 times higher than
those obtained from the cells cultivated by batch culture mode. In addition, they were
repeated-batch cultured for 30 days. 4 L of cell suspension was drained from the reactor at
every 6 days and the same volume of fresh medium was supplied. After five times
repeated-batch cultivation, the biomass and lipid productivity B. braunii LB572 was 2.71
and 4.84 g/L/d and those of P. tricornutum B2089 was 3.72 and 6.24 g/L/d, respectively.
These results indicates that repeated-batch culture is better than continuous culture for

biomass and lipid production.

Also, direct-transesterification condition was optimized for biodiesel production
from the microalgal biomass, and the FAME yields of the two microalgae were
investigated under the optimal conditions, which were as follows: 10 g biomass was treated
with 6.0 mL sulfuric acid and 8.0 mL chloroform and boiled at 200 C for 60 min. Under
this condition, 70 mL methanol for B. braunii LB572 and 35 mL methanol for P.
tricornutum B2089 were added, respectively. The inner pressure in the reactor was found to
be about 75 bar at the optimum temperature of 200 C. In addition, FAME vyield (from
non-disrupted wet biomass) of B. braunii LB572 and P. tricornutum B2089 through this

reaction were found to be 95.6 and 96.2% (of lipid), respectively.

- XIV -
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General Introduction
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1. Introduction

1-1. Bioenergy and biomass

Sustainable alternative and renewable energy development is highly needed
because of the various global problems of existing fossil fuels, such as lack of fuel
resources, energy saving, and increasing energy cost, and this importance of sustainable
alternative energy research and development is gradually attention [Dragone et al., 2010;
Jung et al., 2012]. Wind, solar, geothermal, hydro, and biomass represent a major
alternative sources to fossil fuels currently in use. According to published by REN21
(Renewables Energy Policy Network for the 21* Century, renewables 2016 Global Status
Report), renewable energy is firmly established as a competitive mainstream energy source

in many countries around the world [Zervos, 2016].

2015s was a record years for the development and application of renewable
energy, and the capacity of energy generation is steadily increasing. In addition, the use of
renewable energy is also increasing in transportation fuels [Savin, 2012]. According to the
International Energy Agency (IEA) [Fatih, 2015], oil accounted for 31.1% of the world's
major energy consumption, followed by coal (28.9%), natural gas (21.4%), renewable
energy (13.8%). Compared with the 1970s, the share of oil has declined, but the share of
natural gas, coal, nuclear energy and renewable energy has increased. Demand for heating
has dropped sharply since the oil crisis, but demand for transportation has increased
steadily. Recently, coal has faced a new situation due to improved air pollution and
greenhouse gas reduction policies (such as paris agreement), and renewable energy has
grown at its fastest pace since the 2000s, in view of strengthening energy security and

reducing greenhouse gas emissions (Fig. 1-1).
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Bioenergy accounts for a larger share of the primary energy supply than any
other renewable energy sources. Primary energy means that does not convert human
engineered into natural resources (such as hydro, wind, geothermal, and solar power, etc.)
and fossil resources (such as coal, oil, and natural gas). In 2015, the production of
bioenergy has increased in response to rising energy demand and environmental
considerations in some countries. However, the bioenergy sector is faces difficulties in
terms of uncertainty in some markets, such as low oil prices and the commercialization of
shale gas [Savin, 2012]. The recent commercialization of shale gas and the low cost
policies of oil producing countries have reduced the need for research and development of
bioenergy production. However, the reserves of fossil fuels and shale gas are limited, and
research and development of bioenergy for greenhouse gas reduction should continue. On
the other hand, Biomass-derived biofuels production is expected to provide a variety of
opportunities in the upcoming era. It is expected to promote new employment in bio-energy
production areas, replace fossil fuels in the long term, stabilize atmospheric greenhouse gas
concentrations, promote desulfurization of transport fuels, and enhance the safety of energy

supplies [Mata et al., 2010].
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Fig. 1-1. Changes in global energy types since 2000s [BP, 2016].
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1-1-1. Bioenergy production from Biomass

Bioenergy is the energy which is stored in biological matter or biomass, and
bioenergy is a renewable energy source that is environmentally and sustainable and has
high potential for global energy demand [Rosillo-Calle, 2016]. Biomass is a plant resource
in which light energy is accumulated as chemical energy by photosynthesis. Because it is a
resource that can be continuously produced through photosynthesis using solar energy,
water, and carbon dioxide, which can be easily obtained from nature, mass production of

biofuels can be continuously produced (Fig. 1-2).

Atmosphere

!

Biofuel conversion

Cultivation

I Conversion

ﬂa

Pretreatment

Harvesting

Fig. 1-2. Biological conversion of solar energy to chemical energy.
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a. 1" generation biofuels

The most common type of biofuels today is so-called "1 generation biofuels
(or 1 generation biomass)" that include ethanol, methanol. butanol. and pure vegetable oil
(PPO). Sugarcane, corn, soybeans, potatoes, wheat, and sugarbeets are major sources of
1"-generation bioenergy in the bioenergy sector. However, price competition with food

resources is inevitable for 1% generation biofuels [Bringezu et al., 2007].
b. 2" generation biofuels

Therefore, recent studies have focused on the production of "2" generation
biofuel (such as 2" generation biomass)" or advanced biofuels cause the potential
non-sustainability of first generation fuels. The 2" biomass is made from lignocellulosic
biomass and agricultural waste. However, these feeders have no direct competition with
human food resources (Ist generation biofuel). On the other hand, in the case of arable
land, a biofuel production could ultimately be a rival to food crops, also second generation
biomass is very difficult to pre-treatment due to lignocellulose when producing biofuel

[Eisentraut, 2010].
c. 3" generation biofuels

Algal biofuel, the bioenenrgy of the next generation of bioenergy, are
considered “3" generation biofuel (of 3" generation biomass)” [Dragone et al., 2010]. Algal
crops can not be directly competitive with land-based foods and crops because they can be
grown in water [Roesijadi et al., 2010]. Algae are organisms that ate like plants and
vegetables. There are called “Macroalgae” and “Microalgae”. Macroalgae are commonly
known as ‘“seaweed”, that macro means big plant. and “Microalgae” are often
“phytoplankton”, the word micro means small plant. Microalga uses light and carbon
dioxide to reproduce itself with photosynthesis. Microalgae convert solar energy to chemical

energy of carbohydrates, proteins and lipids through photosynthesis (Fig. 1-3), and their
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growth is completed in only a few days [Sheehan et al., 1998]. The growth rate of
microalgae can be accelerated by adding certain nutrients and sufficient aeration (containing
carbon dioxide), but growth is possible where sunlight and some simple nutrients are
needed [Aslan and kapdan, 2006; Pratoomyot et al., 2005; Renaud et al., 1999]. Microalgae
has great potential to produce many types of biofuels as follows; production of methane by
anaerobic digestion [Spolaore et al., 2006], biodiesel production from microalgal oil [Chen
et al., 2011; Cheng et al, 2009; Converti et al., 2009; Doan et al., 2011; Dunahay et al.,
1996; Jung et al., 2012; Mandal and Mallick, 2009; Miao and Wu, 2006; Sawayama et al.,
1995; Scott et al., 2010; Xu et al., 2006; Yang et al., 2011], and photobiological produced
biohydrogen [Akkerman et al., 2002; Fedorov et al., 2005; Ghirardi et al., 2000; Kapdan
and Kargi, 2006; Melis, 2002].
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ADP Lipid |
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e+ 12 Biodiesel
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Fig. 1-3. Biodiesel production from microalgae by photosynthesis.
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Benefits of biofuels (such as biodiesel) production using microalgal species are
as follows. (U Microalgal strain can produce high biodiesel productivity because it growth
more rapidly in crops and woody biomass and can be produced every year round [Schenk
et al., 2008]. @ Water in necessary for microalgae and crops to grow, but water use is
less than land-crops, which can reduce th load on freshwater [Dismukes et al., 2008].
Also, microalgae can be cultivated in the presence of salt and adapt to various
environmental culture conditions, so that they do not significantly affect microalgal biomass
productivity [Searchinger et al., 2008]. @ Most microalgae have fast growth rate (doubling
time was about 3.5 h) and high total lipid contents (about 20-50%, w/w). It has a very
high potential as an energy source for effective biodiesel production [Chisti, 2007; Metting,
1996; Spolaore et al., 2006]. (5 During the microalgal biomass production, it is possible to
maintain and improve air quality through carbon dioxide fixation (1 kg of dry microalgal
bioimass utllise about 1.83 kg of CO,) [Chisti, 2007]. ® Nutrients (Nitrogen, phosphorus,
and carbon) for nicroalgal cultivation can be obtained from a variety wastewater and
organic wastes, enabling an environmentally friendly microalgal culture process [Cantrell et
al., 2008]. (@ After oil extraction from microalgal cells, it is possible to produce various
high-value by-products such as proteins and residual biomass [Spolaore et al., 2006].
Depending on the microalgal growth culture conditions changes can be controlled for each
of the biochemical composition, and also total lipid accumulation in cells can be

significantly improved [Qin, 2005].

1-2. Biodiesel production from microalgae

Biodiesel is an alternative fuel similar to conventional of fossil diesel. Biodiesel
production and commercialization technology lasted for more than 50 years [Barnwal and

Sharma, 2005; Demirbas, 2005; Felizardo et al., 2006; Fukuda et al., 2001; Knothe et al.,
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1997; Kulkarni and Dalai, 2006; Meher et al., 2006; Van Gerpen, 2005]. As shown table
1-1, microalgae seem to be a powerful biodiesel source that can completely replace fossil
fuels and unlike other biomass (corn and soybean), it is very effective in oil yield and

land area [Chisti, 2007].

Table 1-1. Comparison of various biomass of biodiesel [Chisti, 2007]

QOil Yield Land area required

Biomass a Percent of US cropping area’
(L/ha) (M ha)

Corn 172 1,540 846
Soybean 446 594 326
Canola 1,190 223 122
Jatropha 1,832 140 77
Coconut 2,689 99 54
Oil palm 5,950 45 24
Microalgac” 136,900 2 1.1
Microalgae® 58,700 4.5 2.5

* For meet 50% of the demand for the total transport fuels in the US.
70% oil (wet weight) in microalgal biomass

€ 30% oil (wet weight) in microalgal biomass

In order to produce biodiesel from microalgae, selection of microalgae species,
optimization of culture conditions, mass cultivation systems, and each of
harvest-disruption-extraction-conversion process should be accompanied. Depending on the
species of algae can be produced various bio-molecules such as lipid, hydrocarbons,
proteins, pigment, and other components [Banerjee et al., 2002; Metzger and Largeau,
2005]. Although not all microalgal oils are satisfactory for biodiesel production, most
microalgae species can produce oils suitable for biodiesel production. Significant funds are
invested in research on high growth rates, cell density, and lipid content in biodiesel
production from microalgac. However, there are many obstacles to overcome in order to

improve microalgae culture and oil extraction methods as an economically feasible platform

_8_
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to offset diesel conversion and by-product treatment methods and consquently reduce carbon
dioxide emissions. The microalgal biofuels production diagram is shown Fig. 1-4, and key
challenges include microalgal strain selection and development, cultivation technology,
production, harvesting, by-product development, oil extraction, oil refining and residual

utilization [Hannon et al., 2014].

¢ CO, @ Optimization of cultivation technique
@ Bioprospecting © Water @ Pond & photobioreactor design
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Fig. 1-4. Microalgal biofuels production diagram [Hannon et al., 2014].

1-2-1. Microalgal species

Microalgae is estimated to be inhabited in aquatic and terrestrial environments.
There are currently more than 50,000 species and about 30,000 species have been studied
and analyzed [Richmond, 2004]. Because microalgae vary in species diversity, the
production of lipids, hydrocarbons, and other complex oils depends on the microalgal

species specific [Banerjee et al., 2002; Metzger and Largeau, 2005]. Therefore, effective
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microalgal strain selection and optimization is required from natural in order to increase the
productivity of microalgal biodiesel [Lee et al., 2015]. There are 5 major factors
considerations when electing microalgae as follows. (D It should be possible to convert
effective light energy into biomass in various light conditions. The light conversion
efficiency of microalgae is usually less than 5%, and microalgal growth is limited by
photoinhibition effect under high light intensity. @ If oxygen is not released in the
microalgal culture systems, high density culture of microalgae difficult due to the oxygen
inhibition effect. Therefore, it is necessary to select a strain capable of culturing even at a
high oxygen partial pressure. (3 For cultivate high cell density and open type culture
systems of microalgae, it is essential to select and improve strains for resistant
contamination from external organisms. @ It is possible to improve biodiesel productivity
through the improvement and selection of strains with high cell growth and lipid content.
In recently, studies on the improvement of lipid accumulations through cultivation under
depleted conditions of light, temperature, and nitrogen, and the like are active [Converti et
al., 2009; Gim et al, 2016; Giridhar Babu et al, 2017; Gordillo et al., 1998;
Khotimchenko and Yakovleva, 2005; Li et al, 2008; Merzlyak et al., 2007; Mock and
Kroon, 2002; Pal et al., 2011; Qin, 2005; Sugimoto et al., 2008; Xin et al., 2010; Yeesang
and Ceirsilp, 2011]. (& After microalgae cultivation, selection and development of
microalgae suitable for harvesting and extraction are needed. Especially, microalgae such as
Botryococcus is able to reduce the harvest cost by forming floc at high concentration and

thin-walled microalgae show an advance to promote lipid extraction.

a. Freshwater microalgae

o Chlorella is able to growth in both aquatic and terrestrial habitats because of its
simple life period and has a plant-like photosynthesis mechanism. This microalgal

species are the most notable microorganisms for biodiesel production or other
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application sectors. Recently, researches on biodiesel production for C. vulgaris
[Church et al., 2017; Mohd-Sahib et al., 2017; Wong et al., 2017] and Chlorella
sorokiniana [Giridhar Babu et al., 2017; Mandal et al.,, 2017] were very active.
Chlorella strains, unicellular green algae, are spherical or ellipsoidal with a diameter
of 2-10 pm and doubling time is 9-20 hr [Richmond and Hu, 2013; Rosenberg et
al., 2014]. Chlorella contains about 60% protein, 10-15% carbohydrates, and 15-20%
lipids and major compositions of fatty acids in lipid are the C16 and C18 groups.
In particular, the lipid content of Chlorella can be increased up to 60% under

nitrogen depletion and excess illumination conditions [Hu er al., 2008].

o Scenedesmus is one of the common freshwater microalgal strain, like Chlorella. This
species have many shapes and it is difficult to identify these microorganism visually
with the eye. Scenedesmus can exist as unicells, but these strains may be present in
the form of 4 or 8 cells like coenobia [Liirling, 1998] and the doubling time of this
strain is 10 to 21 h [Gardner et al., 2012]. Scenedesmus is a microalgal strain
capable of producing various bioenergy (bio-ethanol, hydrogen, and diesel) and is
one of the major microalgae in biodiesel production research until recently [Abd El
Baky et al, 2012; Mandal and Mallick, 2009]. Scenedesmus is highly
biomass-producing in green algae and it is possible to produce better productivity by
adding various organic carbon sources (heterotrphic cultivation) [Gim et al., 2014].
In addition, recent active research has shown that the total lipid content of
Scenedesmus has been increased to about 60%, and it has attracted attention as a
suitable strain for biodiesel production in the future [Banerjee, 2002; Mandal and

Mallick, 2009].

o Botryococcus braunii is colonial green alga, pyriform shaped planktonic microalga
[Tasi¢ et al.,, 2016], this strain is widely distributed is freshwater environments. Cell
size (length x width) is in the range of 8-9 X 5 um to 13 x 7-9 pm. Botryococcus

is most promising for biofuel production, because that strain is produces a high
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content of hydrocarbon and lipid in the cells, and the hydrocarbon and lipid content
are up to 75 and 65% of dry weight [Banerjee et al., 2002; Chisti, 2007; Metzger
and Largeau, 2005]. Moreover, its strain enriched in saturated and unsaturated fatty
acids known as TAGs, which is well suited for biodiesel production [Kalacheva et
al., 2002a and b]. However, Botryococcus has a slow growth rate compared to other
microalgae species and is a major obstacle to commercial application use. The
relatively slow doubling time of this strain is about 40 hours at optimal growth

conditions [Wolf et al., 1985].
b. Marine microalgae

O Dunaliella is a unicellular microalgae, motile, bi-flagellate, that is widespread in
freshwater and seawater, and is a green algae (Chlorophyta, Chlorophyceae)
[Borowitzka and Borowitzka, 1988]. In addition, the cell length is 5-29 pm (average
10.9-16.9 pm) and th doubling time is 6 hr in the optimum culture condition
[Ben-Amotz, et al., 1991; Richmond and Hu, 2013; Tang et al, 2011; Zou et al,
2009]. This strain is a source of biological pB-carotene and has since been
commercially used as a natural source of valuable carotenoids in the pharmaceutical
and functional food industries since the 1980s [Richmond and Hu, 2013]. In
addition, Dunaliella species, D. salina and Dunaliella tertiolecta have been studied
for the biodiesel production until recently. However, these species have low biomass
production (about 1.0 g/L, dry weight) compared to high lipid content (up to
30-40%, w/w) and require much research on optimized culture condition [Abd El

Baky et al., 2014; Gim et al., 2016].

o Isochrysis is a genus of haptophytes, and includes the species such as I galbana,
Isochrysis litoralis, and Isochrysis maritima. Especially, this marine microalgal strain
1. galbana is a golden-brown alga that accumulation of lipid and carbohydrate.

Because of its high lipid contents, fast growth (doubling time is 38 h) [Kalplan et
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al., 1986], and non-toxicity, I. galbana is a promising biomass for the production of
a variety of livestock (and shellfish) food and biodiesel. Moreover, unlike most
microalgae, there is no cell wall of /. galbana, so lipid extraction is relatively easy

and extraction efficiency is easy to improved [Liu and Wang, 2014].

o Nannochloropsis was first named by Hibberd [1981], and is a genus of microalgae
within the heterokont family of eukaryotes that are being studied for microalgal
biodiesel production. Nannochloropsis species have been shown to be suitable for
biofuel production because of their ease of growth (doubling time is 23 h) and high
lipid content (28.7-37.3% of dry weight) and mostly unsaturated fatty acids and
palmitic acid. It also contains sufficient unsaturated fatty acids linolenic acid and
polyunsaturated acids for high-quality biodiesel [Converti et al., 2009; Gim et al,
2016; Gouveia and Oliveira, 2009; Pal et al., 2011; Sukenik et al., 1989].

o Phaeodactylum tricornutum is a diatom, and this is the only species in the genus
Phaeodactylum. Unlike other diatoms, P. tricornutum grow in various forms
(fusiform, triradiate, and oval) as the growth environment changes [de Martino et al.,
2007]. Phaeodactylum, in this the cell size (length x width) is in the range of
10-20 x 3-4 um and th doubling time is 18-21 hr in the optimum culture condition
[Thomas and Dodson, 1968]. Moreover, in this unicellular microalgal strains can be
accumulate lipids in the range 20-60% (dry weight) under suitable culture conditions
[Valenzuela et al., 2013], and it can store carbon and energy in the from of neutral
lipids, especially TAGs. Therefore, P. tricornutum has potential as a source for

biodiesel production [Valenzuela et al., 2012].
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Freshwater microalgae

Fig. 1-5. Photographs of freshwater and marine microalgal species:
(a) C. vulgaris; (b) S. obliqguus; (c) B. braunii; (d) 1. galbana; (e)

N. oculata; (f) D. salina; (g) P. tricornutum.

1-2-2. Cultivation

For stable microalgae cultivation, modification and optimization study of
microalgal culture medium, nutritions (Macronutrient, trace elements, and other organic
carbon sources), environmental growth factors (light intensity, photo periods, temperature,
and pH), various culture modes (photoautotrophic, heterotrophic, and mixotrophic culture

mode), and reactor (open and closed system) should be performed indispensable.
a. Cultivation medium & nutrients

o Growth medium for microalgal strain cultivation should be provided by various
inorganic nutrients for algal cell formation and growth. Essential elements are
nitrogen (N), phosphorus (P), iron, calcium, and sometimes silicon. The minimum

nutrients requirement of stable microalgae cultivation can be estimated using the
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approximate molecular formula of microalgal biomass as follows: COg4sHi 83No.11Po.o1
[Grobbelaar, 2004]. Proper microalgal seeds management and maintenance of
microalgae strains depend on the choice of growth medium and culture parameters.
When selecting the culture medium, the microalgae species habitat environment
should be identified. For example, in consideration of eutrophicate environment and
nutritional deficiency environment, the microalgal culture medium suitable for the
species should be selected [Barsanti and Gualtieri, 2006]. In addition, selection of
nutrients (Nitrogen and Phosphorous), trace elements (iron, calcium, magnesium, and
silicon), buffer solution, various vitamins, chelating agents, and various extract (such
as soil) and proper concentration adjustments are required for the preparation of a

suitable medium for microalgae.
b. Environmental growth factors

o Microalgae culture temperature is one of the environmental factors which are very
sensitive to microalgae growth and metabolism activity, and easy to control in
microalgae cultivation. For reference, the total lipid content was increased 2 times
by increasing the incubation temperature of N. oculata from 20 C to 25 TC

[Converti et al., 2009].

o Light supply is a major environmental factor influencing phytoplankton physiology
and is the most important factor affecting photosynthesis kinetics of microalgae
[Khoeyi, et al., 2012]. According to previous studies, optimal growth of microalgae
is possible under the optimum light condition, but when the light intensity is low or
high, light inhibition phenomenon which inhibits microalgal growth is caused

[Bouterfas et al., 2002].
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c. Culture mode

o Most algae groups refer to photoautotrophs, which produce carbohydrates and ATP
through photosynthesis using sunlight as an energy source and carbon dioxide as a
carbon source [Barsanti and Gualtieri, 2006], however, the production efficiency of
microalgal growth and lipid accumulation are deteriorated due to the limit of light
supply of microalgae in the culture medium under photoautotrophic culture mode.
However, depending on the microalgal species, it is possible to cultivate in
heterotrophic and mixrotrophic culture mode rather than photoautotrophic culture
mode, and it is possible to high growth rate and lipid accumulation [Gim et al.,
2014 and 2016]. Under light-free culture conditions in heterotrphic cultivation mode,
microalgae growth using only organic carbon. Mixotrophic culture mode are grown
by metabolic precesses combined with independent nutrients and heterotroph mode
that use both organic and inorganic carbon. They use energy produced from organic
compounds fro cell synthesis and store chemical energy converted from light energy
[Chojnacka and Marquez-Rocha, 2004; Gim et al, 2014 and 2016]. Several
microalgal strains which have been observed under photoauto-, hetero-, and
mixotrophic conditions are C. vulgaris [Gim et al, 2014; Mitra et al., 2012],
Chlorella sorokiniana [Wang et al., 2012], Chlorella zofingiensis [Liu et al., 2012],
Haematococcus pluvialis [Kobayashi et al., 1992], S. obliquus [Gim et al., 2014], B.
braunii [Gim et al, 2014; Zhang et al.,, 2011], N. oculata [Gim et al., 2016], L
galbana [Gim et al., 2016], and D. salina [Gim et al., 2016].

d. Mass cultivation & culture systems

o The industrial use of microalgal strains for feed, food, functional and biofuels
production is currently limited by various factors, including those related to massive
scale cultivation. Mass production of microalgal biomass typically uses various

culture systems in the indoor (such as photobioreactor) or outdoor (such as open
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pond and raceway) processes. Universally, large-scale microalgal production systems
are raceway pond [Terry and Raymond, 1985] and several photobioreactors [Tredici

and Zittelli, 1998].

o Since 1950s, mass cultivation of microalgae have been cultivated using raceway, it
is difficult to control the temperature of the reactor depending on the external
temperature and seasonal changes. However, carbon dioxide is readily available in
the atmosphere and is more effective than photobioreactors. This open type reactor
is susceptible to external other microorganisms contamination and uses natural light,

making it difficult to provide effective illumination [Terry and Raymond, 1985].

o On the other hand, photobioreactors (PBRs) are highly specialized mass cultivation
systems that can be optimized for the biological and physical characteristics of
microalgae cultured in closed system. In PBRs, microalgal cultured can be protected
from a wvariety of external inflammatory factors, and the control of various
influencing factors is flexible. Compared to opentype reactors, it is possible to
develop modular processes with space-efficient design and carious functions.
Currently, reactors for the microalgal mass production are vertical tubular [Kumar et
al., 2011], bubble column [Doran, 1995], air-lift [Loubiere et al., 2009], flat-pannel
[Barbosa et al., 2005; Zhang et al., 2001], horizontal [Tredici and Zittelli, 1998],
helical type [Morita et al., 2001], stirred tank [Kumar et al., 2011], and hybrid type
[Fernandez et al., 2001], etc. Each PBRs type has advantages and disadvantages.

Depending on the species characteristics and application industries of microalgae, the

choice of reactor is flexible.
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1-2-3. Cell disruption

Optimization research of cell disruption processes are very important for
effective lipid extraction from microalgal cells (Fig. 1-6) [Agerkvist and Enfors, 1990; Chen
et al.,, 2009; Middelberg, 1995; Mutanda et al., 2011]. There are four main categories of
microbial disruption, including microalgae. The selection of microalgal cell disruption
methods has several influencing factors, especially, consideration should be given to
microalgae such as cell wall toughness, economics, ease of scale-up, and deformation of
lipid products. Mechanical or physical disruption methods are the least preferred method
because they are not dependent on microalgae species and can cause less contamination and
deformation of microalgal lipids. However, these methods generally require higher energy
requirements than chemical or enzymatic methods and have less mechanical damage due to
heat generation. Therefore, in order to produce biodiesel using microalgae, the most suirable

cell disruption process for each strain should be studied [Harrison, 1991].

Bead Milling
Homogenization

Sonication

Mecchanical Microwave
Autoclaving
French-press
Bead-bealing
Disruption Methods
Osmotic shock
Antibiotics
Chelating agent
Non-Mechanical Detergent
Acid & Alkalis
I ytic
Phage

Fig. 1-6. Classification of various cell disruption methods [Giinerken et al., 2015].
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1-2-4. Biodiesel conversion

The parents oil (from microalgal lipid) used in biodiesel production is
composed of triacylglycerides (TAGs), and TAGs is esterified with three fatty acid
molecules and one glycerol molecules. In this reaction, 1 mole of triglyceride reacts with 3
moles of alcohol such as methanol to produce 1 mole of glycerol and 3 moles of
methylester, and a catalyst is used for this reaction (Fig. 1-7). Catalyst are promoted in the
transesterification, and the catalyst used in this reaction are mainly acids, alkalis, and
enzymes [Fukuda et al., 2001; Meher et al., 2006]. The transesterification reaction using an
alkali catalyst such as sodium hydroxide (or potassium) is much higher (approximately
4000 times) than the acid catalysis. However, when the free-fatty acid content of
microalgae is high, the conversion efficiency of biodiesel due to the saponification reaction
decrease [Fukuda et al, 2001]. Therefore, catalyst selection is very important for the

optimization of transesterification process for biodiesel production from microalgae.

CH,-OCOR, Catalyst CH,-OH R,-COOCH;
CH,-OCOR, + 3HOCH, — CH,-OH + l|{2-COOCH3
(|3H2-OCOR3 (|3H2-0H I|{3-COOCH3
Triglyceride Methanol P — Met‘hyl.Esters
(parent oil) (Biodiesel)

Fig. 1-7. Conversion of biodiesel to microalgae [Mata et al., 2010].
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1-3. Overall research objective

After industrial revolution, energy depletion and global warming are one of the
world’s problems, seeking solutions around the world and international conventions (the
Paris Climate Change Accord) are underway. Moreover, Korea is also confident that it will
become a bioenergy powerhouse by researching bioenergy production such as biodiesel
production using microalgae in order to solve the energy depletion and global warming

problem to come.

Production of biodiesel using microalgae is carried out according to each step
of cultivation-harvest-extraction-transesterification, and various studies are carried out for
each step. Especially, since the cultivation process is the most expensive in the entire
process, various researchers have been actively conducted for years to secure economical
efficiency of the cultivation process. In order to ensure the economical efficiency of the
culture process, development of microalgal strains (with high growth and lipid
accumulation), new medium (contained organic carbon sources and various nutrients), and
high efficiency photobioreactor are very important. In order to commercialize high-quality
biodiesel, it is necessary to study changes fatty acid contents and composition of microalgal
in the cells depending on various factors such as nutrients, trace metal ions, and photo
regimes. Therefore, in this study, the research necessary for the production of biodiesel

using microalgae was carried out as follows.

This study was carried out as follows to optimize culture conditions, culture
mode (photoautotrophic, heterotrophic, and mixotrophic culture condition), and cell
disruption methods in flask-scale for freshwater and marine microalgae, and to develop new
media for high productivity of biomass and lipid of selected microalgae. First, for the
present study, microalgae with a rapid growth rate and lipid content of less than 20%
(w/w) were searched and selected. Secondly, biomass production and lipid content of

freshwater and marine microalgae were investigated in various cultivation modes. And then,
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the effect of light intensity on microalgal growth and lipid accumulation under mixotrophic
culture mode was investigated (chapter Il and III). In addition, effect on the growth and
lipid accumulation of marine microalgae were carried out under depleted- and rich-nitrogen
condition. In the next chapter, we have developed a new medium capable of promoting
microalgal growth and lipid accumulation in oil-rich microalgae, and examined the effect of
the oceanic sediments extract (such as, DOC and metal ions) on microalgal growth and

lipid accumulation (chapter IV).

And, based on the results of the study on the flask-scale, a study was
conducted for the mass cultivation and direct-transesterification of oil-rich microalgae using
photobioreactor. In chapter V, effect of various light regimes on microalgal growth, lipid
accumulation, and fatty acid composition were investigated for the high quality biodiesel
production from microalgae under mixotrophic culture mode. Moreover, we investigated the

optimal disruption method for efficient lipid extraction from microalgal cells.

In addition, biomass and lipid productivity of each microalgaec were investigated
through various cultivation systems (such as, batch-, repeated-batch, and continuous culture
systems). Also, the transesterification was optimized to investigate the FAME yield and

productivity from microalgal biomass cultured in a photobioreactor (Chapter VI).
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Chapter 11

Comparison of biomass production and total
lipid content of freshwater green microalgae

cultivated under various culture conditions

This chapter is published in Bioprocess & Biosystems Engineering 37 (2) 99-106 (2014)
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1. Introduction

Microalgae are a potential renewable fuel source because of their high lipid
content, abundance and fast growth rate as compared to other plants. Cost-effective
biodiesel production from microalgae primarily depends on high biomass productivity, high
lipid yields and efficient harvesting. Thus, there has been extensive research and
development focused on photoautotrophic, heterotrophic and mixotrophic culture conditions
to increase microalgaec biomass production and total lipid content [Cho et al., 2007; Li et
al., 2007; Liang et al., 2009; Mata et al., 2010; Mandal and Mallick, 2009; Miao and Wu,
2006; Xu et al., 2006; Yoo et al, 2010]. During photoautotrophic growth, microalgae
harvest energy from sunlight and assimilate atmospheric CO,. However, photoautotrophic
growth is slow, costly, and results in low biomass production. The major limitations
associated with photoautotrophic cultivation can be overcome by heterotrophic cultivation of
microalgae using organic carbon sources. Heterotrophic growth uses sugars and organic
acids to replace traditional light energy [Huang et al., 2010]. Glucose [Liang et al., 2009;
Hongjin and Guangce, 2009; Leesing and Nantaso, 2010; Wan et al., 2011], sodium acetate
[Hongjin and Guangce, 2009; Ratledge et al., 2001] and sodium bicarbonate [Yeh et al.,
2010] are common carbon sources used for heterotrophic cultivation of microalgae. This
mode of growth offers several advantages, including the elimination of light, good control
of cultivation, high biomass production and high lipid content in cells [Mio and wu, 2006;
Lee and Lee, 2002]. Conversely, mixotrophic cultivation uses light as the main energy
source, although both organic carbon and inorganic carbon (CO,) are simultaneously
assimilated. Thus, mixotrophic cultivation is a good strategy to obtain a large biomass with
high lipid content [Lee and Lee, 2002]. Mixotrophic cultivation offers the additional benefit
that CO, released by the microalgae via metabolic processes can be trapped and reused for

phototrophic cultivation [Mata et al., 2010].
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A number of environmental factors such as salinity, nitrogen, iron and light
intensity are also known to strongly influence microalgal growth and lipid content. Most
research on microalgae has focused on the selection of cultivation conditions that lead to
the highest lipid yield in the shortest time [Doan et al, 2011; Yeesang and Cheirsilp,
2011]. However, few studies have systematically compared biomass production and total
lipid content in microalgae cultivated under various conditions.

In the present study, we compared the microalgal growth and total lipid
content of four green microalgal species (Chlorella sp., C. vulgaris CCAP211/11B, B.
braunii FC124 and S. obliquus RS8) under autotrophic, heterotrophic and mixotrophic
conditions. The influence of six carbon sources, different glucose concentrations and light

irradiation on cell growth and total lipid content was also investigated.
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2. Materials and methods

2-1. Microalgae and growth medium

Four green microalgal species were studied: Chlorella sp. (obtained from Prof.
Eon Seon Jin of Hanyang University, Seoul, Korea), C. vulgaris CCAP211/11B (obtained
from the Culture Collection of Algae and Protozoa, Argyll, UK), S. obliquus R8 (obtained
from Dr. Yang Hetong of the Biotechnology Center, Shandong Academy of Science, PR
China), and B. braunii FC124 (obtained from the Korea Marine Microalgae Culture Center,

Busan, Korea).

The media used in this study were TAP (Tris-Acetate-Phosphate) medium
[Harris, 1989] for Chlorella sp., BG11 (Blue-Green) medium [Stanier et al., 1971] for C.
vulgaris CCAP211/11B, Bold’s Basal medium [Bold, 1949] for S. obliquus RS, and Chu 13
medium [Chu, 1942] for B. braunii FC124. TAP medium contained the following (per liter,
pH 7.0): 0.8 g NH4Cl, 0.1 g CaCl,-:2H,O, 0.2 g MgSO47H,O, 0.3 g K,HPO4 0.05 g
EDTA-2H,O, 5 mg FeSO47H,O, 22 mg ZnSO4+7H,O, 52 mg H;BO; 5.1 mg
MnCl,-4H,0, 1.1 mg CuCl,-:2H,0, 2.6 mg Na,MoO-2H,O, 1.6 mg CoCl,-6H,0. BGIll1
medium contained the following (per liter, pH 7.1): 1.5 g NaNOs, 0.04 g Ko:HPO4, 7.5 mg
MgS04-7H20, 36 mg CaCly-2H,O, 6 mg citric acid, 6 mg ammonium ferric citrate green,
1 mg NaEDTA, 0.02 g Na,COs;, 2.9 mg H;BO; 1.8 mg MnCl,4H,O, 0.22 mg
ZnS047H20, 0.39 mg Na;MoO-2H,O, 0.08 mg CuSOs5H,O, 0.05 mg Co(NO3):-2H,0.
Bold’s Basal medium contained the following (per liter, pH 6.8): 0.175 g KH,PO,., 0.025 g
CaCl,-2H,0, 7.5 mg MgS0O4-7H,O, 0.255 g NaNOs, 0.075 g KoHPO4, 0.025 g NaCl, 0.01
g Na;EDTA, 6.2 mg KOH, 5.0 mg FeSO47H,O, 10 uL H,SO4 10.9 mg Hs;BO;, 1.8 mg
MnClL,-4H,0, 0.2 mg ZnSO4 7H,0, 0.4 mg Na,MoO-2H,O, 0.079 mg CuSO4 5H,O, 0.05
mg Co(NO3),'6H,0. Chul3 medium contained the following (per liter, pH 7.5): 04 g
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KNOs, 0.08 g K,HPO,, 0.107 g CaCly-2H,0, 0.2 g MgSO4-7H,0, 0.02 g ferric citrate, 0.1
g citric acid, 0.02 mg CoCl,, 5.7 mg H3;BOs;, 3.6 mg MnCl-4H,O, 0.4 mg ZnSOs 7H,0,
0.16 g CuSO4-5H,0, 0.084 mg Na,MoO, 1 drop of 0.072 N-H,SOs.

2-2. Pre-cultivation condition

Each microalga was pre-cultured in a 500 mL Erlenmeyer flask containing
modified medium with the pH adjusted to 6.8-7.5 at 25-27 C. The light intensity and
illumination period (light:dark) provided for each microalga were the following: 100 pmol
photon/m’/s and 12:12 h (Light:dark cycle) for Chlorella sp.; 80 pmol photon/m’/s and
12:12 h (Light: dark cycle) for C. vulgaris CCAP211/11B and S. obliguus RS8; and 100
pumol photon/m’/s and 16:8 h (Light:Dark cycle) for B. braunii FC124. The cultivation
periods for each microalgal species were 12, 15, 20, and 30 days for Chlorella sp., C.
vulgaris CCAP211/11B, S. obliqguus RS, and B. braunii FC124, respectively.

2-3. Culture conditions

Photoautotrophic cultivation of the above four microalgae was performed under
the same pre-cultivation conditions in 2 L Erlenmeyer flasks. The effects of various organic
carbon sources such as glucose, xylose, rhamnose, fructose, sucrose, and galactose on
heterotrophic cultivation (without light irradiation) of the four microalgae were studied. The
initial concentration of each carbon source was 0.01 M. In addition, the influence of
glucose concentration (0.2-2.0%, w/v) on microalgal growth under heterotrophic cultivation
was determined. In the mixotrophic culture conditions, the start-up cultivation was the same
as the photoautotrophic culture condition, with the exception of the initial glucose

concentration (1%, w/v) for Chlorella sp., C. vulgaris CCAP211/11B, and B. braunii
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FC124 and 2% (w/v) for S. obliguus R8). To study the effect of light intensity on
microalgal growth and total lipid content, light intensities of 0, 15, 35, 80, 100, and 150
umol photon/m®/s were provided by a fluorescence lamp. Under mixotrophic conditions,
Chlorella sp., C. vulgaris CCAP211/11B, S. obliguus R8, and B. braunii FC124 were

cultivated for 11, 15, 12, and 20 days, respectively.
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2-4. Estimation of biomass production

To estimate the dry weight of the microalgae, 100 mL of stationary microalgal
cultures were centrifuged at 5000 x g for 30 min. The resulting pellets were washed three
times with 0.9% (w/v) NaCl. After washing, the pellet fraction was filtered through a 0.8
pum glass membrane (Pall, USA), dried at 105 C for 8 h in an electric oven (Advantec

FUW243PA, Japan) and then weighed using an electronic balance.

2-5. Estimation of total lipid content

The cultured microalgal cells were harvested by centrifugation at 5000 x g for
30 min. The resulting cell pellet was frozen overnight at -30 C and freeze-dried at -50 C
under vacuum. One gram of the dry cell biomass was blended with 200 mL of distilled
water and the biomass mixture was disrupted by autoclaving at 121 C with 0.2 MPa for
60 min. Analysis of the total lipid content from the microalgal biomass was performed
according to the modified procedure described by Folch et al. [1957]. Briefly, the total
lipid content was extracted with a mixture of chloroform-methanol (2:1, v/v) for 1 h and
then separated into chloroform and aqueous methanol layers overnight. The chloroform layer
was washed with distilled water and evaporated using a rotary vacuum evaporator
(Rotavapor R-205; Buchi, Switzerland). All experiments were performed in triplicate and

reported as average values with standard deviations.
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3. Results and discussion

3-1. Effect of organic carbon sources on biomass production

The effect of different carbon sources on biomass production for the four
microalgae grown under heterotrophic culture conditions is shown in Fig. 2-1. Six carbon
sources (glucose, xylose, rhamnose, fructose, sucrose, and galactose) were used in these
experiments. When the initial concentration of each carbon source was 0.01 M, significant
biomass growth variations were observed for all four microalgal species. Among the various
carbon sources, glucose was the most effective carbon source for microalgal growth,
especially for B. braunii FC124 and S. obliquus R8, whereas the other carbon sources did

not significantly stimulate biomass production.

This occurred because glucose is a simple hexose monosaccharide, which is
first catabolised into glucose-6-phosphate (an important intermediate product for various
metabolic precursors) and subsequently converted to pyruvate through anaerobic glycolysis,
before entering into the mitochondrial TCA cycle where it is oxidatively phosphorylated for
ATP production [Neilson and Lewin, 1974]. Other carbon sources require more complicated
inter-conversion metabolic processes to provide energy for algal growth and lipid
production. Although glucose and fructose have the same number of carbon atoms, fructose
cannot be directly converted into glucose-6-phosphate in microalgae. The lowest biomass
production was observed with sucrose supplementation because sucrose is a non-reducing
disaccharide molecule consisting of equimolar amounts of glucose and fructose that must be
hydrolyzed prior to glycolysis. Overall, it was clear that differences in biomass production
resulted from differences in the metabolic pathways used for carbon among the four

microalgal species.
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Fig. 2-1. Effect of various carbon sources (0.01 M) on biomass production on (a) Chlorella

sp., (b) C. vulgaris CCAP211/11B, B. braunii FC124, and (d) S. obliquus RS, under
heterotrophic cultivation.
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3-2. Effect of glucose concentration on microalgal biomass

The effect of glucose concentration (0.2-2.0%, w/v) on microalgal biomass was
monitored for the four microalgal species under heterotrophic cultivation conditions (Fig.
2-2). Generally, the biomasses of the four green microalgal species increased in proportion
to glucose concentration. Among the cultures supplemented with glucose, the highest
biomass production was achieved at a concentration of 1.0% (w/v) glucose, with higher
concentrations severely inhibiting growth. Supplementation with 2.0% (w/v) glucose resulted
in a 30-40% decrease in biomass production for most microalgae, because of substrate
inhibition of growth; however, S. obliquus R8 exhibited a strong tolerance for high glucose
concentrations (2.0%, w/v).

The results obtained in these studies are in accordance with previous reports.
The concentration of glucose had a marked effect on the biomass yield. For example,
Chlorella  protothecoides and Chlorella saccharophila have been reported to grow
heterotrophically by using organic compounds as carbon sources and produce higher
biomass yields [Shi et al., 1999; Hosoglu et al., 2012]. Furthermore, Tan and Johns [1991]
and Hongjin and Guangce [2009] reported that microalgal growth is strongly inhibited at

high carbon concentrations.
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Fig. 2-2. Influence of glucose concentration on biomass production under heterotrophic

cultivation of (a) Chlorella sp., (b) C. vulgaris CCAP211/11B, B. braunii FC124, and (d) S.

obliquus R8, under heterotrophic cultivation.
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3-3. Comparison of biomass and total lipid content under different

culture conditions

Microalgal growth and total lipid content for all four microalgae under
photoautotrophic, heterotrophic and mixotrophic cultivation were compared (Fig. 2-3). In this
study, 1.0% (w/v) glucose was used in both the heterotrophic and mixotrophic (with light)
conditions. The maximum biomass production under photoautotrophic, heterotrophic and
mixotrophic culture conditions were as follows: 1.3, 2.5, and 2.7 g/L for Chlorella sp.; 0.5,
1.7, and 1.8 g/L for C. vulgaris CCAP211/11B; 1.1, 2.2, and 2.3 g/L for S. obliquus RS;
and 0.6, 2.1, and 2.4 g/L for B. braunii FC124 (Fig. 2-3a). Biomass production under
autotrophic culture conditions was significantly lower than heterotrophic and mixotrophic
culture conditions. There are two primary reasons why these variations occurred: first, the
microalgal cells transferred low amounts of light energy into ATP production [Yang et al,
2000]; and second, some of ATP produced during photochemical reactions was not utilized
for anabolic processes [Yokota et al., 1989]. Due to the absence of light under
heterotrophic culture conditions, the organic carbon source (glucose) was directly used for
cell metabolism. Moreover, the growth of all four microalgal species was better under the
mixotrophic conditions listed as follows: 100 pmol photon/m®/s, 1% (w/v) glucose and 11
days incubation for Chlorella sp.; 100 pmol photon/m’/s, 2% (w/v) glucose and 12 days
incubation for S. obliguus R8; 80 umol photon/m’/s, 1% (W/v) glucose and 15 days
incubation for C. vulgaris CCAP211/11B; and 80 pmol photon/m®/s, 1% (w/v) glucose and
20 days incubation for B. braunii FC124. These results are in accordance with Liang et al.
[2009] and Arroyo et al. [2011] who stated that mixotrophic cultivation produces higher
biomass than heterotrophic and photoautotrophic cultivation. This phenomenon occurs
because glucose and light energy can be metabolized to produce ATP and NAD(P)H

production, thereby accelerating cell growth [Yang et al., 2000].
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Total lipid contents of the four microalgal species under different growth
modes were compared and are presented in Fig. 2-3b. Total lipid content was highest for
mixotrophic cultivation and lowest for heterotrophic cultivation. Lipid production under
heterotrophic condition decreased when compared with autotrophic and mixotrophic culture
conditions: 21 and 49% (w/w) in Chlorella sp.; 23 and 40% (w/w) in C. vulgaris
CCAP211/11B; 38 and 51% (w/w) for S. obliquus R8; and 41 and 55% (w/w) for B.
braunii FC124. Based on the above experimental results, it was revealed that mixotrophic
cultivation of the four microalgal species stimulated both biomass and total lipid production
better than heterotrophic cultivation. As shown in Fig. 2-3a, lower lipid content was
obtained in heterotrophic systems because most of the organic carbon was completely
utilized for algal growth. In mixotrophic culture conditions, however, simultaneous
assimilation of glucose (carbon source) and CO, took place in the algal cells. In the
presence of light energy and glucose, most of the metabolizing enzyme spresent in the
algal cells were more active. In particular, the activity of fatty acid synthesizing enzymes
such as acetyl-CoA carboxylase, desaturatase, acyl-carrier protein synthase, and ATP: citrate
lyase increased, resulting in an increase in the accumulation of lipids in the algal cells

[Arroyo et al., 2011].
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Fig. 2-3. Comparison of (a) biomass production and (b) total lipid content of four green

microalgae under photoautotrophic, heterotrophic, and mixotrophic culture conditions.

3-4. Effect of light intensity on biomass and lipid production

Microalgal acclimatization can occur due to variations in environmental factors
such as light intensity. When microalgae are cultured with carbon dioxide as a sole carbon
source, cell growth, biochemical composition (structural and storage molecules) and lipid
accumulation depend on the availability of light [Khotimchenko and Yakovleva, 2005]. Fig.
2-4 shows the effect of light intensity on biomass growth and total lipid content of the
four microalgal species, which were cultured under mixotropic culture conditions. In our
study, as light intensity increased from 0 to 150 pmol photon/m’/s, no significant difference
in biomass growth was found in Chlorella sp. and C. vulgaris CCAP211/11B. However, B.
braunii FC124 showed higher biomass content (2.6 g/L) at 80 pmol photon/m’/s of light
irradiation, with higher light intensities inhibiting cell growth. Conversely, S. obliguus RS
growth increased with increasing light intensity.

Total lipid content in these four species increased in proportional to light

intensity. B. braunii FC124 was found to be the highest lipid producing microalga (39.4%,
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w/w) compared with the other species. These results are in good agreement with that of
Tansakul et al. [2005]. According to the literature, light intensity has a profound impact on
lipid accumulation; more specifically, higher light irradiance is favoured for lipid production
rather than biomass growth. When microalgac are exposed to large quantities of light
energy, metabolic flux generated from photosynthesis is directed to lipid accumulation
[Tansakul el al. 2005] as free fatty acid synthesis is up regulated in chloroplasts [Sauer
and Heise, 1984].

Furthermore, low light intensities may cause higher chlorophyll a (Chl a)
content in cells [Guihéneuf et al., 2009]. Under low light conditions, the microalgal cells
increase their photosynthetic pigments, such as Chl a, and antenna pigments to maximize
their ability to harvest light for their normal growth requirements [Mock and Kroon, 2002].
In addition, the algal cells have a relatively large volume of chloroplasts, a high surface
density of thylakoid membrane and a small volume of lipid storage bodies [Sukenik et al.,
1989]. In contrast, at higher light intensities, the dimensions of microalgal light harvesting
antenna pigments and Chl a content decreases and thylakoid membranes work more

efficiently for lipid accumulation [Rammus, 1990].
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Fig. 2-4. Effect of light intensity on (a) biomass production and (b) total lipid content of

four microalgae grown under mixotrophic condition.

Table 2-1 shows the biomass production and total lipid content for various
microalgal species cultivated under different culture conditions. From this comparative
analysis, it is evident that all four green microalgal species show relatively high total lipid
content. Among them, B. braunii FC124 was found to be the best lipid producing
microalgae under mixotrophic culture conditions (80 pmol photon/m’/s, 1% glucose, and 20
days). Our study firmly proves that higher lipid production is obtained at lower light
intensities (80 or 100 pmol photon/m’/s). It is known that light intensity also influences the
fatty acid composition of cells including triglyceric acid, glycolipids, phospholipids, and

poly-unsaturated fatty acids. In the near future, the effect of light intensity on microalgal

fatty acid composition profile during mixotrophic cultivation should be investigated.
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Table 2-1. Comparison of biomass production and total

lipid content of four green microalgae with related microalgae

Light intensity

Biomass production

Total lipid contents

Microalgae Culture condition Carbon sources (umol photon/mz/s) (@) %, wiw) Ref.
S. obliquus AS-6-1 Photobioreactor CO, 140 1.6 11.7 Ho et al., 2012
S. obliquus CNW-1 Photobioreactor CO, 140 1.4 9.2 Ho et al., 2012
S. obliquus ESP-5 Photobioreactor CO, 140 1.9 83 Ho et al., 2012
S. obliquus Photobioreactor 12% CO» 43.2 2.1 - Morais et al., 2007
S. obliquus R8 Mixotrophic/Batch 2% glucose 100 23 23.7 in this study
Nannochloropsis sp. Batch CO, 700 0.6 21.0 Pal et al., 2011
Dunaliella viridis Batch 1% CO; 1500 ~0.6 31.8 Gordillo et al., 1998
D. salina DCCBC2 Photobioreactor 3% CO, 100 3.2 - Kim et al., 2012
C. protothecoides Heterotrophic/Batch Glucose - 15.3 7.7 Chen and Walker, 2011
C. protothecoides Heterotrophic/Batch Pure glucose - 19.2 9.8 Chen and Walker, 2011
C. protothecoides Heterotrophic/Batch Crude glucose - 23.5 14.6 Chen and Walker, 2011
C. vulgaris LEB-104 Batch 5% CO, 47.3 1.9 10.0 Sydney et al., 2010
C. vulgaris CCAP211/11B Mixotrophic/Batch 1% glucose 80 1.8 20.1 in this study
Chlorella sp. Mixotrophic/Batch 1% glucose 100 2.7 22.5 in this study
B. braunii SAG-3081 Batch 5% CO2 47.3 3.1 33.0 Sydney et al., 2010
B. braunii FC124 Mixotrophic/Batch 1% glucose 80 2.4 349 in this study
- 38 -
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Effect of carbon source and light intensity on
the growth and total lipid production of three

microalgae under different culture conditions

This chapter is published in Journal of Industrial Microbiology & Biotechnology 37 (2) 99-106 (2014)
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1. Introduction

In recent years, many researchers have increased efforts to find a better
alternative renewable fuel because of depletion of fossil fuels. Microalgae promise to be a
suitable energy resource through the photoautotrophic mechanism that can convert
atmospheric carbon dioxide into biomass, fatty acid, and lipids. The total lipid content of
microalgae varies from 1 to 70% of the dry cell weight [Li et al., 2008; Spolaore et al.,
2006; Xin et al., 2010]. The lipids present in microalgae are mainly in the form of esters
of glycerol and fatty acids, which are suitable for producing biodiesel. Microalgae such as
Scenedesmus pectinatus var XJ-1 [Xia et al., 2013], Chlorella sp. [Cheirsilp and Torpee,
2012], Nannochloropsis sp. [Cheirsilp and Torpee, 2012], and Chlorella vulgaris [Liang et

al., 2009] generally are cultured photoautotrophically.

Unfortunately, the photoautotrophic cultivation of microalgae has many
limitations, such as low biomass and lipid productivity, and this is mainly because of
photolimitation (high cell density inhibits light penetration). Heterotrophic growth of
microalgae can be performed in a culture medium supplemented with external
organic/inorganic carbon sources. For heterotrophic microalgal cultivation, several carbon
sources, such as glucose [Ceron-Garcia et al., 2013, Gim et al., 2014; Ren et al., 2013],
fructose [Gim et al., 2014; Ren et al., 2013], sucrose [Gim et al., 2014; Ren et al., 2013],
glycerol [Ceron-Garcia et al., 2013], and acetate [Vazhappilly and Chen, 1998], have been
used. Heterotrophic cultivation offers many advantages, including good control of
cultivation, higher biomass and lipid, and elimination of the requirement for light. However,
mixotrophic growth that combines phototrophic and heterotrophic cultivation (i.e., with light
and organic sources) is particularly useful for overcoming the problems imposed by
phototrophic or heterotrophic growth [Gim et al, 2014]. One of the most notable

advantages is that the CO, released from microalgae during carbon metabolism is trapped
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and reused. Recently, many studies have focused on the enhanced biomass and lipid
productivity achieved by mixotrophic cultures of microalgae such as C. vulgaris [Kong et

al., 2013], Scenedesmus sp. ZTY3, and Chlorella sp. ZTY4 [Tian-Yuan et al., 2014].

Furthermore, it is known that many environmental factors influence the growth,
lipid content, and fatty-acid composition of microalgae. Microalgal cultivation requires
rigorous control of various factors, such as carbon sources, salinity, nitrogen, iron, pH,
temperature, CO, concentration, and light intensity. It is most note worthy that carbon
source, light-intensity and -wavelength have been reported to change the lipid metabolism
in microalgae by enhancing the biomass production and lipid content, as shown for
Nannochloropsis sp. [Das et al., 2011], Haematococcus pluvialis [Imamoglu et al., 2007],
Scenedesmus sp. [Liu et al., 2012], and C. vulgaris ESP-31 [Yeh et al., 2010]. In addition,
a number of nutritional factors, including phosphate [Gouveia and Olivira, 2009], sulfur
[Sugimoto et al., 2008], iron [Liu et al., 2008], and nitrogen [Gouveia and Oliveria, 2009;
Yeesang and Cheirsilp, 2011], have been reported to influence the growth and lipid content
of algae. Nitrogen starvation especially affects the lipid accumulation in microalgal cells
[Merzlyak et al., 2007]. However, to date, the studies on various modified and enhanced
microalgal cultivation, lipid production, lipid extraction, and transesterification techniques are

still in progress.

In this study, three microalgal species 1. galbana LB987, N. oculata
CCAP849/1, and D. salina, which have relatively higher biomass and lipid productivity,
were cultivated under photoautotrophic, heterotrophic, and mixotrophic conditions to obtain
higher biomass and total lipid content. Effects of various carbon sources and light intensity
on growth, chlorophyll concentration, total lipid content, and fatty-acid composition under

the different culture conditions were investigated.
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2. Materials and methods

2-1. Microalgae and growth medium

Three marine microalgae, which accommodate high content of lipid in cells,
were used in this study. I galbana 1B987 (obtained from UTEX Culture Collection of
Algae at The University of Texas at Austin, Austin, TX, USA) and N. oculata CCAP849/1
(obtained from Culture Collection of Algae and Protozoa, UK) were cultured in /2 medium
[Guillard and Ryther, 1962], with the following composition (per liter of sea water): 75 mg
NaNOs, 5.65 mg NaH,PO42H,O, 4.16 mg Nay EDTA, 3.15 mg FeCl3-6H,0, 0.01 mg
CuSO4-5H20, 0.02 mg ZnSO4 7H,O, 0.01 mg CoCly'6H.O, 0.18 mg MnCl-4H,O, 6 pg
Na,Mo0O4-2H,0, 0.5 pg, cyanocobalamin (vitamin Bjy), 0.1 mg thiamine-HCl (vitamin B,),
and 0.5 pg biotin. D. salina (a gift from Hanyang University, Seoul, Korea) was cultured
in modified D medium [Castenholz, 1969], with the following composition (per liter of
distilled water): 58.44 g NaCl, 4.84 g Tris, 0.51 g KNOs3, 0.92 g MgClL'6H,O, 0.12 g
MgSO4-7H,0, 0.04 g CaCl,, 0.02 g KoHPO4, 0.55 mg FeCl;, 2.45 mg EDTA, 0.31 mg
H;BO;, 0.20 mg MnCl,-4H,O, 0.02 mg ZnSO45H,O, 0.01 mg CuSO45H,O, 0.05 mg
NaMoO4-2H>0, 0.005 mg CoCl,-6H,0, 0.03 mg NaVOs;, and 2.1 g NaHCO:s.
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2-2. Microalgal culture conditions

Photoautotrophic batch cultivation of the three marine microalgae was
performed in 1-L Erlenmeyer flasks containing a working volume of 0.3 L medium at pH
8.0 with cotton plugs that allow exchange with the atmosphere. Cells were cultivated at 25
°C. Cultures were illuminated with cool-white fluorescent lamps, which were fixed on the
wall, and light intensity was attenuated by adjusting distance from lamps and was measured
with an illuminance meter (LT Lutron LM-81LX; Lutron Electronic Enterprise, Co., Taipei,
Taiwan). From our previous results of optimal growth conditions, light intensity was
maintained at 80 pmol photon/m’/s for I. galbana LB987 and N. oculata CCAP849/1 and
at 100 pmol photon/m’/s for D. salina, and the photoperiods were 12:12 h light/dark in all
three microalgae. Their photoautotrophic cultivation period was 10 days.

To determine the optimal nitrogen concentration for maximal biomass and lipid
productivity, each of I galbana 1B987 and N. oculata CCAP849/1 was cultivated in a
modified f/2 medium containing different NaNOs concentrations ranging from 0.75 to 1.0
mM; D. salina was cultivated in a modified D medium containing various KNO;
concentrations ranging from 1 to 10 mM.

For heterotrophic cultivation, the above two different culture media were
supplemented with six different carbon sources: glucose, xylose, rhamnose, fructose, sucrose,
and galactose (0.01 M). The influence of initial glucose concentration on microalgal growth
was performed within arange of 0.01 to 0.05 M. Mixotrophic cultivation was evaluated
with an initial glucose concentration of 0.02 M for I galbana 1B987 and N. oculata
CCAP849/1 and 0.05 M for D. salina. The effect of light intensity on algal cell growth
and total lipid content under mixotrophic cultivation was tested with different light

intensities ranging from 0 to 200 pmol photon/m’/s.
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2-3. Determination of biomass production

Dry biomass was determined with 100 mL of microalgal culture, which was
collected and filtered through a 0.8 pum glass membrane (Pall Corporation, Port Washington,
NY, USA). The filtrate was dried at 105 °C for 8 h in an electric oven (Advantec
FUW243PA; Advantec, Ehime, Japan) and then weighed by using an electronic balance
(Ohaus Explorer EX623; Ohaus Corporation, Newark, NJ). All of the experiments were

conducted in triplicate.

2-4. Measurement of reducing sugar concentration

Reducing sugar was quantitatively analyzed by DNS (3,5-dinitrosalicylic acid)
assay method suggested by Miller [1959]. DNS reagent was prepared as follows: 0.25 g of
DNS and 75 g of sodium potassium tartrate were dissolved in 250 mL of 0.4 M sodium
hydroxide solution. Glucose with different concentrations, from 1.0 to 10.0 mg/mL, was
used to create the calibration curve. To analyze the residual glucose concentration in the
microalgal medium according to the cell growth, 500 puL of each medium sample was
mixed with 5.0 mL of DNS reagent and heated at 100 °C for 10 min to develop the
red-brown color. 8 mL of distilled water was added into the samples when temperature
dropped to the room temperature. Then the samples were detected by UV-visible
spectrophotometer (DU800; Beckman Coulter, Brea, CA, USA) at 540 nm. All of the tests

were conducted in triplicate.
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2-5. Determination of chlorophyll content

Chlorophylls in fresh microalgal cells were extracted with acetone. The
concentration of chlorophylls in the extracted solution was determined by measuring the
absorbance at 645 and 663 nm with a UV-visible spectrophotometer (DU800; Beckman

Coulter, Brea, CA, USA) and then calculating with the following equation [Becker, 1994]:

Chlorophylls (mg/L) = 8.02 x A663 + 20.21 x A645 (Eq. 1)

The chlorophyll contents in the microalgal cells (mg/g) were calculated by
dividing the concentration of the chlorophylls (mg/L) by the dry weight (g/L) of

microalgae.

2-6. Estimation of total lipid content

Microalgal cells were harvested by centrifugation at 5000 x g for 30 min. The
cell pellets were frozen overnight at -30 °C and freeze-dried at -50 °C under vacuum (FD
8508 Bench-Top freeze-dryer; Ilshin BioBase, Co. Ltd., Gyeonggi-do, South Korea). One
gram of dried cell biomass was blended with 200 mL of distilled water, and the cell
mixture was disrupted by a sonicator (Sonifier 250; Branson Ultrasonics, Danbury, CT,
USA) at a resonance of 10 kHz for 5 min. Lipid extraction was performed according to
the modified method described by Folch et al. [1957]. Total lipid was extracted with a
mixture of chloroform—methanol (2:1, v/v) for 1 h. The chloroform layer was removed by
evaporation with rotary vacuum (Rotavapor R-205; Buchi Labortechnik, Flawill, Switzerland)

and weighed.
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2-7. Analysis of fatty acid composition

The extracted lipid was used to analyze fatty acid composition by a modified
saponification and methylation procedure described by Metcalfe and Schmitz [1966]. The
composition of each microalgal strain was determined by gas chromatography (GC-2010
Plus; Shimadzu Corporation, Kyoto, Japan), with an art-2560 capillary column (length 100
m, 0.25 mm inner diameter, 0.25 pum film thickness) and a flame ionization detector.
Operation conditions were as follows: inlet temperature 260 °C, initial oven temperature
140 °C held for 5 min and then ramped by 4 °C per min and held for 15 min, and the
detector temperature 260 °C. Fatty acids were identified by a comparison of their retention

times with known standards.
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3. Results

3-1. Effect of nitrogen concentration on photoautotrophic growth

and total lipid content

To examine the effect of nitrogen on the biomass and total lipid production of
the three microalgae under photoautotrophic cultivation (light intensity was maintained at 80
pmol photon/m®/s for I galbana 1LB987 and N. oculata CCAP849/1, and at 100 pmol
photon/m®/s for D. salina), different concentrations of nitrogen were supplemented to the
modified culture media. As shown in Fig. 3-1, a low nitrogen concentration did not support
cell growth but stimulated total lipid accumulation in cells. As nitrogen concentration
increased, biomass production increased. High amounts of biomass from I galbana 1LB987
(0.58 g biomass per liter) and N. oculata CCAP849/1 (0.56 g/L) were obtained at a
concentration of 0.95 mM NaNOs;, whereas a biomass of 0.62 g/ was obtained from D.
salina at 7.5 mM KNO;. In contrast to biomass production, total lipid content decreased
significantly in all three strains by increasing nitrogen concentration. In particular, total
lipid content decreased >35% (w/w) in D. salina as nitrogen concentration increased from

1.0 to 10.0 mM.

_47_

Collection @ chosun



O Total lipid contents ] Biomass production

35

r30

r2s

20

r1s

Total lipid content (%, w/w)

0.7 35 0.7
() (b
0.6 4 r30 0.6 4
I T =T L ik\o\ I
E" 05 \\§~\\§\ b5 E E" 054 T e
E‘ 04+ L2 E g‘ 044 \%
o £d
%D 034 bis o %ﬁ 03
] 3
g =l
S 02 1o & 2 o2
=2 S /A
=
014 -8 014
0.0 T T T T T T 0 0.0 T T T T T T
0.78 0.80 08§ 0.90 0.95 1.00 0.78 0.80 08§ 0.90 0.95 1.00
NaNO, (mM) NaNO, (miM)
0.7 35
© I
0.6 I r 30
o z
< 054 tes 2
gl T A
: o g
2 04 T b2 =
= @
; T
2 03] 15 o
g £
£ =
2 02+ S (U
-] S
<
014 rs
0.0 T T T T T 0
10 25 50 75 10.0
KNO, (M)
Fig. 3-1. Effect of nitrogen concentration on biomass and total lipid content

under

photoautotrophic condition: (a) I galbana LB987; (b) N. oculata CCAP849/1; and (c) D.
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3-2. Effect of carbon source on heterotrophic growth

Fig. 3-2 shows the growth of the three microalgae under heterotrophic culture
conditions with various carbon sources (0.01 M), such as glucose, galactose, fructose,
xylose, rhamnose, and sucrose. The three microalgal species can use all of the carbon
sources tested. However, among the carbon sources tested, glucose was the best, with
maximal biomass of 0.75 g/L for I galbana LB987, 1.40 g/L for N. oculata CCAP849/1,
and 0.65 g/L for D. salina, respectively, during 10 days cultivation. Compared with
photoautotrophic  cultivation, heterotrophically cultured biomass increased remarkably;
especially, that of N. oculata CCAP849/1 increased approximately three fold. On the other
hand, poor biomass production was observed from I galbana LB987 and D. salina when
supplemented with sucrose and from N. oculata CCAP849/1 with galactose as the sole
carbon source. It is obvious from the data shown in Fig. 3-2 that the total lipid contents
in cells cultured in heterotrophic conditions were relatively low.

To learn about the effect of initial glucose concentration on cell growth, all
three microalgae were cultured in different modified media supplemented with various
glucose concentrations (0.01-0.05 M) for 10 days. The results are illustrated in Fig. 3-3.
When 0.02 M glucose was supplemented, the highest amount of biomass was observed in
1. galbana 1B987 (0.79 g/L) and N. oculata CCAP849/1 (1.46 g/L). On the other hand,
0.90 g/l biomass was observed in D. salina with 0.05 M glucose. In addition, glucose
consumption rates of three microalgae in different initial concentration were also determined
as cells grew (Fig. 3-3). After 10 days incubation with 0.02 M glucose, the consumption
rates of I galbana LB987 and N. oculata CCAP849/1 were found to be 83.8 and 93.3%,
respectively. In contrast, no more than 50% of glucose was utilized in higher
concentrations (>0.04 M). Similarly, D. salina showed the highest consumption rate (97.3%)
when grown on initial 0.05 M glucose concentration, but substrate inhibition was also
happened at higher concentrations (data not shown). Moreover, the pH changes in the

medium during cells growth were also monitored. Medium pH deceased from initial 8.0 to
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final 6.8-7.2 for 10 days incubation in all three microalgae, but it did not inhibit cell

growth significantly.
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3-3. Biomass, total lipid, and chlorophyll content under different

culture conditions

The effect of culture mode on biomass, chlorophyll, and total lipid content was
investigated. For heterotrophic and mixotrophic cultivation, 0.02 M glucose for I. galbana
LB987 and N. oculata CCAP849/1 and 0.05 M glucose for D. salina were supplemented to
the media, and light intensity for mixotrophic conditions was the same as that for
photoautotrophic conditions. As shown in Fig. 3-4, biomass production of all strains
improved dramatically when they were grown under mixotrophic conditions. Biomass
obtained under photoautotrophic, heterotrophic, and mixotrophic culture conditions were as
follows: 0.56, 0.83, and 0.89 g/L for I galbana LB987; 0.54, 1.46, and 1.69 g/L for N.
oculata CCAP849/1; and 0.59, 0.90, and 1.16 g/L for D. salina, respectively.

As described above, microalgal cells grown under heterotrophic condition,
which means dark conditions, maintained low-level chlorophyll and total lipid content.
However, under mixotrophic conditions, light stimulated the production of chlorophyll and
total lipid to the maximal Ilevel. Chlorophyll concentration in cells grown under
photoautotrophic, heterotrophic, and mixotrophic cultivation were as follows: 32.3, 4.1, and
29.1 mg/g for I galbana LB987; 41.9, 3.7, and 39.2 mg/g for N. oculata CCAP849/1; and
38.5, 2.6, and 352 mg/g for D. salina, respectively (Fig. 3-4). In addition, total lipid
contents (%, w/w) in cells obtained from photoautotrophic, heterotrophic, and mixotrophic
cultivation were as follows: 26.5, 17.4, and 30.1% (w/w) for 1. galbana 1LB987; 26.5, 18.4,
and 37.3% (w/w) for N. oculata CCAP849/1; and 24.6, 15.8, and 31.3% (w/w) for D.
salina, respectively. The increase or decrease patterns for chlorophyll and total lipid
production under different culture conditions were very similar.

It is known that light intensity directly influences microalgal cell growth and
photosynthesis. Therefore, the effect of light intensity on biomass, total lipid, and

chlorophyll concentrations was assessed under mixotrophic cultivation, with varying light
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intensity ranging from 0 to 200 pmol photon/m’s and a constant photoperiod (12:12 h,

light/dark cycle). It is noteworthy that light intensity did not have a significant impact on

cell growth but stimulated chlorophyll synthesis and lipid production in cells remarkably

(Fig. 3-5). Optimal range of light intensity for maximum total lipid production of all three

strains was found to be from 80 to 150 pmol photon/m’/s.
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3-4. Effect of light intensity on fatty acid composition

Effect of light intensity on total fatty acid concentration and composition of
total lipid in all three strains was analyzed with different light intensities ranging from 0 to
200 pmol photon/m*/s. Fatty acid composition was determined as palmitic acid (C16:0),
palmitoleic acid (C16:1), stearic acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2), and
linolenic acid (C18:3) from extracted lipid to focus on the quality improvement of
biodiesel. As light intensity increased up to 150 pmol photon/m’/s, fatty acid concentrations
in the three microalgae increased slightly (Fig. 3-6). N. oculata CCAP849/1 produced the
highest amount of C16-C18 fatty acids among the three strains, 67.0 mg/mL with a light
intensity of 150 pmol photon/m’/s. Unlike I galbana LB987 and N. oculata CCAP849/1,
the concentration of C16-C18 fatty acids of D. salina increased remarkably according to
the increase of light intensity up to 150 pmol photon/m®s, although its relative
concentration level (approximately 20 mg/mL) was low. More than 40 mg/mL fatty acids
were involved as forms of lignoceric acid (C24:0), docosahexaenoic acid (C22:6), and
eicosapentaenoic acid (C20:5), in decreasing order.

Meanwhile, light intensity variations did not change C16-C18 fatty acids
composition significantly in all three strains (Table 1). Regardless of light intensity, the
major constituents of /. galbana 1.B987 were long-chain fatty acid of palmitic (C16:0) and
oleic acid (C18:1), whereas those of N. oculata CCAP849/1 were palmitic (C16:0) and
palmitoleic acid (C16:1). In the case of D. salina, linolenic (C18:3) and linoleic acids
(C18:2) were found to be dominant in cells. It is noteworthy that all three strains
contained a relatively low concentration of stearic acid (C18:0), a common fatty acid in

microalgae.
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Table 3-1. Relative fatty acid (C16-18) composition (%) of lipids in cells grown under mixotrophic condition with different light

intensities
Light intensity Fatty acid compositions
Microalgae ! C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 total fatty acid
(pmol photon/m’/s) 1 " 04)  mg/mL, (%) mg/ml, (%) mgml, (%) mg/mL, (%) mgmL (%)  mgmL (%)
0 17.4, (41.2) 0.9, (2.0) 3.1, (7.3) 109, (25.8) 6.9, (16.3) 3.1, (7.3) 42.3, (100)
20 17.6, (38.7) 0.9, (2.0) 59, (13.0) 112, 247) 6.5, (143) 33, (7.3) 45.4, (100)
[ galbana 42 17.9, (38.8) 0.9, (2.0) 6.0, (13.0) 116, (25.1) 7.0, (15.1) 2.8, (6.1) 46.2, (100)
80 18.3, (36.2) 1.0, (1.9) 6.3, (12.5) 120, 23.7) 7.1, (14.0) 5.9, (11.7) 50.6, (100)
LB987 100 19.4, (38.3) 0.9, (1.8) 6.4, (12.6) 124, (244) 7.5, (14.8) 4.1, (8.0) 50.7, (100)
150 19.7, (38.5) 1.0, (1.9) 6.4, (12.5) 126, (24.6) 7.2, (14.1) 43, (8.4) 51.1, (100)
200 17.3, (41.9) 0.9, (1.9) 6.1, (12.9) 127, (26.8) 6.7, (142) 3.6, (7.6) 47.3, (100)
0 213, (41.9) 208, (41.1) 0.8, (1.7) 4.1, (8.0) 3.0, (5.8) 0.8, (1.5) 50.7, (100)
20 23.8, (433)  21.5, (39.0) 14, (2.5) 4.1, (1.5) 3.5, (6.3) 0.8, (1.4) 55.0, (100)
N oculata 40 25.8, (44.1)  22.5, (38.5) 14, (2.4) 43, (1.3) 3.7, (6.3) 0.8, (1.4) 58.5, (100)
80 273, (423) 260, (40.2) 1.7, (2.6) 6.3, (9.7) 2.7, (4.1) 0.8, (1.2) 64.7, (100)
CCAP849/1 100 26.2, (40.0)  26.4, (40.2) 1.5, (2.3) 6.9, (10.5) 3.7, (5.6) 0.9, (1.4) 65.6, (100)
150 26.4, (39.4) 272, (40.6) 1.5, (2.2) 6.3, (9.4) 4.8, (7.1) 0.9, (1.3) 67.0, (100)
200 25.7, (41.6) 232, (37.6) 14, (2.3) 6.6, (10.6) 4.1, (6.6) 0.8, (1.2) 61.6, (100)
0 0.2, (8.8) 0.2, (7.1) 0.2, (8.0) 0.1, (4.6) 0.6, (25.6) 1.1, (45.8) 2.4, (100)
20 0.4, (11.7) 0.2, (6.7) 0.2, (7.0) 0.2, (5.0) 0.7, (24.8) 1.3, (44.6) 3.0, (100)
40 0.9, (13.2) 0.4, (6.3) 0.6, (8.4) 0.3, (4.1) 1.2, (16.7) 3.6, (51.2) 7.0, (100)
D. salina. 80 1.5, (10.8) 0.5, (3.7) 0.9, (6.9) 0.7, (4.8) 2.7, (19.6) 7.4, (54.3) 13.7, (100)
100 1.6, (8.5) 0.5, (2.8) 1.1, (5.9) 1.2, (62) 4.0, 21.6) 103, (55.0) 18.6, (100)
150 1.6, (7.8) 0.6, (2.7) 1.3, (6.5) 1.2, (6.0) 43, (208) 117, (563)  20.8, (100)
200 1.6, (8.0) 0.6, (3.0) 1.4, (6.8) 1.2, (5.9) 44, 217) 110, (54.6)  20.1, (100)
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4. Discussion

Nitrogen concentration in the culture medium is one of the vital factors that
affect lipid synthesis of microalgae. It has been reported that lipid content in Chlorella
could be doubled or even tripled under N-depletion conditions [Coverti et al., 2009; Scott
et al,, 2010], and a reciprocal relationship between nitrogen concentration and lipid content
was also observed [Widjaja et al., 2009]. Under nitrogen starvation, the capacity for de
novo lipid synthesis seems a characteristic of some algal species by converting excess of
carbon and energy into triacylglycerols (TAG) [Thompson, 1996]. TAG consisted mainly of
saturated and monounsaturated fatty acids can be efficiently stored in the cell and generate
more energy than carbohydrates upon oxidation, thus forming the efficient carbon sink for
rebuilding the cell after the stress. Although nitrogen starvation is well known to trigger a
high amount of lipid accumulation, it can cause poor cell growth as well. Therefore, it is
important to establish an appropriate concentration of nitrogen in culture medium to obtain
maximal lipid productivity. This study shows that the total lipid content in cells decreased
but cell growth improved with increasing nitrogen concentration (Fig. 3-1).

Some photoautotrophic microalgal cells can grow under mixotrophic conditions,
with the addition of external organic carbon sources. This phenomenon exists in a number
of microalgal genera and species distributed in major taxonomic divisions [Feuillade and
Feuilade, 1989; Ukeles and Rose, 1976]. Most of the previous works have focused on the
use of organic carbon as precursor for cell growth and for the accumulation of
macromolecules, such as lipids, saccharides, proteins, and other active biochemicals under
heterotrophic cultivation [Mata et al., 2010]. Heterotrophic cultivation has many advantages
such as pure and high cell density culture without photolimitation effect and ease of
harvesting. The use of carbon source is species-specific. In the present study, among the

carbon sources tested, the supplementation of glucose led to a significant improvement of
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growth in all three microalgal cells (Fig. 3-2). In general, glucose is the most commonly
used carbon source in the heterotrophic cultivation of many microalgae. Based on the
finding from Griffiths et al. [1960], we found that high biomass concentrations were
obtained when glucose was added as the sole carbon source. Liang et al. [2009] showed
that the highest biomass and a 14-fold higher lipid productivity of C. wvulgaris were
obtained under heterotrophic conditions in the presence of glucose. In addition, Liu et al.
[2010] stated that glucose is the best carbon source for microalgal growth and lipid
accumulation. This is mainly because the supplementation of glucose in the culture medium
induces the membrane-bound H'-glucose symport system [Haass and Tanner, 1973] and
enhances the driving force of glucose uptake [Tanner, 1969]. The major metabolic pathways
of glucose in algal cells are the glycolytic and pentose phosphate pathways. The reducing
equivalents (FADH, and NADPH) are produced from glucose metabolism involved in ATP
synthesis during oxidative phosphorylation. As a consequence, all of the produced ATPs are
used for cell growth and lipid accumulation.

In our study, increasing growth trend was observed with increasing glucose
concentrations; however, higher glucose concentrations provoked a decrease in biomass
amount, which might be attributed to substrate inhibition (Fig. 3-3). In this case, excess
glucose molecules would compete with the glucose molecules on the membrane-bound
glucose permease.

The influence of three different culture modes on growth, chlorophyll, and total
lipid content in three microalgae is presented in Fig. 3-4. Low biomass production occurred
under photoautotrophic cultivation compared with heterotrophic or mixotrophic cultivation.
The major reason for this outcome was that, in phototrophic conditions, only one factor
acts as an energy source (light). Meanwhile, both light energy and organic carbon source
were used for ATP production under mixotrophic conditions. In mixotrophic conditions,
light energy is the major source for ATP production in the early stage of cell growth.
Furthermore, in the presence of an organic carbon source, the concentration of

photosynthetic pigments was low, and the formation of thylakoids was disturbed within the
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cell. Yang et al. [2000] stated that total ATPs produced under photoautotrophic,
heterotrophic, and mixotrophic conditions were 34.4, 19.4, and 27.4 mmol/g/h, respectively.
However, the percentages of ATP consumption/production were 56.8, 18.2, and 36.3%
during photoautotrophic, heterotrophic, and mixotrophic cultivation, respectively. A low ATP
consumption during heterotrophic cultivation was attributed to the absence of the Calvin
cycle (no light energy), and most of ATP was consumed only for glucose uptake and
biomass synthesis. Among the three different culture mode operations, the highest total lipid
content was observed under mixotrophic cultivation. This is because mixotrophic cultivation
uses both light energy and carbon sources for cell growth and lipid accumulation.

The effect of light intensity on microalgal growth and total lipid content is
depicted in Fig. 3-5. Our previous studies indicated that cell growth and total lipid
production of freshwater green microalgal cells under mixotrophic conditions are notably
affected by light intensity [Gim et al., 2014]. Cheirsilp and Torpee [2012] reported that the
number of photosynthetic pigments (chlorophyll a and light-harvesting pigments such as
chlorophyll ¢, phycobilins, and carotenoids) increases with increasing light intensity. In the
present study, the total lipid content increases with increasing light intensity; this is because
excessive light energy was converted into fatty acids. Under optimal growth conditions,
light energy absorbed by antenna pigments is converted to ATP or NADPH, and this
chemical energy is stored ultimately as starch and/or lipids by fixing CO, through the
Calvin cycle and lipogenesis. Furthermore, when high light energy was supplied into the
microalgal culture, the enzymes involved in fatty acid biosynthesis were very active,
particularly acetyl-CoA carboxylase, desaturase, acyl-carrier protein synthase, ATP/citrate
lyase, and membrane-bound glucose permease [Arroyo et al., 2011; Gim et al, 2014]. In
contrast, photo-oxidative cell damage occurred when microalgal cells were grown under
higher light intensity. Under these conditions, the light-harvesting chlorophyll molecules
were converted to unstable forms, which in turn react with dissolved oxygen species. These
reactive oxygen species then react with free fatty acids to make lipid peroxidase in inactive

form, which reduces the fatty acid concentration. Furthermore, microalgal cells can
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accumulate excessive light energy in the form of other macromolecules such as
polysaccharides and proteins. Instead, low light intensity may increase the light reaction
center pigments and light-harvesting (antenna) pigments to absorb maximal photons for
normal cell growth. Moreover, a large volume of chloroplasts and a high density of
thylakoid membranes lead to reduced lipid storage [Gim et al., 2014].

It has been shown that light intensity influences fatty acid composition of
microalgal cells such as triglyceric acids, glycolipids, phospholipids, and polyunsaturated
fatty acids (PUFA) [Yang et al., 2000]. Fatty acid composition plays an important role in
the evaluation of biodiesel quality. The changes in fatty acid composition attributed to light
intensity are highly species-specific. Furthermore, when the cells were grown at a higher
light intensity, this led to an increased concentration of saturated fatty acids but a decrease
in PUFA [Brown et al., 1996]. In contrast, low light intensity induces the formation of
membrane polar lipids associated with chloroplasts. In this situation, more electron receptors
were synthesized in thylakoids. Under low light intensity, the photosynthetic pigments and
PUFA increased [Zhukova and Titlyanov, 2006]. It is noteworthy that Solovchenko et al.
[2013] reported that the fatty acid composition of lipids in Desmodesmus sp. were most
likely changed in chloroplasts accompanied by the dismantling of thylakoid membranes
under very high light intensity.

In this study, the effect of light intensity on total amount and composition of
fatty acid (C16—C18) of total lipid in three microalgal cells was investigated. As shown in
Fig. 3-6 and Table 3-1, fatty acid concentration increased slightly with increasing light
intensity up to 150 pmol photon/m”s, and the order of microalgal species containing high
fatty acids (C16—C18) concentration was N. oculata CCAP849/1 > I galbana LB987 > D.
salina. However, relative fatty acid compositions of total lipid were not changed by the
variation of light intensity. Regardless of light intensity, /. galbana 1LB987 contained
approximately 40% palmitic (C16:0) and 25% oleic acids (C18:1) as major fatty acids but
stearic (C18:0) and linoleic acids (C18:2) as minor fatty acids, whereas N. oculata

CCAP849/1 contained >40% palmitic (C16:0) and >40% palmitoleic acids (C16:1) as major
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fatty acids but oleic acid (C18:1) as minor fatty acid. In the case of D. salina, total fatty
acid concentration was 62.1 mg/mL, however, C16—C18 concentration was found to be only
20 mg/mL. More than 40 mg/mL fatty acid was involved as forms of lignoceric (C24:0),
docosahexaenoic (C22:6), and eicosapentaenoic acids (C20:5) in D. salina. From these
results, we can expect that the species of N. oculata CCAP849/1 and I galbana LB987
can be used as sources for biodiesel production, whereas D. salina species can be used as
a source for omega-3 production, which is effective for human health benefits of cancer,
cardiac disease, stroke, high blood pressure, and arrhythmia [Romieu et al., 2005;
Vazhappilly and Chen, 1998].

Table 3-2 shows the comparative analysis of the biomass and lipid production
in the three marine microalgae species with other related species under the different culture
conditions. From this analysis, it was confirmed that mixotrophic cultivation is more
efficient for lipid production than photoautotrophic culture in the same microalgal species
and glucose can be used for growth as a better organic source. Among the microalgal
species described in this Table 3-2, N. oculata CCAP849/1 was the best biomass- and lipid
producing microalga under mixotrophic culture conditions with 0.02 M glucose and light

intensity of 150 pmol photon/m”s. Maximal biomass and lipid productivities of this species

were 169.4 and 63.1 mg/L/d, respectively.

_62_

Collection @ chosun



Table 3-2. Relative fatty acid (C16-18) composition (%) of lipids in cells grown under mixotrophic condition with different light
intensities
Culture conditions Biomass Lipid
Microalgae Reactor type Cultur " Light intensity Carbon  Production Productivity = Content  Production  Productivity Ref.
ulture mode
(umol photon/m’/s)  sources (g/L) (mg/L/d) (%, wW/w) (g/L) (mg/L/d)
Circul .
1. galbana cylindrlil;illl ?;O L) Photoautotrophic 36 - 0.57 249 232 - - Lee et al., 2011
Circul .
L galbana dl{fgé‘:la{s 1) Photoautotrophic 110 - 0.80 66.6 24.0 - - Ra et al., 2015
1. galbana  Erlenmeyer flask 0.02 M
yer flas . . . .
LB987 (L) Mixotrophic 150 glucose 0.89 89.1 30.1 0.27 26.8 In this study
N. oculata cylindcriiléfillﬂézgo L) Photoautotrophic 36 - 0.57 20.4 8.2 - - Lee et al., 2011
N. oculata Circular .
CCMP525 cylindrical (5 L) Photoautotrophic 110 - 0.51 47.5 17.0 - - Ra et al., 2015
N. oculata
; Mixotrophic 270 0.06 M 0.61 ; ; 0.16 14.0 Wan et al, 2011
CCAP849/1 glucose
D. tertiolecta ~ Erienmeyer flask yp o hic 150 0.02 M 1.69 169.4 38.5 0.63 63.1 In this study
(1 L) glucose
D. slaina cylingggelillla{S 1) Photoautotrophic 110 - 0.28 442 23.0 - - Ra et al., 2015
D. slaina Circular .
LN Photoautotrophic 110 - 0.25 37.5 22.0 - - Ra et al.,, 2015
FACHB435 cylindrical (5 L)
D. salina ; Mixotrophic 270 0.08 M 0.52 ; ; 0.15 12.0 Wan et al, 2011
glucose
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Chapter 1V

Growth factors in oceanic sediment significantly
stimulate the biomass and lipid production of

two oleaginous microalgae
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1. Introduction

Because of the shortage and increasing cost of conventional fossil fuels, the
development of new technologies for renewable biofuel production is expected to become
increasingly important [Concas et al., 2014]. Microalgae are considered a suitable energy
resource through the photoautotrophic mechanism that can convert carbon dioxide into
biomass, fatty acids, and lipids. Several oleaginous microalgae, such as C. vulgaris, I
galbana, N. oculata, S. obliquus, and Tetraselmis suecica were considered some of the
most promising feedstock for biofuel production because of their rapid growth rate (cell
doubling time of 1-10 days) and high intracellular lipid content (more than 50%, cell dry
weight) [Yang et al., 2011]. In contrast, B. braunii and P. tricornutum have relatively high
lipid content (maximum 57-75%), but require long cultivation times (approximately 20-30
days) and have low biomass productivities (0.02 and 0.003-1.9 g/L/d) [Mata et al., 2010].
Therefore, at present, these two microalgal strains were not considered to be suitable
sources for biodiesel production.

Generally, it is known that soil extracts contain essential elements for
microalgal growth, such as macronutrient elements (C, N, and P), trace metal ions (Fe3+,
Mg%, Ca2+, Mn%, Zn2+, C02+, Cu2+, and M02+, etc.), vitamins, chelators, and other carbon
additives. In recent years, interest in the function of metal ions for microalgal biomass and
lipid production has been growing. Metal ions are environmental factors that affect the
metabolic growth and lipid accumulation processes of microalgae [Huang et al., 2014]. Iron
is one of the most essential metal ions required by microalgae. Several studies have shown
that increasing iron concentration in the culture medium promotes an increase in both
growth rate and lipid content of microalgae [Liu et al., 2008; Ruangsomboon et al., 2013].
In addition, calcium and magnesium are also favorable for algal lipid accumulation [Gorain

et al., 2013]. Most of these experiments were conducted under photoautotrophic conditions.
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Humic substances (humic and fulvic acids) in soil extracts could serve multiple
functions in biological systems [Petersen, 1991]. They influence phytoplankton via both
direct (e.g., a nutrient source [Carlsson et al, 1999] or modifier of membrane
characteristics [Petersen, 1991]) and indirect (e.g., light attenuation [Dera et al., 1978;
Doering et al., 1994] and trace metal chelation [Sunda and Huntsman, 1995; Sunda et al.,
1983]) mechanisms. Enhanced microalgal growth using soil extract has been primarily
attributed to the chelating action of the humic substances, which reduce heavy metal ion
toxicity or increase the bioavailability of trace metals, such as iron. Sweeney [Sweeney,
1954] used soil extract as an alternative for vitamin Bi» and EDTA, which are commonly
added to seawater medium. In natural seawater, dissolved organic carbon (DOC) and EDTA
act as chelators. Steelink [1977] and Prakash and Rashid [1968] reported that the
iron-humic substance complex in aquatic systems stimulated microalgal growth. Most
macronutrients and major metal ions are generally highly soluble and non-toxic, but several
micronutrients were toxic at high concentrations. For example, hydrous ferric oxide, one
form of iron compounds, is an insoluble precipitate and unavailable to microalgae. In
addition, the ferric precipitate adsorbed other essential metals and lowered their
bioavailability. Because of these difficulties, providing adequate and non-toxic trace metal
ions to microalgae in culture is very important. Initially, this problem was solved through
the addition of oceanic sediments, which contains various kinds of trace metal ions along

with complex mixtures of high molecular weight organic acids, such as humic acid.

In this study, the composition of oceanic sediment was analyzed and the
mixing ratio between sediment extract and culture medium was optimized to obtain
maximum biomass and lipid production of microalgae under the mixotrophic mode. The
optimum concentrations of growth stimulators, such as metal ions, EDTA and humic
substances, were investigated. Finally, biomass and lipid productions obtained from cells
cultured in media containing different components of growth stimulators or oceanic

sediment were compared.
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2. Materials and Methods

2-1. Microalgal culture media and conditions

Two microalgae, which accommodate a high content of lipid in their cells,
were used in this study. One freshwater microalgal species, B. braunii LB572, and another
marine species, P. tricornutum B2089, were obtained from UTEX Culture Collection of
Algae (The University of Texas at Austin, Austin, USA). The media used in this study
were Jaworski’s medium [Thompson et al., 1988] for B. braunii LB572, and /2 medium
[Guillard and Ryther, 1962] for P. tricornutum B2089. Microalgal cells obtained from
culture collection were spread out on an agar surface and single colonies were isolated to

avoid the bacterial contamination.

Pre-cultivation of the two microalgae was performed in a 500 mL Erlenmeyer
flask containing a working volume of 250 mL of microalgal species-specific medium with
cotton plugs that allow exchange with the atmosphere. Cells were cultivated at 25 °C under
photoautotrophic culture conditions. Cultures were illuminated with cool-white fluorescent
lamps, which were fixed on the wall, and light intensity was attenuated by adjusting the
distance from lamps and was measured with an illuminance meter (LT Lutron LM-81LX;
Lutron Electronic Enterprise, Co., Taipei, Taiwan). Based on our previous results of optimal
growth conditions, light intensity was maintained at 95 pmol photon/m®/s for P. tricornutum
B2089 and at 100 pmol photon/m’/s for B. braunii LB572. The photoperiods were 12:12 h
(Light:Dark cycle). Each cultivation period for the two microalgal species was as follows:

20 days for B. braunii LB572 and 21 days for P. tricornutum B2089.
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2-2. Preparation of oceanic sediment extract

Oceanic sediments were collected at six coastal areas in Jeollanam-do province,
Republic of Korea. Sediment samples were collected at a depth of 10-20 cm and primarily
leached through a no. 4-10 Sieve (opening diameter: 4.76-2 mm) and dried at 30 °C for
24 h. 35 g of dried sediment was placed in 1 L of distilled water and treated with 10 mL
of 1 N-HNOs to adjust pH 2.0. The mixture was stirred for 6 h and then allowed to stand
for 1 h. Then, the supernatant was filtered using a 0.2 um membrane filter (Pall, USA)

and the final pH of the extract was adjusted to 7.0-8.0.

2-3. Effect of oceanic sediments on cell growth and lipid

production

As described in the introduction, oceanic sediment contains complex mixtures
of high molecular mass organic acids, along with various types of trace metal ions. Among
the multiple sediments collected from six areas at different periods, the samples collected
from Yeosu-city (34°47'48.6"N 127°33'30.6"E) at summer season (from June to September,
2016) was the most nutritious and contained an appropriate ratio of dissolved organic
carbon (DOC), T-N, T-P, and metal ions at approximately similar concentrations, so these
samples was used in all subsequent experiments. Several effects of growth factors in these
sediments on microalgal growth and lipid production under the mixotrophic culture modes
were investigated as detailed below.

In experiment I, to determine the optimal mixing ratio for maximum biomass
and lipid production, the culture medium and oceanic sediment extract were mixed with
medium to sediment ratios of 10:0, 9:1, 8:2, 7:3, 6:4, and 5:5 (v/v). Microalgal cell
cultivation was performed in 5L Erlenmeyer flasks containing 3 L of culture medium

mixed with appropriate amount of oceanic sediment extract.
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In experiment II, the availability of DOC in the oceanic sediment extract was
tested as a carbon source. When the culture medium was mixed with sediment extract at a
ratio of 6:4 (v/v), DOC concentration in the medium was 1.08 g/L. As a control, 1.0 g/L
of glucose was added to each microalgal culture medium. During cell cultivation in
different media, consumption of DOC and glucose in the media was determined and
compared. In addition, concomitant biomass production was measured.

In experiment III, the effects of metal ions in the sediment on biomass and
lipid production were investigated. First, the concentration of Fe’", Mg, and Ca™" in the
mixture of culture medium with extractat a ratio of 6:4 (v/v) was determined. Next, each
metal ion in a limited concentration range was added to the corresponding culture medium
without oceanic sediment extract. After cell cultivation in different media, biomass and lipid
production were determined and compared.

In experiment 1V, the effects of EDTA or aquatic humic substances (AHSs) to
reduce metal ion toxicity or increase bioavailability of metal ions was examined. Different
concentrations of EDTA (0, 0.25, 0.5, 1.0, 2.0, 3.5, 7.0, 10.0, and 20.0 mg/L) were treated
in each culture medium containing the optimal concentration of metal ion for cell growth.
In addition, AHSs were extracted from oceanic sediment and added to the culture medium
at different concentrations (0, 1.0, 5.0, 10.0, 20.0, 40.0, 80.0, and 100.0 mg/L). Extraction
of AHSs from sediment was conducted using the method of Schnitzer and Vendette [1975].
A 50 g sample of dried sediment was added to 500 mL of 0.5 N-NaOH. The mixture was
agitated for 24 h and centrifuged at 900 x g for 30 min. The supernatant was adjusted to
pH2 with 6 N-HCI and centrifuged. To remove the salts, the supernatant (the crude fulvic
acid extract) was dialyzed with distilled water using a dialysis sac (Thermo scientific,
USA). The precipitate (the crude humic acid extract) was washed with distilled water three
times, and then dried. The final concentrations of humic and fulvic acids were analyzed
with TOC (TOC 5000, Shimadzu, Japan). After cell cultivation, the differences between
initial and final concentrations of trace metal ions were determined to confirm the uptake

of metal ions.

_69_

Collection @ chosun



2-4. Analytical methods

Microalgal dry biomass was determined with 100 mL of microalgal culture,
which was collected and harvested by centrifugation at 4500 x g for 15 min. Cell pellets
were frozen immediately at -80 °C and later freeze dried at -45 °C under vacuum using a
freeze-dryer (FD 8508 Bench-Top freeze-dryer, Ilshin BioBase, Republic of Korea). After
drying, microalgal pellets were weighed using an electronic balance (Ohaus, Explorer

EX623, USA).

For estimation of total lipid contents (%, w/w), 1 g of dried microalgal cells
were blended with 200 mL of distilled water, and the cell mixture was disrupted by
sonication (Sonifier 250, Branson, USA) at a resonance of 10 kHz for 5 min. Lipid
extraction was performed according to a modification of the method described by Folch et
al. [1957]. Total lipids were extracted with a mixture of chloroform-methanol (2:1, v/v) in
a separatory funnel and shaken for 1 h. The lower part of the chloroform layer (containing
lipid) was selected and removed by evaporation using a rotary evaporator (Rotavapor
R-205, Buchi, Switzerland) and the extracted lipids were weighed. Metal ion concentration
of oceanic sediment extract was analyzed with an ICP-MS (Elan DRCII, Perkin Elmer,
USA) and DOC (also humic substances) was determined by TOC (TOC 5000, Shimadzu,
Japan). The concentrations of total nitrogen (T-N) and total phosphorus (T-P) were

determined by standard methods [APHA, 1995].
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3. Results

3-1. Analysis of oceanic sediments composition

The concentrations of macronutrients and trace metal ions dissolved in the
oceanic sediment extract used in this study are shown in Table 4-1. The concentrations of
DOC, T-N, and T-P, were 2652.2, 15.0, and 0.7 mg/L, respectively. In addition, the

concentration of Fe3+, Mg%, and Ca*" ions were 1.85, 9.92, and 13.80 mg/L, respectively.

Table 4-1. Compositions of macronutrients and metal ions in oceanic sediment extract used

in this study

Macronutrients (mg/L) Trace metal ions (mg/L)

DOC TN TP Mg Ca”’ Fe'"  Mn*™  zZn” Co™" o’’’ Mo

2708.2 15.8 0.8 10.2 14.7 1.9 322 27.0 5.2 19.6 3.4
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3-2. Optimization of mixing ratio between culture medium and

oceanic sediment extract

To determine the optimal mixing ratio for maximum biomass and lipid
production, microalgal culture medium and oceanic sediment extract were blended at ratios
of 10:0, 9:1, 8:2, 7:3, 6:4, and 5:5 (v/v). Biomass and lipid production data for the two
microalgae cultivated mixotrophically for 14 days with different mixing ratios are shown in
Table 4-2. Overall, the maximum production of biomass and lipids in the microalgae was
observed at a mixing ratio of 6:4 (v/v), and lipid contents increased 8-10% (w/w) as the
amount of sediment increased. When compared with sediment-free medium, specific growth
rates of B. braunii LB572 and P. tricornutum B2089 were enhanced 13.0 and 11.3 times,
respectively. Because of increased growth rate, the cultivation time of both microalgae was
reduced by at least 6 days. Under this condition, maximal biomass and lipid production of
B. braunii LB572 was 5.54 and 3.09 g/L, and that of P. tricornutum B2089 was 6.41 and
3.61 g/L, respectively. These data suggested that oceanic sediment remarkably stimulated B.
braunii LB572 and P. tricornutum B2089, resulting in the increase of biomass and lipid
production at least 6- and 8-folds, respectively. Based on these results, the following

experiment was conducted to determine the components in the oceanic sediment that

promoted microalgal growth.
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Table 4-2. Effect of mixing ratio between culture medium and oceanic sediments on the microalgal biomass and lipid production

Mixing ratio between culture Biomass Lipid
Cultivation time
Microalgae medium and oceanic sediments Specific growth rate Production Content Production
(day)
(v/v) (day™) (g/L) (%, wiw) (L)
10:0 M) 20 0.03 0.79 48.0 0.38
9:1 14 0.09 1.36 472 0.64
8:2 14 0.13 1.99 48.5 0.97
B. braunii LB572
7:3 14 0.22 322 513 1.65
6:4 14 0.39 5.54 558 3.09
5:5 14 0.21 3.00 50.2 1.51
10:0 (f2) 21 0.04 0.96 46.0 0.44
9:1 14 0.10 1.49 46.5 0.69
8:2 14 0.16 2.40 493 1.18
P. tricornutum B2089
7:3 14 0.26 3.76 51.5 1.94
6:4 14 0.45 6.41 56.3 3.61
5:5 14 0.29 4.18 49.2 2.06

* JM (Jaworski’s medium), and /2 medium
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3-3. Effect of DOC on biomass and lipid production

As shown in Table 4-1, oceanic sediment extract contained 2708.2 mg/L of
DOC. There is a possibility that the DOC could be utilized as a carbon source for
mixotrophic growth of microalgal cells, although its concentration was relatively low. When
culture medium was mixed with oceanic sediment extract at a ratio of 6:4 (v/v), DOC
concentration in the mixture was approximately 1.0 g/L. If DOC was used as a carbon
source, its consumption and concomitant algal growth patterns should be similar with those
of glucose. Thus, 1.0 g/L of glucose (as a control group) or DOC in mixture was used in
the carbon utilization test for B. braunii LB572 and P. tricornutum B2089 under
mixotrophic culture mode with illumination at 95 pmol photon/mz/s under a 12:12 h
(light:dark) photoperiod. Compared to glucose, less DOC was consumed for 14 days, but at
least 1.5 times higher cell mass and a concomitant 1.1 times higher lipid contents were
achieved (Fig. 4-1). This indicated that small amounts of DOC was utilized as a carbon

source for microalgal growth.
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Fig. 4-1. Effect of glucose or DOC in oceanic sediment on biomass and lipid production of
(a) B. braunii LB572 and (b) P. tricornutum B2089.
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3-4. Effect of metal ions on microalgal growth and lipid production

As mentioned above, oceanic sediment included several metal ions, including
1.9 mg/L Fe’’, 10.2 mg/L Mg, and 14.7 mg/L Ca”". Next, experiments were conducted to
investigate the optimum concentration of each metal ion to determine if the concentrations
of metal ions in the sediment were sufficient to positively influence the growth and lipid
production of microalgae. Each cell of B. braunii LB572 and P. tricornutum LB2089 was
cultured on different medium (JM or {2 medium), which was supplied with different
concentrations of metal ions; the concentration ranges of Fe%, Mg2+, and Ca’" were 0-20,
0-10, and 0-20 mg/L, respectively. As shown in Fig. 4-2a and c, increasing the initial
concentration of Fe’™ dramatically stimulated biomass and lipid productions, as well as lipid
contentin both microalgae. When Fe’* concentration reached 5.0 mg/L, the biomass and
lipid productions of B. braunii LB572 and P. tricornutum B2089 increased more than 5.5
and 28 times, respectively, compared to those of the control (Fe’'-free) group. In addition,
lipid content of both microalgae was also improved (4-5 times higher than that of the
control). However, at higher concentrations, their production was seriously inhibited. The
effect of Ca® on growth and lipid production of microalgae was very similar to that of
Fe’". As the initial concentrations of Ca’* increased up to 10.0 mg/L for B. braunii LB572
and 5.0 mg/L for P. tricornutum B2089, the biomass and lipid production also highly
increased (Fig. 4-2b and d). Compared with Fe'" and Ca’* produced less biomass but
accumulated similar contents of lipids in cells. The stimulating effect of Mg2+ on
microalgal biomass and lipid production was less than that of Fe’” and Ca®" ions (data not
shown). However, biomass and lipid production tended to increase with increasing
concentrations up to 5.0 mg/L in B. braunii LB572 and 2.5 mg/L in P. tricornutum
B2089.

Consequently, the optimal concentrations of metal ions for photoautotrophic
microalgal growth and lipid production were found to be as follows: 5.0 mg/L Fe'", 10.0
mg/L Ca”’, and 5.0 mg/L Mg"" for B. braunii LB572; and 5.0 mg/L Fe'', 5.0 mg/L Ca”’
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and 2.5 mg/L Mg>" for P. tricornutum B2089. Under these optimal conditions, the biomass,
lipid production, and lipid content of B. braunii LB572 were 4.06 g/L, 2.19 g/L, and
53.9% (w/w), respectively; those of P. tricornutum B2089 were 4.99 g/L, 2.80 g/L, and
56.1%, respectively. These values were 5-6 times higher than those obtained from cultures
in JM or 2 medium, but were lower than those obtained from cells grown on the
medium mixed with oceanic sediment. Although the sediment mixed medium contained
lower metal ions than the optimum concentrations, it produced more biomass and lipids.
From these results, it is expected that some components in sediment may improve the

bioavailability of metal ions to microalgae.
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3-5. Effect of EDTA or humic substances on bioavailability of

metal ions to microalgae

The effect of EDTA, a non-specific complexing ligand, on the biomass and
lipid accumulation of microalgal strains was studied at optimal concentrations of Fe3+, Ca%,
and Mg2+ ions. As shown in Fig. 4-3, biomass and lipid production significantly increased
as the EDTA concentration increased up to 3.5 mg/L for B. braunii LB572 and 7.0 mg/L
for P. tricornutum B2089. Under optimum EDTA concentration, biomass and lipid
production of B. braunii LB572 were 4.4- and 6.7-fold higher and those of P. tricornutum
B2089 were 5.8- and 11.3-fold higher than the control group grown on EDTA-free
medium. When EDTA concentration was low, residual concentrations of Fe’* and Ca®" in
the medium decreased along with the increase of EDTA concentration. This indicates that
EDTA enhanced the solubility of Fe’" and Ca™, and therefore improved the uptake of Fe’*
and Ca’" into the microalgal cells [Jin et al., 2009; Yokoi et al., 2002]. However, high
concentrations of EDTA severely inhibited the uptake of Fe’" and Ca’ and concomitantly
hindered the growth and lipid accumulation of cells.

As described above, AHSs (humic and fulvic acid) are typically nonspecific
organic ligands and generally constitute 30-80% of DOC [Jin et al., 2009]. In this study,
145 and 220 mg/L of humic and fulvic acids were extracted from 2708.2 mg/L of DOC in
oceanic sediment. To evaluate the effect of AHSs on cell growth and lipid accumulation,
0-100 mg/L of the crude extracted humic and fulvic acids were applied to the culture
medium, which contained optimal concentrations of Fe3+, Ca%, and Mg2+ ions. Similar with
EDTA effects, cell growth, lipid production and accumulation in both microalgae increased
as the concentration of humic acid increased up to 80 mg/L, and concomitantly the residual
concentrations of Fe’” and Ca’* in the medium decreased (Fig. 4-4). However, at higher
concentrations than 100 mg/L, the uptake of Fe'" and Ca®* decreased and cell growth and

lipid accumulation were inhibited significantly.
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Fig. 4-5 shows the

comparison of biomass,

and

lipid production and

accumulation in microalgal cells grown on the media containing different compositions,

such as oceanic sediments or optimized concentrations of metal ions, EDTA, and humic

acid. The highest biomass and lipid production were obtained from the cells grown on

appropriate culture medium (JM or /2 medium) mixed with oceanic sediment at a ratio of

6:4 (v/v) for 14 days.
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Fig. 4-3. Chelation effect of EDTA on the bioavailability of metal ions to (a) B. braunii

LB572 and (b) P. tricornutum B2089.
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4. Discussion

Based on the results that maximal biomass and lipid productions of the two
microalgae were obtained from the cells cultivated in the culture medium containing
sediment extract at a ratio of 6:4 (v/v), it was investigated which components in the
sediment promoted microalgal growth. There have been many reports concerning the
physiological function of metals for microalgal biomass and lipid production [Abd El Baky
et al, 2012; Ben Amor-Ben Ayed et al., 2015; Gorain et al., 2013; Huang et al., 2014;
Liu et al, 2008; Ren et al., 2014]. Trace metal ions are very important in the cellular
mechanism of microalgae, including photosynthesis, cell division, respiration, and
intracellular transportation, and protein and lipid biosynthesis. They also enhance biomass
and lipid yields of microalgae [Wan et al., 2014].

In these experiments, the optimum concentrations of Fe’', Mg®", and Ca®* for
two microalgae were determined. As the initial concentration of Fe’* increased up to 5.0
mg/L, biomass and lipid productions increased significantly (Fig. 4-2a and c). Abd El Baky
et al. [2012] and Ren et al. [2014] described an increasing trend of cell growth and lipid
accumulation of Scenedesmus sp. with an increasing of Fe'™ levels within appropriate
concentration ranges under photoautotrophic or heterotrophic mode. Similar results were also
found from Monoraphidium sp. [Che et al., 2015] and C. vulgaris [Liu et al. 2008]. Also,
as shown in Fig. 4-2b and d, the initial concentrations of Ca’" reached 5.0-10.0 mg/L, the
biomass and lipid production highly increased. Becker [1994] stated that Ca™" is likely to
be involved in cell growth and lipid accumulation through mechanisms, such as the
formation of the cell membrane and enhancement of photo chemical -efficiency of
photosystem II. Conversely, Gorain et al., [2013] reported that increased Ca™" concentration
in the growth medium had little effect on biomass yield of C. vulgaris and S. obliquus;

however, lipid content increased under photoautotrophic cultivation. Although a remarkable
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effect of Mg2+ on lipid production was not observed in the tested microalgae, it is certain
that Mg”" plays an important role in their growth because it could enhance the acetyl-CoA
carboxylase (ACCase) activity [Livine and Sukenik, 1992]. ACCase exerted intense
regulation on fatty acid synthesis.

Compared to the effect of metal ion concentration, metal speciation is very
important for bioavailability [Stumm and Morgan, 1996]. AHSs universally exist in natural
water and are typically non-specific complexing organic ligands. They have a significant
influence on metal speciation, and thus on bioavailability of metals to microalgae. Herein,
the effects of EDTA and AHSs on the bioavailability of metal ions to the tested
microalgae were determined. As shown in Fig. 4-3, the fact that the residual concentrations
of Fe’* and Ca™ in the medium decreased along with the increase of EDTA concentration
indicates that EDTA promotes the bioavailability of Fe’" and Ca’™ to microalgal cells. At
the same time, maximal biomass and lipid production was attained at concentration ranges
from 3.5 to 7.0 mg/L. Gerringa et al., [2000] stated that EDTA increases the solubility of
ferric oxide, and thereby increases iron availability to algae when EDTA concentration is
low, but it chelates iron strongly and may decrease iron availability to some algae when
EDTA concentration is high. Conversely, the uptake of Mg2+ in both microalgae was not
affected by the EDTA concentration. Ren et al.,, [2014] reported that Mg2+ concentration
exhibited as light decline with the addition of EDTA, which implies that the effect of
EDTA on the bioavailability of Mg’ was negligible. Like EDTA, humic acid also
increased the bioavailability of Fe’* and Ca’” to microalgal cells and improved biomass and
lipid production (Fig. 4-4). Interestingly, humic acid had a higher effect on biomass and
lipid production than fulvic acid, which also had a similar effect (data not shown). Droop
[1962] found that the growth of Skeletonema costatum was enhanced when humic acid was
applied to the culture medium and that humic acid was more active than fulvic acid.
Conversely, the effect of humic and fulvic acids on Mg”" uptake was negligible. There are
many reports demonstrating that humic substances stimulate algal growth. The

growth-stimulating activity of soil extract on Gymmnodinium species was primarily caused by
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the chelating action of the humic component, which resulted in a reduction of the toxicity
or an increase in the bioavailability of trace metals [Prakash and Rashid, 1968]. Ohkubo et
al., [1998] showed that a chelating substance, such as humic isolates, can stimulate the
growth of Microcystis aeruginosa by reducing the toxicity of heavy metals. Granéli and
Moreira [1990] demonstrated that Prorocentrum minimum responds to humic acid with an
increase in growth rate. Koukal et al., [2003] and Pempkowiak and Kosakoeska [1998]
showed that the presence of humic substances stimulated photosynthesis and growth in the
green algae, Pseudokirchneriella subcapitata and C. vulgaris Al-76, by reducing the

toxicity of heavy metals.
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As stated above, the optimum concentrations of Fe3+, Ca2+, Mg%, EDTA, and
humic acid for both algal growth were 5.0, 5.0-10.0, 2.5-5.0, 3.5-7.0, and 80.0 mg/L,

respectively. Although concentrations of Fe’*, Ca®"

, Mg%, and humic acid in the culture
medium were relatively low, their concentrations increased to 1.86, 7.93, 7.04, and 80.0
mg/L in JM (B. braunii LB572) and 1.33, 5.88, 4.08, and 80.0 mg/L in f/2 medium (P.
tricornutum B2089), respectively, when mixed with oceanic sediment at a ratio of 6:4 (v/v).
From this comparison, it is expected that the oceanic sediment can supply and satisfy the
optimal concentrations of several growth-stimulators for B. braunii LB572 and P.
tricornutum B2089. Finally, the biomass and lipid productions of B. braunii LB572 and P.
tricornutum B2089 cultured in a medium mixed with sediment were compared with those
of other related microalgae grown on other carbon sources (Table 4-3). Consequently, the
low cost of oceanic sediment would allow it to be easily utilized for microalgal cultivation

for commercial purpose. In the near future, a large-scale cell cultivation will be conducted

in 10 L tubular photobioreactors containing oceanic sediment medium.
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Table 4-3. Comparison of biomass and lipid production of B. braunii and P. tricornutum with other related microalgae

Carbon sources

Biomass production

Total lipid contents

Microalgae Culture mode Ref.
(€49) (€49) (%, WIw)
B. braunii TRG mixotrophic Glucose (5.0) 2.46 37.5 Yeesang and Cheirsilp, 2014
B. braunii FC124 mixotrophic Glucose (5.0) 2.40 34.9 Gim et al., 2014
B. braunii LB572 mixotrophic DOC in sediment (1.0) 5.54 55.8 This study
P. tricornutum UTEX-640 mixotrophic Glycerol (9.2) 7.04 - Ceron-Garcia et al., 2006
P. tricornutum B2089 mixotrophic DOC in sediment (1.0) 6.41 56.3 This study
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Chapter V

Effect of light intensity and photoperiod on the
cell growth, lipid accumulation and fatty acid
composition in microalgal cells under mixo-

trophic culture mode
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1. Introduction

Microalgae is a 3"-generation biodiesel feedstock and has been developed as
one of the most promising alternative raw materials for biodiesel production because of its
higher biomass production and energy conversion efficiency [Becker, 1994; Mata et al,

2010].

B. braunii is a colonial green microalga living in fresh water, such as lake and
ponds [Wake and Hillen, 1980], and P. tricornutum is a marine diatom. These two
microalgae strains contained a relatively high lipid content of about 30-60% (w/w), and
were suitable for alternative source of energy production [Banerjee et al, 2002;
Ruangsomboon, 2012]. It is known that biomass production of B. braunii and P.
tricornutum were 3.5 g/l [Zhila et al., 2011] and 0.26 g/L [Song et al, 2013],
respectively, under photoautotrophic culture mode. However, biomass production and lipid
accumulation of Botryococcus species increased under mixotrophic culture condition, but
total lipid content was still less than 40% (w/w) [Gim et al., 2014; Yeesang and Cheirsilp,
2014]. In addition, there are not so many researches on lipid production of Phaeodactylum
strain under mixotrophic cultivation. Fortunately, it is possible to obtain high cell growth
and lipid accumulation of both microalgal cells by mixotrophic cultivation with oceanic
sediment extract.

Generally, various environment factors such as macronutrients, trace elements,
temperature, and photo regimes are affecting the growth rates of microalgal cells. Especially
light is the basic energy source for photosynthesis and essential for microalgal growth and
assimilation metabolism [George, et al., 2014; Guihéneuf et al., 2009; He et al., 2015a and
b; Khotimchenko and Yakovleva, 2005; Liu et al, 2012; Wahidin et al., 2013].
Photosynthesis and  biomass productivity of microalgae are greatly improved in the

appropriate light intensity. Light energy are generally used for biomass and cell membrane
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formation by allocating energy into the photosynthetic complexes and chloroplast membrane
matrix, respectively, under limited light energy [Khotimchenko and Yakovleva, 2005; Hu et
al., 2008]. When light intensity is very high, ROS is remarkably increased, and microalgae
are pressed to strong oxidative stress, which inhibit cell growth and photosynthesis activity.
However, accumulation of lipid and triacylglyceride (TAG) tends to increase [Zhang et al.,
2013].

Additionally, Downstream processes such as harvest-disruption-extraction, which
require relatively high energy and high cost, are recognized as bottlenecks in microalgal
biorefinery process [Giinerken et al., 2015; Lee et al., 2015]. Microalgal cells walls are
relatively thick, and globules such as polysaccharide and protein are trapped in cell
membranes, making it very difficult to disrupt microalgae [Gerken et al., 2013; Giinerken
et al., 2015]. Therefore, it is not easy to extract various products from microalgal cells
[Gerken et al., 2013]. As shown in Fig. 1-6, various methods can be used for the cell wall
disruption of microorganisms such as microalgae. In generally, the disruption methods can
be classified by mechanical and non-mechanical methods [Agerkvist and Enfors, 1990; Chen
et al., 2009; Middelberg, 1995; Mutanda et al., 2011].

Therefore, the present work focussed to study the effect of different photo
regimes (light intensity and photoperiods) on growth, lipid accumulation, fatty acid
compositions of the oil-rich microalgae, B. braunii LB572 and P. tricornutum B2089 in the
10 L-scale tubular-photobioreactor. Moreover, the six physical and chemical disruption
methods (autoclave, sonication, bead-beater, microwave, french-press, and osmotic shock) for
efficient lipid extraction of B. braunii LB572 and P. tricornutum B2089 were optimized,

and the optimum disruption method procedure was selected for each microalgae.
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2. Materials and Methods

2-1. Microalgae and culture medium

A microalgal strains of B. braunii LB572 and P. tricornutum B2089 were
obtained from UTEX Culture Collection of Algae (The University of Texas at Austin,
Austin, USA). The media used in this study were Jaworski’s medium [Thompson et al.,
1988] for B. braunii LB572, and /2 medium [Guilard and Ryther, 1962] for P.
tricornutum B2089. Microalgal cells obtained from culture collection were spread out on an
agar surface and single colonies were isolated to avoid bacterial contamination. In a
previous study, it was found that the optimal mixing ratio between species-specific medium

and oceanic sediments extracts for mixotrophic cultivation was 6:4 (v/v).

2-2. Preparation of oceanic sediment extract

Oceanic sediments were collected at six coastal areas in Jeollanam-do province,
Republic of Korea. Sediment samples were collected at a depth of 10-20 cm and primarily
leached through a no. 4-10 Sieve (opening diameter: 4.76-2 mm) and dried at 30 °C for
24 h. 35 g of dried sediment was placed in 1 L of distilled water and treated with 10 mL
of 1 N-HNO; to adjust pH 2.0. The mixture was stirred for 6h and then allowed to stand
for 1h. Then, the supernatant was filtered using a 0.2 um membrane filter (Pall, USA) and

the final pH of the extract was adjusted to 7.0-8.0.
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2-3. Culture conditions

2-3-1. Pre-cultivation

Pre-cultivation of two oleaginous microalgae were performed in a 5 L
Erlenmeyer flask containing a working volume of 3 L of mixed medium (JM or {72
medium:oceanic sediments extract, 6:4 (v/v)) with cotton plugs that allow exchange with
the atmosphere. Microalgal cells were cultivated at 25 °C under mixotrophic culture mode.
Cultures were illuminated with cool-white fluorescent lamps, which attenuated by adjusting
the distance from lamps and was controlled by an illuminance meter (LT Lutron
LM-81LX; Lutron Electronic Enterprise, Co., Taipei, Taiwan). Based on our previous results
of optimal growth conditions, light regimes was maintained at 95 pmol photon/m”s and
12:12 h (Light:Dark) cycle for B. braunii LB572 and P. tricornutum B2089. Batch

cultivation period was 13 days.

2-3-2. Batch cultivation in a photobioreactor

B. braunii LB572 and P. tricornutum B2089 were cultured in a 12 L scale
tubular-type photobioreactor (70 x @ 15 cm) containing a working volume of 10 L
medium (Fig. 5-1). The photobioreactor was made of Pyrex glass and was placed
horizontally to broaden the surface area of medium. Several injection ports were made on
the bottom of photobioreactor for the influx of air and air flow rate was controlled with a
flow meter (Dwyer, USA). The optimal pHs of B. braunii LB572 and P. tricornutum
B2089 were adjusted to 7.2 and 7.8, respectively. Cultivation temperature was maintained at
25 °C and light intensity was attenuated by adjusting the distance from lamps with an

illuminance meter.
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Fig. 5-1. Schematic diagram of the tubular-type photobioreactor.

2-4. Experimental conditions

Effect of photo regimes on microalgal growth, lipid accumulation, and fatty
acid composition were investigated. To examine optimal light intensity and photoperiods for
maximum growth and lipid accumulation of the microalgae, different light intensity (50, 95,
125, 150, 200, and 300 pmol photon/m’/s) and photoperiod (24:0, 18:6, 12:12, and 6:18,
h:h/Light:Dark cycle) were supplied. Under these different conditions, biomass production

and lipid accumulation were investigated. In addition, the composition changes of fatty acid

in cells was also observed.
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2-5. Microalgal biomass and lipid contents

2-5-1. Microalgal biomass and lipid

To measure biomass and total lipid contents of microalgal cells, 500 mL of the
cultured sample was collected and harvested by centrifugation at 4500 x g for 15 min.
Then, microalgal cell pellet were frozen immediately at -80 °C and later freeze dried at
-45 °C under vacuum by freeze-dryer (FD 8508 Bench-Top freeze-dryer, Ilshin BioBase,
Republic of Korea). After frozen drying, the dried pellet samples were weighed using an
electronic balance (Ohaus, Explorer EX623, USA) for measurements of microalgal biomass
production (g/L, dry weight). Also, for estimation of total lipid contents (%, w/w), 1 g of
dried pellet were washed with 200 mL of distilled water. And then the cell mixture was
disrupted by microwave (Multiwave 3000, Anton Paar, Austria) at 1250 W and 2450 MHz
at 150 °C for 20 min. Extraction of lipid from microalgal pellet was carried out according

to a modification of the method described by Folch et al. [1957].

2-5-2. Analysis of fatty acid composition

The fatty acid composition from each microalgal strain was determined by gas
chromatograph (Shimadzu GC-2010 plus, Japan). For saponification and methylation of
microalgal extracted lipid was performed according to the modified procedure described by

Metcalfe-Schmitz method [1966].
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2-6. Optimization of microalgal cell disruption methods

Approximately 1 g of dried microalgal biomass was mixed with 100 mL of
distilled water, and two microalgal samples were disrupted by the following various
methods: autoclave (PPAC-1000, Lab house, Republic of Korea), sonication (Sonifier 250,
Branson, USA), bead-beater (BioSpec Products, USA), microwave (Microwave 3000, Anton
Paar, Austria), french-press (VS-4600P, Vision scientific, Republic of Korea), and osmotic
shock. And the experimental conditions for the optimization of each cell disruption methods
are shown in table 5-1. Moreover, the optimum disruption method of B. braunii LB572
and P. tricornutum B2089 were used to compare the efficiency of dry biomass and wet

biomass of microalgae.

Table 5-1. Experimental conditions for optimization of five disruption method

Disruption methods Conditions
Autoclave for 5, 10, 15, 30, 60, and 90 min at 121 C
Sonication resonance of 5, 10, 15, 30, and 60 kHz for 3, 5, 10, and 15 min

bead diameter was 0.1, 0.5, 1.0, and 2.0 mm and high speed at
2000, 2500, 3000, and 3500 for 10 min
power of 0, 50, 100, 500, 1000, 1200, and 1250 W for 0-25 min at
20-200 C under 2450 MHz

French-press at 500, 1000, 2000, 2500, and 3000 psi

using a 0, 0.1, 0.3, 0.5, 0.7, 1.0, and 2.0 M NaCl with a stirred for

1 min and maintained 48 h

Bead-beater

Microwave

Osmotic shock
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3. Results and discussion

3-1. Optimization of microalgal cell disruption methods

Fig. 5-2 and table 5-2 show the lipid contents of two microalgae according to
the optimal conditions of the various cell disruption methods. As a result of comparing the
lipid extraction efficiency of the disruption method under optimum conditions, it was highly
estimated in order to microwave, french-press, autoclave, bead-beater, and sonication.
Already several researcher were investigated and compared according to various disruption
methods for microalgal lipid extraction. As with this studies, microwave method showed to
be effective disruption method for extracting lipid and vegetable oil [Lee et al, 2010;
Mahesar et al., 2008; Prabakaran and Ravindran, 2011; Rakesh et al., 2015; Virot et al,,
2008]. In this study, microwave, french press, and autoclave methods were found to be
most effective among the various methods. However, the french press is difficult to treat
large volumes of microalgal biomass because the amount of sample that can be processed
is limited. Microwave and autoclave methods were most simple and easy systems,
especially, microwave disruption methods the temperature and pressure at high speeds to
create temperature and pressure gradients inside and outside the microalgal cell wall, so
that the lipids can be extracted efficiently without damage [Uquiche et al., 2008; Virot et
al., 2008]. For the high yield and economic efficiency of the biodiesel production process
from microalgae, the lipid extraction efficiency is excellent and scale-up should be easy
[Lee et al., 2010]. Therefore, microwave and autoclave are most effective for commercial
application because it is easy to extract and operate with a relatively high productivity as

shown in this study.
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Fig. 5-2. Comparison of lipid contents of B. braunii
LB572 and P. tricornutum B2089 under six optimum

disruption methods.

Based on the optimized disruption conditions of previous studies, each
microalgal lipid contents of dry and wet biomass were investigated respectively, and lipid
extraction efficiency according to biomass condition was compared (Fig. 5-3). As a result
of extracting lipids from microalgae using microwave optimal disruption method, the lipid
production (lipid content, w/w) of wet biomass was estimated as follows: 0.51 g/L (44.9%,
w/w) for B. braunii LB572 and 0.45 g/L (42.1%, w/w) P. tricornutum B2089, respectively.
According to Fig. 5-3, compared to dry biomass, the lipid content and production of wet
biomass was extracted to a level equivalent to approximately 80-90%. Guldhe et al. [2014],
energy consumption by freeze-dry and dry oven was measured as 22.0 and 6 kW,
respectively. It is expected that economical process will be possible through development of
more effective disruption, extraction, and biodiesel conversion methods without drying

process of wet biomass.
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Table 5-2. Comparison of total lipid contents of six fresh and marine microalgae by each cell disruption methods

Autoclave® Sonication” Bead-beater® Microwave' French-press’ Osmotic shock’

Total lipid contents
(%, wiw)

B. braunii LB572 40.77 30.13 37.51 49.71 43.52 22.40

P. tricornutum B2089 42.80 32.57 39.00 4791 45.28 17.70

a

autoclaving at 121 C with 1.5 MPa for 60 min

sonication at a resonance of 30 kHz for 15 min

bead diameter 0.1 mm at a high-speed of 3000 rpm for 10 min

microwave oven at a 150 ‘C for 20 min with frequency of 1250 W and 2450 MHz

press run at 3000 psi

osmotic shock using a 2.0 M-NaCl with a stirred for 1 min and incubated 48 h

_98_

Collection @ chosun



Il Dry biomass [0 Wet biomass

Lipid content (%, w/w)
&

10 4

B. braunii LB572 P, tricornutum B2089

Fig. 5-3. Comparison of lipid contents of microalgal dry

and wet biomass under optimum microwave method.

3-2. Cell growth and lipid content in different culture vessels

Table 5-2 shows the comparison of biomass and lipid productions of B. braunii
LB572 and P. tricornutum B2089, which are cultured in different culture vessels.
Microalgal species-specific medium was mixed with sediment extract at a ratio of 6:4
(v/v)), and the cells were cultured in a 5 L-Erlenmeyer flask or a 12 L photobioreactor.
After 13 days incubation, specific growth rates of B. braunii LB572 and P. tricornutum
B2089 in a photobioteactor increased by 1.4- and 2.1-times higher than those in a flask.
Concomitantly, biomass and lipid productions of them in a photobioteactor were improved
at similar ratios. Because mass culture of microalgaec using photobioreactor is easy to
control various culturing factors and is safe from external pollutants, it is possible to obtain

maximal biomass and lipid of microalgae [Cogne et al., 2005; Ugwu et al., 2008].
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3-3. Effect of light intensity and photoperiod on biomass

production under mixotrophic cultivation mode

The effect of light intensity on the growth of B. braunii LB572 and P.
tricornutum B2089 was shown in Fig. 5-4. Cell growth and lipid accumulation of B.
braunii LB572 increased when light intensity increased up to 200 pmol photon/m?/s.
However, they dramatically decreased when light intensity reached to 300 pmol
photon/m*/s. In case of P. tricornutum B2089, biomass production increased as light
intensity increased up to 150 pmol photon/m’/s, but higher intensity gradually inhibited
biomass production. Already, many literatures have mentioned that enough light intensity
and duration time stimulated microalgal growth, however, excessive light regimes could
decline cell growth [He et al., 2015a and b; Hu et al., 2008; Xiao et al.,, 2015]. In our
previous study, we cultured the cells with light intensity of 95 pmol photon/m’/s, then
biomass production of two microalgae was as follows: 7.28 g/l for B. braunii LB572 and
12.6 g/L for P. tricornutum B2089, respectively. When they were cultured with light
intensity of 200 or 150 pmol photon/m’/s, respectively, their biomass production improved
to 7.64 g/L for B. braunii LB572 and 13.4 g/L for P. tricornutum B2089, respectively.
The increased microalgal growth and biomass production were due to the increased light
intensity, and the similar patterns are observed in various microalgal strains such as
Ankistroedesmus fusiformis H1 [He et al., 2015b], Nannochloropsis sp. [Wahidin et al.,
2013], Chlorella sp. L1, Monoraphidium sp. [He et al., 2015a], Scenedesmus sp. [Liu et
al., 2012], and B. braunii KMITL 2 [Ruangsomboon, 2012]. Biomass production increased
as light intensity increased, but it tended to decrease at relatively high light intensity.
Under high light conditions, the excited electrons of photosystem II exceed the transport
capacity of the electron transport chain system so that they increase ROS (reactive oxygen

species), which increase oxidative stress or inhibit photosynthesis activity. On the other
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hand, excess light intensity strongly stimulated the accumulation of lipid and TAGs [Zhang

et al., 2013].

The effect of four different photoperiods conditions (24:0, 18:6, 12:12, and
6:18, h:h/Light:Dark cycles) at different light intensity ranges (50-300 pmol photon/m’/s) on
the growth of B. braunii LB572 and P. tricornutum B2089 for 13 days cultivation is
illustrated in Fig. 5-4. Maximum biomass of B. braunii LB572 and P. tricornutum B2089
were 9.05 g/L and 14.16 g/L, respectively, when they were exposed to light illumination of
18 h at 200 pmol photon/m’/s for B. braunii LB572 and at 150 pmol photon/m’/s for P.
tricornutum B2089, respectively. On the other hand, longer light supply time than 18 h
remarkably decreased biomass production in both microalgal species. Although it was
possible to achieve a high growth rate with sufficient light supply, biomass production was
reduced due to photo-inhibition [Wahidin et al., 2013]. Many researches reported that

optimum photoperiod for the highest microalgal growth and lipid accumulation was 12:12 h

or 18:6 h [Anderson, 2005; Khoeyi et al., 2012; Wahidin et al., 2013].

- 101 -

Collection @ chosun



Table 5-3. Comparison of biomass and lipid productions of two oleaginous microalgal cells in different culture vessels

3 L-Erlenmeyer flask 12 L-tubular photobioreactor
Light Lipid Light Lipid
Specific Biomass Specific Biomass
lr;tensn:y Periods growth rate  production Content Production lr;tensn:y Periods growth rate  production Content Production
1 -1
pmer (h:h/L:D) @ (/1) (%, wiw) (L) Hmos (h:WL:D) (dh (L) (%, wiw) (L)
photon/m/s) photons/m™/s)
B. braunii

95 12:12 0.39 5.54 552 3.06 95 12:12 0.55 7.28 57.0 4.15

LB572
P. tricornutum

95 12:12 0.45 6.41 56.5 3.62 95 12:12 0.96 12.55 58.4 7.45

B2089
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Fig. 5-4. Effect of light intensity and photoperiod on biomass production of (a) B. braunii
LB572 and (b) P. tricornutum B2089.

3-4. Effect of light intensity and photoperiods on lipid content

Lipid content of B. braunii LB572 and P. tricornutum B2089 was varied
depending on the light intensity and photoperiods. As shown in Fig. 5-5, lipid content
increased with increasing light intensity and duration time. Previous studies have also
reported that lipid accumulation in microalgal cells increase with increasing light intensity
and light duration time up to 18 h [George et al., 2014; Ruangsomboon, 2012; Wahidin et
al., 2013]. Also, lipid production of B. braunii LB572 and P. tricornutum B2089 was
similar to biomass production, and the highest lipid production of two microalgae were as
follows: 543 g/L for B. braunii LB572 at 200 pmol photon/m’s for 18 h light
illumination and 9.02 g/L for P. tricornutum B2089 at 150 pmol photon/m®/s for 18 h
light, respectively (data not shown). Consequently, as light duration time increased from 12

h to 18 h, lipid content increased by 1-2% and lipid production increased by 1.1-1.2 times.
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In this study, it was found that increasing light intensity and duration time had
an positive effect on the lipid accumulation as well as microalgal growth. During
photosynthesis, ATP and NADPH compounds are formed in the light dependent reactions,
and metabolic molecules such as lipid are synthesized by using them in the light
independent reactions (dark reaction). Therefore, an appropriate proportion of photoperiod
shows a synergistic effect that is positive for the growth and lipid synthesis of microalgae,
and can be attributed to high productivity and economical efficiency in the microalgae

culture process [Bouterfas et al., 2002; Ugwu et al., 2007].

M 24 h: 0h (Light: Dark) [J 18 h:6h [ 12 h:12h [J 6 h:18h
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2 2
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Light intensity (i mol photon/m”/s) Light intensity (1 mol photon/m”/s)

Fig. 5-5. Effect of light intensity and photoperiod on lipid content of (a) B. braunii LB572
and (b) P. tricornutum B2089.
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3-5. Effect of light regimes on fatty acid composition

It is known that culture conditions of microalgae are important factors in the
determination of quality and quantity of biodiesel through the changes of composition and
content of each fatty acid [Khotimchenko and Yakovleva, 2005; Pratoomyot et al., 2005;
Renaud et al., 1991]. The major fatty acids in high quality biodiesel are monounsaturated
fatty acids (MUFAs) such as palmitoleic acid (C16:1) and oleic acid (C18:1) [He et al.,
2015b; Knothe, 2009; Xiao et al., 2015]. As described in chapter 5, B. braunii LB572 and
P. tricornutum B2089, which were cultivated photoautotrophically at 95 pmol photons/m’/s
for 12:12-h cycles, contained more than 50% of MUFAs. In addition, total fatty acid
(TFA) content in cells of B. braunii LB572 and P. tricornutum B2089 cultivated
mixotrophically in the sediment mixed medium was about 1.2 times higher than that in
cells cultured in the species-specific medium (data not shown). Under the same illumination
conditions as above, the main fatty acids contained in the two microalgae cultured
mixotrophically were palmitic acid (14.9%), oleic acid (58.4%) and linolenic acid (23.6%)
for B. braunii LB572, and palmitic acid (20.8%), palmitoleic acid (61.0%) and oleic acid
(10.0%) for P. tricornutum B2089, respectively. Generally, as the light intensity and
duration times increased, the content of SFAs and MUFAs tends to increase but PUFAs
tends to decrease [Guihéneuf et al., 2009; He et al., 2015a and b; Xiao et al., 2015]. For
B. braunii LB572, as light intensity increased from 95 to 300 pmol photon/m’/s at
photoperiod 12:12 h, the content of palmitic acid increased from 14.9 to 21.6%. And, as
light intensity reached to 200 pmol photon/m’/s, the content of oleic acid increased, but its
content decreased at higher intensity. On the other hand, the content of linolenic acid
(C18:3) decreased as light intensity increased. Namely, the highest content was found when
light intensity was 50 pmol photon/m’/s and illumination time was 6 h. The effect of light
intensity and photoperiod on fatty acid composition in cells of P. tricornutum B2089 was
similar with that in cells of B. braunii LB572. The content of palmitic acid steadily

increased as light intensity increased up to 300 pmol photon/m’/s, whereas that of
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palmitoleic or oleic acid increased as light intensity increased up to 200 pumol photon/m’s.
However, the content of linoleic acid (C18:2) decreased continuously as light intensity
increased. Similary, as light illumination time increased from 12 to 24 h at any light
intensity ranges, the content of SFAs and MUFAs slightly increased, however, that of

PUFAs tended to decrease. In both microalgae, stearic acid (C18:0) content was observed

at very low level regardless of light intensity and duration time.
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Table 5-4. Fatty acid composition of B. braunii LB572 under various light regimes

Light intensity
(pmol photon/mz/s)

Light 50 95 125 150 200 300
regimes Photoperiods
(h:h, light:dark)
6:18 12:12 18:6 24:0 6:18 12:12 186 24:0 6:18 12:12 18:6 24:0 6:18 12:12 18:6 24:0 6:18 12:12 18:6 24:0 6:18 12:12 18:6 24:0
Fatty acid composition
(%, total fatty acid)
Cl16:0 12.8 132 133 13.3 14.5 14.9 15.1 153 14.6 153 15.5 15.7 15.1 15.6 15.7 159 16.2 16.7 16.9 17.2 20.9 21.6 22.0 22.5
Cl6:1 0.6 0.7 0.8 1.0 0.5 0.7 0.8 1.2 0.6 0.8 1.0 1.1 0.9 0.9 1.0 1.3 1.0 1.2 1.3 1.5 22 35 3.7 4.0
C18:0 2.0 1.8 1.8 1.9 0.6 0.7 0.7 0.8 0.9 0.8 0.7 1.2 1.0 0.8 0.9 1.1 1.5 1.1 1.0 1.2 3.8 33 3.4 3.7
C18:1 400 502 50.8 514 553 584 590 596 560 592 611 619 594 623 631 63.6 588 625 632 640 560 565 571 574
C18:2 6.8 1.4 3.0 43 4.1 1.7 1.4 0.3 5.4 2.0 0.5 0.1 1.8 0.1 0.3 0.0 3.2 0.4 0.1 0.0 0.4 0.3 0.2 0.3
C18:3 378 327 303 281 250 236 230 228 225 219 212 200 21.8 203 19.0 18.1 193 18.1 17.5 16.1 16.7 148 13.6 121
SFA 14.8 15.0 15.1 15.2 15.1 15.6 15.8 16.1 15.5 16.1 16.2 16.9 16.1 16.4 16.6 17.0 17.7 17.8 17.9 18.4 24.7 24.9 25.4 26.2
MUFA 406 509 51.6 524 558 591 598 60.8 566 600 621 630 603 632 641 649 598 637 645 655 582 600 608 614
PUFA 446 341 333 324 291 253 244 231 279 239 217 201 236 204 193 181 225 18.5 17.6  16.1 17.1 154 138 124
Total 100
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Table 5-5. Fatty acid composition of P. tricornutum B2089 under various light regimes

Light intensity
(pmol photon/mz/s)

Light 50 125 150 200 300
regimes Photoperiods
(h:h, light:dark)
6:18 12:12 18:6 24:0 6:18 12:12 186 24:0 6:18 12:12 18:6 24:0 6:18 12:12 18:6 24:0 6:18 12:12 18:6 24:0 6:18 12:12 18:6 24:0
Fatty acid composition
(%, total fatty acid)
C16:0 179 193 197 200 202 208 207 210 210 213 214 216 213 218 221 223 218 227 233 228 222 236 237 241
Cl6:1 551 578 582 584 583 61.0 61.1 612 604 623 623 624 61.1 631 633 63.6 649 653 657 659 641 642 644 646
C18:0 3.1 2.7 2.4 22 1.9 0.2 0.2 0.3 0.4 0.2 0.2 0.2 0.4 0.3 0.3 0.6 0.5 0.4 0.3 0.7 0.8 0.2 0.4 1.2
C18:1 7.5 8.4 8.8 9.0 1.2 100 104 108 103 108 109 11.0 1.7 120 124 128 110 105 10.3 10.0 9.0 9.2 9.2 9.5
C18:2 9.8 8.0 8.9 9.3 8.2 7.8 7.4 6.4 7.8 52 5.0 4.5 54 2.7 1.9 0.7 1.7 0.9 0.4 0.6 39 2.7 2.1 0.6
C18:3 6.6 3.8 2.0 1.1 0.2 0.2 0.2 0.3 0.1 0.2 0.2 0.3 0.1 0.1 0.0 0.0 0.1 0.2 0.0 0.0 0.0 0.1 0.2 0.0
SFA 21.0 220 221 222 221 21.0 209 213 214 215 216 218 217 221 224 229 223 231 236 235 230 238 241 253
MUFA 626 662 670 674 695 710 715 720 707 73.1 732 734 728 751 757 764 769 758 760 759 73.1 734 736 741
PUFA 164 118 109 104 8.4 8.0 7.6 6.7 7.9 54 52 4.8 55 2.8 1.9 0.7 0.8 1.1 0.4 0.6 39 2.8 2.3 0.6
Total 100
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Chapter VI

Repeated batch and continuous cultivation of
two oleaginous microalgae in photobioreactor
and  direct-transesterification  for  biodiesel

production
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1. Introduction

The entire world is working hard to find solutions to the economic and
strategic implications of producing alternative fuels from new biomass resources [Tang et
al., 2012]. Microalgae have a very high potential as a biomass of bioenergy, and we can
suggest possible solutions to this problem. However, commercial applications of microalgal
mass production are very difficult because of the limitations of microalgal growth, lipid
content, and cultivation techniques to date. Thus, development and selection of various
reactors and culture types such as fed-batch, repeated-batch and continuous cultivation) are
very important for mass cultivation of microalgae [Carvalho et al., 2006]. The culture type
affects the microalgal growth and biochemicals as well as various growth factors [Han et
al.,, 2013]. Until recently, various -cultivation techniques have been studied for lipid
synthesis and promotion of microalgal growth, however, most research and
commercialization have been performed in most batch system [Gardner et al., 2011; Kitaya
et al.,, 2008; Liu et al.,, 2011]. However, studies are underway on optimization and process
development on various mass cultivation systems such as fed-batch [Ceron-Garcia et al.,
2013; McGinn et al, 2012; Miron et al., 2002; Ruiz et al.,, 2013], repeated-batch
[Kaewpintong et al, 2007; Radmann et al, 2007; Reinchr and Costa, 2006],
semi-continuous [Ashokkumar et al., 2014; Cerén-Garcia et al., 2013; Feng et al., 2014;
Han et al., 2013; Rodolfi et al., 2009; Yoon et al., 2015], continuous culture system
[Alonso et al., 2000; Ethier et al., 2011; McGinn et al., 2012]. The various cultivation
types of the above microalgae could be accompanied by the economics of large-scale

culture systems [Bezerra et al., 2011].

The process of extracting lipids from biomass of cultured microalgae is an
essential and limited process in the biodiesel production process. In fact, many energy and

chemicals are used to effectively extract lipids from microalgal cells, and it is nor easy to
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apply them in the actual biodiesel field [Ehimen et al., 2010; Gerken et al., 2013;
Gilinerken et al., 2015; Hidalgo et al., 2013]. Transesterification (or alcoholysis) is a
reaction in which fatty acid methyl esters (FAMEs) and glycerol are produced through the
reaction of triglyceride with alcohol such as methanol, and the reaction is promoted through
the use of catalysts such as acids, bases, and enzymes [Chisti, 2007]. The biodiesel
production process using microalgae has many obstacles such as high cost biomass
production and biodiesel conversion process, and low-yield biodiesel conversion [Ehimen et
al., 2010]. Therefore, the development of single lipid extraction-transesterification of
microalgal biomass is an invaluable technology in biodiesel production facilities [Jin et al.,

2014].

In this study, biomass and lipid production and productivity of B. braunii
LB572 and P. tricornutum B2089 according to repeated-batch and continuous culture
systems were compared in the 10 L-scale tubular-photobioreactor under optimal culture
conditions and mixed media examined (Chapter IV and V). In addition, a single process of
dry-diruption-extraction-transesterification process using the wet biomass of microalgae

cultured and FAMEs yield and productivity of two microalgaec were investigated.
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2. Materials and Methods

2-1. Microalgae and culture medium

A microalgal strains of B. braunii LB572 (obtained from UTEX Culture
Collection of Algae at The University of Texas at Austin, Austin, TX, USA) and P.
tricornutum B2089 (obtained from Culture Collection of Algae and Protozoa, UK) were
selected. In previous study, optimal mixing ratio was investigated for the preparation of
mixed medium of microalgae species-specific medium and oceanic sediments extracts. The
optimum ratio of mixed medium of B. braunii LB572 and P. tricornutum B2089 were 6:4

(v/v), respectively.

2-2. Pre-cultivation

Pre-cultivation of two oleaginous microalgae were performed in a 5 L
Erlenmeyer flask containing a working volume of 3 L of mixed medium (JM and {/2:
oceanic sediments extract, 6:4 (v/v)) with cotton plugs that allow exchange with the
atmosphere. Microalgal cells were cultivated at 25 °C under mixotrophic culture mode.
Cultures were illuminated with cool-white fluorescent lamps, which attenuated by adjusting
the distance from lamps and was controlled by an illuminance meter (LT Lutron
LM-81LX; Lutron Electronic Enterprise, Co., Taipei, Taiwan). Based on our previous results
of optimal growth conditions and light regimes was maintained at 200 pmol photon/m®/s
and 18:6 h/Light:Dark cycle for B. braunii LB572 and 150 pmol photon/m’/s and 18:6
h/Light:Dark cycle for P. tricornutum B2089. Each batch cultivation period for the two
microalgal species were as follows: 13 days for B. braunii LB572 and P. tricornutum

B2089.

- 12 -

Collection @ chosun



2-3. Estimation of biomass and lipid production

To measure biomass and total lipid contents of microalgal cells, 500 mL of the
cultured sample was collected and harvested by centrifugation at 4500 x g for 15 min.
Then, microalgal cell pellet were frozen immediately at -80 °C and later freeze dried at
-45 °C under vacuum by freeze-dryer (FD 8508 Bench-Top freeze-dryer, Ilshin BioBase,

Republic of Korea).

After frozen drying, that dried pellet samples were weighed using an electronic
balance (Ohaus, Explorer EX623, USA) for measurements of microalgal biomass production
(g/L, dry weight). Also, for estimation of lipid contents (%, w/w), 1 g of dried pellet were
washed with 200 mL of distilled water. And then the cell mixture was disrupted by
microwave (Multiwave 3000, Anton Paar, Austria) at 150 C for 20 min with radiation at
1250 W and 2450 MHz. Extracted lipid from microalgal pellet was carried out according
to a modification of the method described by Folch et al. [1957]. The lipids contents were
extracted with a mixture of chloroform-methanol (2:1, v/v) in a separatory funnel and
shaken for 1 h. The chloroform layer (containing lipid) was selected and removed by
evaporation using a rotary evaporator (Rotavapor R-205, Buchi, Switzerland) and the

extracted lipids were weighed.
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2-4. Determination of microalgal growth and dilution rate

Another method of measuring the microalgal growth was also used in this
study, the specific growth rates, and the microalgal specific growth rates was calculated as

follows:

N(dil): (InB,—InB,)/ (T, —T)) (Eq. 6-1)

where B, and B, is the biomass productions at cultivation times 7, and 7, respectively. In
this study, the specific growth rates was taken to be equivalent to the steady-state dilution

rate (D, d) for continuous cultivation of microalgae:

pla =D ) (Eq. 6-2)

Eq. 6-3 and 6-4 were used to calculate the two microalgal cultured biomass
productivity in repeated batch and continuous culture systems [Feng et al., 2014; Griffiths

and Harrison, 2009]:

BP,

repeated — batch = (

B,— B))/(T,—T)) (Eq. 6-3)

BP,

continuous

= (B,—B,) XD (Eq. 6-4)

where B, and B; is the biomass productions on day 7> and T, respectively. And where D

is steady-state dilution rate (D, d") for two microalgal continuous cultivation:

For microalgal lipid productivity for each culture mode was also estimation of
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is as follows:

c, o

LP:(BQXW—BIXW

)/ (T, — T7) (Eq. 6-5)

where B, and B; is the biomass productions and C, and C; is the lipid content on

cultivation time 7> and T, respectively.

2-5. Analytical methods

Metal ion concentration of oceanic sediment extract was analyzed with an
ICP-MS (Elan DRCII, Perkin Elmer, USA) and TOC (also humic substances) was
determined by TOC (TOC 5000, Shimadzu, Japan). The concentrations of total nitrogen
(T-N) and total phosphorus (T-P) were determined by standard methods [APHA, 1995].
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2-6. Repeated-batch and continuous cultivation in

tubular-photobioreactor

B. braunii 1B572 and P. tricornutum B2089 were repeated-batch and
continuous cultivated in a designed 10 L scale tubular-photobioreactor (70 x @ 15 cm) was
used (Fig. 6-1). The photobioreactor was made of Pyrex glass and it was placed
horizontally for microalgal cells incubation to broaden the surface area of medium supplied
with air (containing carbon dioxide). Several injection ports were made on the bottom of
photobioreactor for the influx of air and proper air flow rate controlled at 1.0 vv/m with a
flow meter (Dwyer, USA). The optimal pH of B. braunii LB572 and P. tricornutum B2089
were 7.2 and 7.8, thus the pH in the photobioreactor was adjusted to the optimal pH for
every day. repeated-batch and continuous culture using a tubular-photobioreactor of B.
braunii LB572 and P. tricornutum B2089 were performed in the microalgal cultivation
room. During the experiment, the cultivation room was maintained at 25 °C and each of
light intensity and photoperiod was irradiated to each microalgal species using a cool-white
fluorescent lamps. The light regimes of each microalgae were as follows. 200 pmol
photon/m®/s and 18:6 h/Light:Dark cycle for B. braunii LB572 and 150 pmol photon/m’/s
and 18:6 h/Light:Dark cycle for P. tricornutum B2089. Moreover, each of microalgal

cultivation were used 10 L of JM: and f/2:oceanic sediments mixed medium (6:4, v/v).

Two microalgae cultures were performed for 13 days in batch culture system
for specific growth rate and dilution rate. Based on the specific growth rate and dilution
rate in batch culture, the optimum dilution rate was investigated by comparing the biomass
productivity against each dilution rate of two microalgae in the continuous culture system.
Also, the amount of feed to be recovered and fed was determined based on the optimum
dilution rate in the case of repeated-batch culture. The two microalgal strains dilution rates
were 0.1, 0.35, 0.5, 0.7, and 1.0 d'l, respectively. The flow rate of the feed and harvest of

medium to each dilution rate was controlled by peripatetic pump and operated continuously.
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After the batch culture, the repeated-batch and continuous culture systems of B. braunii
LB572 and P. tricornutum B2089 were continued for about 30 days, respectively. After
batch culture, approximately 40% of algal culture was recovered, and fresh medium
(microalgal species specific and oceanic sediment mixed medium, 6:4 (v/v)) of the same
volume mixed medium was again supplied. In this culture mode was repeated 5 times in a

cycles of 6 days.
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Fig. 6-1. Schematic diagram of the tubular-photobioreactor for repeated-batch and

continuous cultivation systems.
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2-7. Direct-transesterification

2-7-1. Optimization of transesterification

For the first time to optimize the transesterification process, each concentration
of methanol (20, 35, 70, and 100 mL), sulfuric acid (1, 3, 6, and 10 mL, 98% purity),
and chloroform (1, 4, 6, 8, and 10 mL) were optimized in about 10 g of dry microalgal
biomass in the reactor of Fig. 6-2, the reaction performed at 100 C for 120 min. After
the optimum concentration of chemicals were investigated, the reaction temperature (50,
100, 150, 200, and 250 C) and reaction time (30, 60, 90, 120, and 240 min) of
transesterification were optimized. At the same time, the pressure in the reactor according
to reaction temperature was confirmed by pressure gauge located at the top of the reactor.
After optimization, the efficiency of direct-transesterification process with dry and wet

biomass were compared.

The reactor used in this reaction was a volume of 100 mL (working volume:
about 80 mL), and it is possible to operate at 500 C and 300 bar. The material of the

reactor is 316 stainless steel (316SS) is austenitic chromium-nickel stainless rust resistant to

chemical corrosion and heat-resistant steel (Fig. 6-2).

- 118 -

Collection @ chosun



air output
algal sample

)

i

Fig. 6-2. Diagram of reactor for direct-transesterification reactor.

2-7-2. Analysis of FAME

The extracted lipid was used to analyze FAME composition by a modified
saponification and methylation procedure described by Metcalfe and Schmitz [1966]. The
composition of each microalgal strain was determined by gas chromatography (GC-2010
Plus; Shimadzu Corporation, Kyoto, Japan), with an art-2560 capillary column (length 100
m, 0.25 mm inner diameter, 0.25 pm film thickness) and a flame ionization detector.
Operation conditions were as follows: inlet temperature 260 °C, initial oven temperature
140 °C held for 5 min and then ramped by 4 °C per min and held for 15 min, and the
detector temperature 260 °C. Fatty acids were identified by a comparison of their retention

times with known standards.
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Moreover, the productivity of FAME was calculated (Eq. 6-6) as the
productivity of microalgal biomass and the fatty acid content measurement by gas

chromatography.

FAP (mg/L/d) = Pbiomass X FA (%) (Eq 6_6)

Additionally, The efficiency of the direct-transesterification was calculated by

following equation:

FAME,;.., (% of microalgal lipid) = FAME (%)/ Lipid (%) < 100  (Eq. 6-7)

where FAME (%, w/w) is content by GC-FID of fatty acid methyl esters and lipid

represent the content of gravimetric measurement.
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3. Results and discussion

3-1. Microalgal growth rate and dilution rate

In the batch culture type, the specific growth rate were 0.33 d" for B. braunii
LB572 and 0.37 d" for P. tricornutum B2089 in photobioreactor, and according to Eq. 2,
the dilution rate was used as specific growth rate value, respectively. The biomass and
lipid production of two microalgae were as follows (Fig. 6-3): 7.28 and 4.15 g/L for B.
braunii LB572 and 12.80 and 7.45 g/L for P. tricornutum B2089, respectively.
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Fig. 6-3. Measurement of growth rate, biomass production, and lipid content of (a) B. braunii

LB572 and (b) P. tricornutum B2089 in batch culture using tubular-photobiorector.
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3-2. Continuous cultivation

As shown in Fig 6-4, the B. braunii LB572 and P. tricornutum B2089 were
cultured for 13 days under batch culture type, and then continuous cultivation was carried
out according to the respective dilution rate, the highest dilution rate of biomass production
of the both microalgaec was 0.1 d'. As the dilution rate increased, biomass production
decreased gradually. however, at 0.1 d' with the highest biomass production, the biomass
productivity of both microalgal strains were 0.77 and 1.29 g/L/d, approximately 3 times
lower than the biomass productivity at 0.35 d'. Biomass productivity of two microalgae
also declined as the dilution rate increased to over 0.35 d'. As a result of comparing
biomass production with batch culture type of two microalgal species, in continuous culture
type with a dilution rate of 0.35 d', biomass production was slightly lower in both
microalgae than in batch culture mode. On the other hand, the biomass and lipid
productivity of B. braunii LB572 and P. tricornutum B2089 were about 4 times higher
than the batch culture type in continuous cultivation at 0.35 d'. According to Tang et al.,
[2012], the dilution rate in continuous culture of Chlorella minutissima has a significant
effect on the steady-state cell density and biomass production, and cell density and biomass
production tend to decrease with increasing dilution rate. The biomass and lipid productivity
of various microalgal species by continuous or semi-continuous culture type were compared
with the results of this study. In particular, Ceron-Garcia et al. [2013] reported that
biomass production of P. tricornutum UTEX640 was 8.87 g/L and productivity was 1.49
g/L/d when cultivated in semi-continuous culture mode, the above results are about 1.4-3.0
times lower than biomass production and productivity of P. tricornutum B2089 (in this
study) by continuous culture mode. As shown table 6-3, the biomass productivity of
microalgae in continuous and repeated-batch cultivation types were lower than that of

present study.
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The concentration of nutrients and trace elements

in the culture medium

maintained a suitable concentration for microalgal growth during continuous cultivation of

both microalgae, also the pH was maintained ar a constant pH range without significant

changes (Fig. 6-5).
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Fig. 6-4. Effect of dilution rate (d'l) on biomass production of (a) B. braunii LB572 and (b)

P. tricornutum B2089 in continuous cultivation under mixotrophic culture condition.
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Table 6-1. Comparison of two microalgal biomass and lipid productivity in continuous culture mode

Dilution rate Biomass Lipid
Microalgae u Production Productivity Content Production Productivity
(d-1) (g/L) (¢/L/d) (%, Wiw) (g/L) (g/L/d)
Batch 7.28 0.55 57.0 415 0.32
0.1 771 0.77 572 4.41 0.44
3 035 7.07 2.47 56.8 4.02 1.41
B. braunii LB572 0.5 4.44 2.22 50.3 2.23 1.12
0.7 2.92 1.46 412 1.20 0.84
1.0 1.98 0.99 33.8 0.67 0.67
Batch 12.75 0.97 58.4 7.45 0.57
0.1 12.88 1.29 58.0 7.47 0.75
. 035 12.11 4.24 57.8 7.00 2.45
P. tricornutum B2089 05 7.10 3.55 524 3.72 1.86
0.7 5.61 2.80 43.9 2.46 1.72
1.0 371 1.86 30.5 1.13 1.13
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3-3. Repeated-batch cultivation

After batch cultured for 13 day, B. braunii LB572 and P. tricornutum B2089
were repeated batch cultured 5 times (every 6 days) in 10 L-scale tubular-photobioreactor.
As shown Fig. 6-6 and 6-7, biomass and lipid production of B. braunii LB572 and P.
tricornutum B2089 increased gradually, but lipid content did not show any significant
difference in both microalgae. Biomass and lipid production in both microalgae tended to
increase by about 1.1 times as the batch culture was repeated. In the 5" repeated batch
cultivation, biomass and lipid production of two microalgae were 13.65 and 7.96 g/L for B.
braunii LB572 and 18.71 and 11.54 g/L for P. tricornutum B2089, respectively. As a
result of comparing the biomass and lipid productivity of B. braunii LB572 and P.
tricornutum B2089 according to repeated-batch and continuous culture type, repeated-batch
cultivation type was biomass and lipid production by 1.5-2.0 times, lipid productivity by
2.5-3.4 times, and lipid content by 2-4%, respectively, higher than continuous culture type.
However, there was no significant difference in biomass productivity between the both
culture types. Spirulina platensis was able to continuously increase or maintain the biomass
productivity and growth rate by repeated-batch culture type for about 50 days and this
study found that cost of mass cultivation of S. platensis for commercialization could be

reduced [Radmann et al., 2007].

Until now, there has not been much studies on the use of microalgal
repeated-batch cultivation type for biodiesel production, but this study shows that the
biomass and lipid productivity of B. braunii LB572 and P. tricornutum B2089 in

repeated-batch cultivation were significantly higher than other researches.

- 126 -

Collection @ chosun



20

155

10

Biomass (g/L, dry weight)

(a) -@ Biomass production X pH

A0 ge kst XM K g Koy MR g 0ot

14

r12

r10

Time (day)

pH
Lipid content (%, w/w)

70

15
(b) O Lipid contents -@- Lipid production
60 4
£ g §§§§ A
50 - 3 £ 5 Q 4 Q
7 g T o
32 o0
40 - 5 ro
2
500
30 q
ré
20
k3
10 1
0 ¥ T T T T T T T T T 0
0 4 8 12 16 20 24 28 3 36 40 4

Time (day)

Lipid production (g/L)

Fig. 6-6. Mixotrophic cultivation of B. braunii LB572 in repeated fed-batch -cultivation

system using tubular-photobiorector: (a) biomass production and pH and (b) lipid contents

and lipid production.

20

Biomass (g/L, dry weight)

0 #605—, T T T T T

(21) -@ Biomass production ¥ pH

14

r2

r 10

0 5 10 15 20 25 30

Time (day)

Lipid content (%, w/w)

70

(b)

60 -

O Lipid contents

-@- Lipid production

T 50 o
BN S

o1}

8 12 16 20 24 28 32 36 40 44

Time (day)

Lipid production (g/L)

Fig. 6-7. Mixotrophic cultivation of P. tricornutum B2089 in repeated fed-batch cultivation

system using tubular-photobiorector: (a) biomass production and pH and (b) lipid contents

and lipid production.

Collection @ chosun

- 127 -



Table 6-2. Comparison of two microalgal biomass and lipid productivity in repeated batch culture mode

Biomass Lipid
Mjcroa]gae Times of repeated Production Pl‘OdllCﬁVity Content Production Productivity
(g/L) (g/L/d) (%o, W/w) (g/L) (g/L/d)
Batch 7.32 0.56 57.5 421 0.32
1™ 8.68 1.72 57.3 4.97 4.64
.. o 10.70 2.12 57.6 6.16 4.70
B. braunii LB572 31 11.40 2.26 58.0 6.61 4.78
4 12.02 2.38 57.1 6.86 4.60
5t 13.65 2.71 58.3 7.96 4.84
Batch 12.72 0.97 58.4 7.42 0.57
15‘d 13.35 2.66 58.5 7.81 5.60
. 2" 14.42 2.87 59.0 8.51 5.70
P. tricornutum B2089 31 15.89 3.18 59.7 9.56 5.84
4t 17.60 3.50 60.8 10.70 6.06
5t 18.71 3.72 61.7 11.54 6.24
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Table 6-3. Comparison of microalgal biomass and lipid productivity according to each culture modes

Biomass Lipid
Microalgae Culture mode Production  Productivity Content Production  Productivity Ref.
(g/L) (g/L/d) (%, Wiw) (g/L) (g/L/d)
N. oleoabundans Semi-continuous - 0.052 - - - Yoon et al., 2015
Chlorella pyrenoidosa FACHB9 Semi-continuous - - - - 0.12 Han et al., 2013
S. obliquus Semi-continuous 4.45 0.54 49.6 - 0.20 Feng et al., 2014
Spirulina platensis Semi-continuous 4.39 1.32 - - - Bezerra et al., 2011
Scenedesmus sp. Continuous 0.31 0.23 - - - Mcginn et al., 2012
P. tricornutum UTEX640 Semi-continuous 8.87 1.49 - - - Ceron Garcia et al., 2013
B. braunii TN101 Semi-continuous 33.8 - 51.5 - - Ashokkumar et al., 2014
Schizochytrium limacinum SR21 Fed batch 379 3.25 - - - Ethier et al.,, 2011
Schizochytrium limacinum SR21 Continuous 11.8 348 - - - Ethier et al., 2011
C. minutissima UTEX2219 Continuous 0.73 0.14 - - - Tang et al., 2012
S. obliquus SAG276-10 Continuous - 0.27 - - 0.11 Ruiz et al., 2013
Spirulina platensis Repeated batch - 0.05 - - - Radmann et al., 2007
B. braunii LB572 Continuous 7.07 2.47 56.8 4.02 1.41 in this study
P. tricornutum B2089 Continuous 12.11 4.24 57.8 7.00 245 in this study
B. braunii LB572 Repeated batch 13.65 2.71 583 7.96 4.84 in this study
P. tricornutum B2089 Repeated batch 18.71 3.72 61.7 11.54 6.24 in this study
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3-4. Optimization of Driect-transesterification

In this study, the direct-transesterification was optimized for biodiesel
production from the microalgal biomass, and the FAME vyield of B. braunii LB572 and P.
tricornutum B2089 were investigated in the optimal direct-transesterification. In order to
optimize the direct-transesterification, the addition amount of methanol, sulfuric acid, and
chloroform and reaction temperature and time were optimized, respectively (Fig. 6-8). The
samples used were non-disrupted dry biomass, and the control of this experiment was a

disrupted dry microalgal biomass.

The results of optimization of direct-transesterification from microalgal biomass
was as follows: 70 mL of methanol, 6.0 mL of sulfuric acid, 8.0 mL of chloroform, 200
C, and 60 min for B. braunii LB572 and 35 mL of methanol, 6.0 mL of sulfuric acid,
8.0 mL of chloroform, 200 C, and 60 min for P. tricornutum B2089, respectively, also
the pressure inside the reactor for transesterification was measured to be about 75 bar at
the optimum esterified temperature of 200 C. FAME yield (from non-disrupted biomass) of
B. braunii LB572 and P. tricornutum B2089 in the above optimized transesterification were
95.6 and 96.2%, respectively, moreover, 2-3% higher than the disrupted microalgal biomass.
The above results show that dry biomass could be transesterification to more than 90% of

FAME vyield from extracted lipid from non-disruption process of microalgal biomass.

By controlling the dewatering and drying process of microalgal biomass, it is
possible to reduce the cost of the biodiesel production [Johnson and Wen, 2009].
Direct-transesterification was carried out without drying to investigated the FAME yield of
wet microalgal biomass cultured in photobioreactor. As a results, the FAME yield of wet
biomass was not significantly different from that of dried microalgal biomass, however
increased about 1-2% over the FAME yield of lipids extracted from dry biomass.
According to table 6-4, the content of FAME contained in microalgal lipids was about

55%, and through this optimized direct-transesterification, the recovery of FAME from the

- 130 -

Collection @ chosun



lipids of B. braunii LB572 and P. tricornutum B2089 were over 96%. Finally, from the
wet biomass of B. braunii LB572 and P. tricornutum B2089 were cultivated 5" repeatedly,

the FAME productivity were expected to be 0.26 g/L/d and 0.37 g/L/d, respectively.
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Table 6-4. Comparison of FAME yield of two microalgal wet and dry biomass using optimized direct-transesterification in

the repeated-batch culture mode

B. braunii LB572 P. tricornutum B2089
Direct-transesterification Direct-transesterification
Disrupted biomass Disrupted biomass
Dry biomass Wet biomass Dry biomass Wet biomass
Lipid content (%, w/w) 57.3 57.2 51.0 58.6 58.8 54.1
FAME content (% of lipid) 53.29 54.8 55.4 54.2 56.4 57.7
FAME yield (% of lipid) 93.0 95.6 96.7 92.5 96.2 98.4
FAME productivity (g/L/d)* 0.25 0.26 0.26 0.34 0.36 0.37
@ using biomass cultured in 5t repeated batch culture
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Overall conclusion

In the present study, four green microalgal growth and total lipid contents were
compared in three different modes of cultivations. Comparing to photoautotrophic
cultivation, higher biomass productionwas observed in heterotrophic cultivation. Among the
various carbon sources tested, glucose was the best carbon source for four microalgal
growths, and 1 % glucose was optimum for higher biomass production in three microalgal
species except S. obliguus R8 (2 % glucose). The B. braunii FC124 was found to be a
best lipid producing microalga under 80 pmol photons/m*s of light intensity, 1 %of
glucose and 20 days incubation. Lipid accumulation increased with increasing light intensity
in the mixotrophic cultivation. Total lipid content was lesser in the heterotrophic mode
when compared with other two modes. Nevertheless, no significant variations in the
biomass production was noted between heterotrophic and mixotrophic cultivations. These
algal species can be used for the industrial scale-up of lipid production.

In this study, the improvement of biomass and total lipid production of three
microalgal species under different culture modes was investigated. Nitrogen starvation under
photoautotrophic conditions could increase lipid synthesis of microalgae. Cells cultivated
under mixotrophic condition with 0.02 M glucose and light intensity of 150 pmol
photons/m’/s showed the maximal biomass and lipid productivities. Light intensity
stimulated chlorophyll synthesis and lipid production in cells significantly, but did not
increase cell growth. Meanwhile, light intensity variations did not change C16-CI18 fatty
acids composition significantly in all three strains. N. oculata CCAP849/1 used in this
study can be applicable for industrial level lipid production.

The effect of growth stimulators in oceanic sediment on the biomass and lipid
production of B. braunii LB572 and P. tricornutum B2089 was investigated. The optimal

mixing ratio between culture medium and oceanic sediments extract for maximal production
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was 6:4 (v/v). Among the components in sediment, Fe’" and Ca®" significantly improved
biomass and lipid production and humic acid increased the uptake of metal ions to the
microalgae. The fact that concentrations of metal ions and humic acid in the culture
medium containing sediment were within the optimum ranges indicates oceanic sediment
can supply sufficient growth factors required for microalgal growth.

Under mixotrophic culture mode, the lipid content of B. braunii LB572 and P.
tricornutum B2089 increased steadily as the light intensity and duration time. However,
biomass production decreased significantly at high light intensity, as more than 200 pmol
photons/m’/s for B. braunii LB572 and 150 pmol photons/m’/s for P. tricornutum B2089.
The effect of photoperiod was also similar to that of light intensity. Also, the MUFA
content tended to increased with light intensity and duration time, but PUFA decreased.

The lipid extract efficiency of B. braunii LB572 and P. tricornutum B2089
according to optimized six disruption methods was high in order of microwave,
french-press, autoclave, bead-beater, sonication, and osmotic shock. In the optimal
microwave method (icrowave oven at 150 C for 20 min with frequency of 1250 W and
2450 MHz), the lipid content of B. braunii LB572 and P. tricornutum B2089 were 49.71
and 47.91% (w/w), respectively. Moreover, the lipid extraction efficiency of dry and wet
microalgal biomass using the above disruption method was about 10% lower than dry
biomass.

In the batch culture type, the specific growth rate, biomass and lipid production
of the cultivated above microalgal strains in the 10 L tubular-photobioreactor using the
optimized light regimes and developed mixed medium studied in this study were as
follows: 033 d', 7.28 and 4.15 gL for B. braunii LB572 and 0.37 d', 12.80 and 7.45
g/L for P. tricornutum B2089, respectively. In the continuous culture type, the two
microalgae were examined with the highest biomass and lipid productivity at a dilution of
0.35 d', which was about 3 times higher than the batch culture type. However, biomass
and lipid production have been diluted with increasing dilution rates. In addition, when the

batch culture type was repeated 5 times, the biomass and lipid production of the both
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microalgae increase 1.1 times at each repeated culture cycle. The biomass and lipid
production of two microalgae finally produced were as follows: 13.65 and 7.96 g/L for B.
braunii LB572 and 18.71 and 11.54 g/L for P. tricornutum B2089, respectively. There was
no significant difference in biomass productivity between continuous and repeated-batch
culture type, but the lipid productivity in the repeated-batch type was about three times
higher than the continuous culture type.

The conversion yield of FAME (% of microalgal lipid) wunder
direct-ransesterification from non-disrupted biomass of B. braunii LB572 and P. tricornutum
B2089 was about 95%, and there was no significant difference in the yield of FAME of
disrupted biomass of both microalgac. The FAME yield esterified from wet biomass were
found to be 96.7% for B. braunii LB572 and 98.4% for P. tricornutum B2089,
respectively, which was 1-2% higher than FAME yield of dry biomass. Finally, the FAME
productivity of each microalgae cultured in repeated-batch culture type by optimized
direct-transesterification was measured as follows: 0.26 g/L/d for B. braunii LB572 and

0.37 g/L/d for P. tricornutum B2089, respectively.
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Optimization of culture conditions and comparison of biomass

productivity of three green algae
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Abstract Culure conditions for the mass production of
thres green al gae, Chiorella sp., Dunaliella saling DOCBC2
and Dunaiiella sp.. were optimized using a response surface
methodology (RSM). A central composite design was
applied o investigate the effects of imtial pH. nitrogen and
phosphate concentrations on the cultivation of microalgae.
The optimal growth conditions estimated froan the design
are as follows: Chiorella sp. (imtal pH 7.2, ammaonium
17 mM, phosphate 1.2 mM)L 0. saling DOCBC2 (inital pH
B0, mitrate 3.3 mM, phosphate 00375 mM ) and Dunaliella
sp. {inital pH 8.0, nitrate 3.7 mM, phosphate 0.17 mM).
Culturing the micmalgne with the optimirzed conditons
confirmed that the maximum growth rates were attained oo
these parameters. The optimum CO. concentrations of
Chiorella sp.. D, saling DCOCBC2 and Dunaliella sp. were
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Loy 3.0 and LO%% (w'v), respectively. The specific growth
rates {u) of Chilorella sp, D saling DOCBC2 and Dhenaliella
sp. were 0.58, 078 and 0.56 day ", mspectively, and the
bicimnass productivities were 0,28, 0.54 and 0.30 g dry cell
wi T day ], respectively. The O0D: fixation raes of
Chiorella sp.. D, saling DOCBC2 and Dunaliella sp. were
428, 909 and 455 mg 1 " day ™', respectively. Mixo-
trophic cultivation of Chiorella sp. with glucose increased
biomass productivity fom 028 to 051 g dry  cell
wt I day ', However, D, salina DCCBC2 and Dunaliella
sp. were not stimulated by several organic compounds
tested.

Keywords Green algae - Response surface
methodology - Biomass productivity - OOy fixation
Mixotrophic cultivation

TIntroduction

Microalgae  have becn utilized as wvaluable sources in
various industry fields. Recently, microalgae have emerged
as an alernati ve source of energy that could be a substitute
for fossil fuels. Tt has besn reported that biofuel production
from microalgae is more advantagecus than that from
plants due to their rapid growth rates [1], relatively simple
genetic system [2] and HEmited effect on the food supply
[3]. Presently, studies to identify microalgae species con-
taining high levels of fatty acids and the development of
improved oil extraction technigues are being performed
extensively [4]. In addition, some microalgae species are
capable of producing high-value compounds. The micro-
algae Spiruding, Dunaliella, Chlorella, Schizochytrinm, and
Euglena are spurces of carotenoid, phycocvanin, lipids
(EPA), vitamins (biotin, vitamin C, vitamin E), cosmetics,

4] Springer
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antioxidants, medicine and healthy food [5]. Thus, the
development of efficient mass production of microalgae
and purification of the produced compounds is critical o
indusiriali zation.

Carbon dioxide in the air and water can be converted
into organic compounds using the Calvin-Benson cycle of
the photosynthesis pathway in microalgae species. Previ-
ous reports estimated that microalgas might be mesponsible
for ~ 506 of total global OO fixation [6]. OO fixation by
microalgae is also crucial for nutrient cycling in the
aqueous ecosystems, and it is one of the effect ve methods
that could mitigate atmospheric CO: buildup. Weissman
and Tillew [7] reported that microalgee could convert up o
9% of OOy in soluton. Biological OO, fixation by
microalgae is cost-efective compared w0 other chemical
OO fixation technigques because it can occur wsing only
sunlight and water at ambient temperature and pressure. In
additon, OOz exhavsted from industrial faciliies can be
fined directly by micmalgae and the subsequent biomass
can be recyeled as animal feed and clean fuel. Thus, this
fixation method can contribute to the mitigation of atmao-
spheric CO: that causes global warming [B].

Optimni zation of high-density cell cultivation conditions
is  crucial for maximizing industrial  productivity  of
microalgas, During  the optimization  process,  culture
conditions for the maximal growth rate are determined by
repeating experiments, The process can be facilitated by o
response surface methodology (RSM), which can deter
mine the optimiezed values with a Hmited number of
experiments and less time  Addidonally, correlation
amomg the varables can be evalumed from the method-
ology [9, 10]. The aim of this study is the investigation of
nfluences of various culure factors, such as mitrogen,
phosphate, pH. temperature, light intensity, CO: and
organic compounds, on the growths of one freshwater
green algn, Chlorella sp., and two seawater green algae,
Dunaliella saling DOCRC2 [11] and Dumaliella sp. [12].
The optimized values for nitrogen, phosphate and pH for
growth were determined by a RSM, and the effects of
OOz and organic compounds on the cultivations were also
studied. In this stwdy, Chiorella sp. served as a control
species, and the biomass productivides of the two sea-
water green algae were compansd

Methwuds and materials

Microalgas, media and cultivation comditions

Chiorella sp., D saling DCCBC2 and Dunaliella sp. were
obtwined from Pmof. EmSeon Jin of Hanyang University,

Seoul, Korea, Tris—Acetate—FPhosphate {TAP) medium [13]
ws used for cultivations of Chiorellasp., and D medium was

a Springer

used for both of L saling DOCBC2 and Dunailiella sp. TAP
medivm is composed of (per liter): 0.8 g NH,Q, 0.1 g
CaCl>2H,0, 0.2 g MgS50,TH-0, 0.3 g K.HPO,, 005 g
EDTA 2H,0, 0,005 g FeS0,.-TH.O, 0,022 g ZnS0, - THHO,
G.005228 ¢ H;BO,, 00051 g MnCl4H:0, 00011 g
CuCl - 2H-0, 0.0026 g Na;MoO-2H,0, (L0016 g CoCl:
6HL0. D medium is composed of (per liter): 58.44 g NaCl,
4. 844 g Tris, 0.5055 g KNOs, 0.91576 g MeCl-6H:0,
012325 ¢ MgSO, THO, 00441 g CaCl., 00228 g
K:HPO,, 0.00055 g FeCls, 000245 g EDTA, 0000305 g
Hz;BO;, 0LKM9E ¢ MnCl-4H0, OKKKZ3 g ZnSO.:
SHO, 00000 g CuS0,-5H0, 00048 g NaMoO,.
2HZ0D, 000N g CoClz-6H20, 0000027 g NaVOs, 2.1 g
NaHOO5. The growth experiments for optimi zing culture
conditioms weme performed for 11 days, During the incuba-
tion, 12-h cycles of light and dark were repeated. In this
study, the microalgas were grown in flasks, but for the
incubation with an influx of OO0z, a specially designed
tubular photobiomeactor (70 = P15 cm, wial volume 12 1)
wis used (Fig. 1) The reactor was made of Pyrex glass and it
wii  placed horieontally for  microalgas  incubation to
broaden the surface area of medium supplied with CO- gas,
In this study, the phatobioresctor system consisted of three
separate reactors o perform three different experiments.
Depending on the experimental purpose, they can be con-
nected together, Several injection ports were made on the
bottomof each bioreactor for the influx of CO: gas from a gas
cylinder and a constant OO concentration was controlled
with a flow meter (Dwyer, USA). The specific OO0, con-
centrations were prepared by mixing 1009 N and 15% CO.
from each gas cylinder. The reactors contwined 10 1 culture
broth that had been inocul ated with 103 ml of pre-culture. To
determine the optimal nitrogen concentration for maximum
bivmass productivity, Chiorella sp., U saling DOCBC2 and
Dunaliella sp. were cultivated with media conining 15, 20,
25 and 30 mM NH.Ol or 1, 3, 5 and 7 mM KNOs, respec-
tively. To determine the phosphate concentration for maxi-
mum biomass prodoctivity, 2, 4 6 and 8 mM EHPO, o
0025, 0.1, 0.2 and 0.4 mM E-HPO., respectively, were
wdded into the media. To find optimal pH values for growth,
each of the medium was prepared o have pH 60, 7.0, 8.0,
and 9.0, respectively. The temperature range for growth was
2329 . Toexamine the effect oflight imtensity on growth,
40, 60, 80 and 100 pE m™™ s~ light from fluorescence
lamps was illuminated into the culiure bmoths, Each micro-
algae sample (1 ml) grown under different pH., temperature,
and light intensities was collected, and biomass was esti-
mated from optical density valvesof the samples at 682 nm.

Measurement of cell density and homass

The number of microalgal cell was estimated with hasmao-
cytometer (Superior, Germany) enumeration. The counting
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Fig. 1 Schematic diagram of a whoelar photobioreacior sysiem for
mass prodoction of microal gae

was performed three times to attain standard  deviation
values. To estimate dry weights of the microalgae, 100 ml of
stationary micmalgnl cultures were centnfuged, and the
resulting pellets of microalgas were washed three times with
9% NaQl (Chlorella sp.) or 3% NaCl solution (00 saling
DCCBC? and Dumaliella sp). After washing, the pellet
fraction was filtered through a 0.8-pm glass membrane (Pall,
USA) dried in an electric oven (Advantec FUW243FPA,
Japan) for 8 hat 105 °C, and then weighed

Response surface methodology

The culture conditions for biomass production were opti-
mized by a RSM based on the 2° factorial central com-
posite design (CCD). The three growth expenments were
performed independently for Chiorelia sp., D salina
DCCBC2 and Dunaliella sp. The experdment was based on
a 2 factorial central composite experimental plan with

invest gated in this study are given in Table 1. A set of 20
experiments was conducted with three variables, and each
variahle was smdied at five levels (x = 2.0). The ¥,
represents the biomass production as dependent varables.
For swtistical calculations including the solutions of the
second-onder  polymomial model egquation, the Design
Expen (version B.0.2, Stat-Ease Inc, Minneapolis, TUSA)
softwan: packape was used
The equation was:

¥o = ag +ai Xy + axXe + a3 X + app X Xy + a3 X X

+ anXaXs +ayX] + anXs + +anX} + amnX HX

where X;, X, and X5 represent coded levels of the inde-
pendent variables; ag, is the intercept term; a,, a: and a are
linear terms: ayy, gz and as5 are quadnic terms; gz, a3, g
andl gy 55 are inleracbon terms,

Measurement of COs fixation mie

To measure OOy fixation rates of the alge, pas injection
inte the 12-1 photobioreactor was blocked and a Tedlar gas-
sampling bag was connected to collect 1 ml gas in the
reactor with a syringe. The 0. concentration in the
collected samples was quantified with gas chromatography
(Shimaden, GC-17A, Japan) equipped with a Porapak
BV column (mesh 2 m = 3mm 1D, and a thermal
conductivity detector (TCD). The temperatures of the oven
and injector were set to 40 “C and that of the detector was
set to 100 °C. Mitrogen gas was used as a carrier gas and
the flow mie for the column was 30 mlmin. The formula
used for calculating the CO; fixaton rate was:

[(Pa + Pgh¥cos. Po¥or. [ Muco

three conditions (i.e., pH, nitrogen source and phosphate). fon, = B3 14T Voinae
The mnge and levels of the experimental variables
Tahle ‘mu‘;‘i';m"i:r‘;fi Varishle Symbol code Range and levels
Duradiella saling DOCHBC2 and —2 —1 (1] 1 2
Daenadiella ap. for varioos
conditons in the experimental Chlore B sp.
st Indiial pH X 5 & 7 8 9
Armmaormrium (mhd) Xq 5 (1] 15 20 25
Phosphate {mbd) X, 0z (L) 1 1.4 1.8
Duraliells selina
Indtal pH X [ T ® @ 1
Witrate {mM) X 1 2 3 4 e
Phosphate (M) X Q005 0015 0025 0.5 0.045
Dusmalialls sp.
Ininial pH X (] 7 @ 1
Mitrate {mM) X, 1 2 3 4 5
Phosphste {mM) o} 0.1 015 02 0.35 0.3
£ springer
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where Yoo, and Yeq, o are the O0; molar fractions in the
inlet and outlet gas phases, Py is the atmuspheric pressure
(Pa), p is the density of liquid (kg m™7) OO, kb is the
vertical distance of culture medivm (m), Maco, is the
molecular weight of CO; (g mol™ "), T is the ambient
absolute temperature (K) and V is the volume of culture
meedium (1)

The cultures for the above experiments were incubated
for 6 dawvs.

Mixotrophic cultivation

To study the effect of an organic compound as the carbon
source om the mixotmophic growths, six diferent organic
compounds (glucose, xylose, rhamnose, fructose, sucrose
and galactose ) were separately supplemented into the cul-
tivation media. The concentration of each carbohydrate for
the cultivation was 10 mM.

Measurement of N and P concentrations
in culture media

The indophenol method for NH.Cl measurement [14] and
the UV absorption method for KNO; measurement were
wsed to estimate the nitmgen concentration in the culture
media. The phosphate concentration was determined by the
ascorbic acid reduction method [15].

Results and discuwssion
Optirmi zation of culture conditions of three green al gne

Thmree green algas were cultivated in the presence of dif-
ferent nitrogen sources and it was found that Chiorella sp.
wilized NHyCl as a main nitmgen source, but O saling
DCCBC2 and Dunaliella sp. preferred KNOs, Maximal
biomass productivity (1.0 g17") of Chisrella sp. was
achieved with 20 mM NH.Cl, whemas for [ zalinag
DCCBC2 (2.7 g 1™ ") and Punaliella sp. (1.2 g 17", 3 mM
EMNO; was optimal (Fig. 2)

The phosphate source for cultivation of the microalgae
was FoHPO. Maximal productivity for Chiorella sp.
(10 g 1Y), O saling DCCBC? 28 g 17" and Dunaliella
sp. (1.1 g I} was obtained from 2, 0.025 and 0.4 mM
F:HPO,, mespectively (Fig. 3} These data mdicate that
D zaling DOCBC2 metabolizes phosphate more efficiently
in a low concentration than the other micmal gne. As shown
in Figs. 2 and 3, D saling DOCBC2 showed the highest
growth rate and biomass productivity at all of the attempted
nitrate and phosphate concentrations, indicating that it has

€1 Springer

NH4CI

Blomass (gi™)

m

Blomass {gi'")

Blomass (gl™)

12

Fig. 2 Effect of nitrogen concentration on the growth of tree green
algae . a Chiore e ap, b Dwnalie Ba sling DOCBC2, ¢ Dumalieila ap.
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the most efficient system for wilization of nitmte and
phosphate among the three green microalgae,
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ions on the growth of the microalgae, the remaining ion
concentration in the medium were sequentially determined
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Chiorella sp. drastcally decreased in proportion to the cell Az
growth. Similar reduction pattems of KINOs and K HPO,
concentrations  were  also observed in the media for
Dunaliella species (Fig. 4h, ¢) The drastic decrease period
of the nitrogen and phosphate 1on concentrations coincided
with the rapid cell growth period, indicating that the ions
are essential nutrients for micmalge to sustain optimal
growths. Considering these results, the microalgae might
be pownl candidates for disposal process of wastewater,
which efficiently reduces the nitrogen and phosphate ions
during cultivation of microalgae in the water [16, 17].

The optimum pH for growth of Chiorella sp. was 7.0,
whereas B0 was optimum for [ saling DOCBC2 and
Dunaliella sp. (Fig. 5). These results matched with pHs of
the microalgal habitats; Chlorella sp. was isolated from
fresh water, and 0. saling DOCBC2 and Dunaliella sp.
were isolated from sea water.

Microal gne are sensitive 10 lempersture changes, thus
maintning constant emperature is important for stable
long-termm cultivation, Our study revealed that the optimum
temperature conditions for growths of Chiorella sp. and the
Dunaliella strains weme 25 and 27 °C, respectively.

Light imensity is one of the most important factors for
photosynthesis in microalgas and it affects biomass pro-
ductivity. The optimum light intensities for maximuom
productivity were 100 pE m™ 57" for Chiorella sp. and
80 uE m~* 57" for Dunaliella strains,

Blomass (gi”)

Blomass (gi”)

Optirmi zation of g th conditions by response suface
methodology 20

[ 2 4 ] [} 19 2
Time {day)

To investigate the optimum culwre conditions for maxi-
mum biomass production, experiments were  performed
according o a central compaosite design experimental plan
(Table 2). The initial mnges were selected based on our
preliminary work. The mathematical model, which repre-
sents a second-order polynomial, s given by Egs. 1-3,
where the variables take coded values. ¥, ¥ and ¥y mp-
resent the responses that are dependent wvarnables. The
experiments were performed independently. A; 5 are the
coded values of the independent variables: pH. ammonium
and phosphate, in a medium, respectively, 8 5 and ) _3
are the coded values of the independent variables: pH,
nitrate and phosphate, respecti vely.

Chiorella sp.: pH 7.2, ammoniom 17 mM, phosphate
1.2 mM

0

Blomass (gi”)

¥, = 126+ 0.0614, + 0.1245 + 00924, + 0.0114 ;45 8 w "

4+ 0.0134,A4; + 00264245 — O.EIAf
= a Fig. 5 Effect of pH o biomass prodwcton. a Chise eflr sp
0.154; — 0.1245 + 0.0344,4:43 (1} b Dumaliells saling DOCBC?, © Dumaliella sp.

]
Time (day)
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Table 2 Analyss of vanance

o il Source 55 DF MS Fvalue Prob > F
Chlorella ., Dimaliella salind  Cplorella sp.
DB e Buoolidild sp Mode] 187 10 0.19 2712 00001
Residusl (errar) 0.062 6905E—003
Lack of Fit 0.061 4 0015 S066 0.0008
Pure Emer 1.497E —003 3 2.993E— (04
Total 1.93 19
B = 0.9679: CV = 9.44%:; Adj. B* — 09322
Deraliells slina
Madie] 13.29 10 £33 2176 <0000
Residus] (erar) 0.55 ° 0061
Lack of fit 0.52 4 0.13 2145 0.0024
Pure ervor 0.030 5 GO52E—003
Toul 13.84 19
R = 0.9603; CV — 1291%; Adj. &* — 09161
Dherenlfelle s
Madie] 2.55 10 025 1431 0.000
Residusl (emar) 016 ° 0018
Lack of fit 016 4 0040 03 69 <0.0001
Pure erroe 2. R43E 004 3 5 6RSE— 005
Toul 271 19

55 sumn of squares, OF degrees

R = 00408 CV = 13.04%; Adj. B* = 08751

of freedom, MY mean squares

D saling DOCBC2: pH B0, nitrate 3.3 mM, phosphate
0375 mM

¥r = 2.95 4+ 00288 + 0.1682 + 0.338: — 0.020 5182
— 00868, B; — 0048885 — 0.5487 — 0478
— 0.298} — 0.0RTH, BB, (2}

Dunaliella sp: pH B0, nitrate 3.7 mM, phosphate
017 mM

¥y = 144 4 0.052C; + 0.14C: + 0.15C; —3913E
— 0030 + 0.012C,Cs + 0.M9C:Cs — 0.0 C;
- 02165 — 0.11CF — 0.022CC2Cs (3)

The statistical significance of the second-order model
equations was checked using the F test analysis of variance
(ANOV A, Table 2). The fitness of the model was expressed
by the coefficient of determination, &, which was found to
be 0.9679, 09603 and 09408 for the production of biomass
for Chiorella sp., 0. saling DOCBC2 and Dunaliella sp.,
respectively, The closer the B value is o 1. the better the
prediction of the response. The values for the adjusted
determination  coefficient (Adj &%) (0.9322, 0.9161 and
OBT751) were also high, demonstrating the significance of
each model, with the predicted B* value in masonable
agreement with the Adj 8. This signifies a good agreement
between experimental and predicted values of biomass
production in each experiment.

The optimum conditions obtained from the growth
experiments, in which nitrogen, phosphate, pH, temperature
and light intensity are independent factors, were as foll ows:
Chlorella splammonium 20 mM, phosphate 2 mM, pH 7.0
27 °C, and 100 pE m~* s~ "); D, saling DOCBC2 (nitrate
3 mM, phosphate 0.025 mM, pH 80, 27°C, and 80
uE m- 25! ¥ and Dunaliella sponitrate 3 mM, phosphate
0.4 mM, pH 80,25 °C, and 100 pEm s '}, The optimal
conditions from interactions of nitrogen, phosphate and pH
by the central composite design were: Chiorella sp
fammonium 17 mM, phosphate 2 mM, and pH 7008
D, saling DOCBC2 (nitrate 3.3 mM, phosphate 000375 mM,
and pH 8.0 and Dunalie lla sp. (nmiwate 3.7 mM, phosphate
.17 mM, and pH B.0). Under these conditions, the total
hiomass of Chlsrella sp. increased from 10 w0 1.2 g 17" and
those of D saling DOCBC2 and Dumaliella sp. also
increased from 2.5 to 29 g1 ! and from 1.2 to 1.4 g'l_].
respectively, The biomasses predicted by RSM analysis for
Chlorella sp.. D, saling DOCBC2 and Dunaliella sp. were
1.3, 3.1 and 1.4 P-t_]- mspectively. These indicate good
agreement between the experimental and predicted values
for culture conditions.

Effect of OO0 on the growth of micmoal gne

It is known that the phowosynthesis rate of microal gae is
significantly  affected by O0; concentrations in a
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Tahle 3 Specific growth rae,

biomnass’ persdnctivity and O e f{?n::a:'maﬁan J_C:.hdwail‘ﬁu 31::zﬁm, :'*:at:-_{?n?;?‘:da_\- B |
fixation rae for OO0y — e}
concentration of Chlorella A (%) (gl day )
Dcieial ol udfeise T L TED ChloreHe sp. 0.0 e 24 199
and Duemalielkr sp. 0 057 a2 405
1.0 N5R 28 428
3.0 044 LENES 152
5.0 N3g L0 T2
({1R4] - - -
15.0 - - -
Deneliellr sxling LEAE {1 B3 0475 385
05 [ E 487 41.7
1.0 074 50 505
30 078 54 09
5.0 05 3% 233
10D LI e 13 ’2
15.0 - - -
Duenaliells sp. 0.0 [L L] 026G 225
05 050 [| B 259
1.0 056 30 455
3.0 A iy 127
50 025 LER e 14
100 - - -
15.0 - - -

phowbioreactor [18]. Determinations of optimum CO;
concentrations for growth of microalgae were performed in
12 Ttubular photobiome actors, Optimum CO; concentrations
of Chiorella sp., D salina DCCBC2 and Dunaliella sp. were
L0, 3.0 and 1L0O% (w'v), respectively (Table 3). When the
microalgae were cultivated under optimal CO: growth
comditions, the biomass productivites of Chiorella sp.,
D saling DOCBC? and Dunaliella sp. were (028, 0.54 and
0.30 217" day ™", mespectively. Generally the biomass pro-
ductivity range of Chiorella strainsis 018034 g1 3 day™ 1
and the optimum OO0 concentmtion is 5-18% [18, 19]. The
biomass productivity of Dunaliella tertiolecta UTOC 420 is
037 g e day_1 [20]. This indicates that D). salina
DCCBC? wsed in this study is the best stmin for biomass
production. In addition, the maximum OO0 fixation rates for
Chiorella sp. and Dunaliella sp. wem 428 and
455 mgl £ day “1under 1.09 O0- concentration, respec-
tvely, whemas that of [ salina DCOCBC2Z was
90.9 mg 17" day~" at a 3.0% CO. concentration (Table 3.

Effect of organic compounds on the growth
of micmal gne

Microalgae are wsually cultivated under auto iC Con-

ditions, but their growth in photobiom actors 15 not efficient
because high-density cultivation causes self-shading and

*-’F]__._ Springer

lowers penetrating light intensity into the reactor [21]. To
enhance biomass productivity in the reactor, mixotrophic
cultivation in which a carbohydmite can be used as the
carbon source was performed. In our study, six different
carbohydrates were tested for their ability to increase the
biomass production of the microalgas, and only glucose
was able to stimulate the growth of Chiorella sp. When
0.5% (wiv) glucose was added 1o the medium, the biomass
amournt and  productivity of Chlorella sp. significantly
increased from 1.5 o 284 ¢ "' and from 022 to
041 g1 fic day” L mspective lv. However, al concentrations
higher than 0.5% glucose, biomass productivity was shar
ply reduced (data not shown). The other carbohwdrates did
not affect biomass production of Chlorella sp. In contrast,
glucose did not affect the growths of the two seawater
algne and, reversibly, other carbon compounds inhibited
the growths of them (data oot shown), This data sugpest
that there are effective glucose metabolism pathwaws in
Chiorella sp. [22].

Conclusion
To optimize culture conditions for seawater green micro-

algas, D, salina DOCBC2 and Dunaliella sp., growth
experiments were performed separately with a control
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species, Chiorella sp., in which independent factors
(amman um, nitrate, phosphate, pH, temperature and light
intensity} served as Hmiting factors. The three culture
conditions (N, P and pH) for the microalgne were again
optimized by analysis of the central compaosite design using
the RSM. The modified culure conditions sigmificantly
increased biomass production of the microal gae, indicating
that the mnalysis was wseful for optimization. Biomass
productivity of the microalgas was more enhanced when
the microalgae were cultivated with optimal COs concen-
trations, During mi xotmophic cultivations of the microal-
gue, only glucose was capable of stimulating the growth of
Chlorella sp., whereas none of the carbohydmtes tested
influenced the growth of 0. saling DOCBC2 and Dunali-
ella sp. Micrmoalgal cell growth was largely dependent on
nitrogen and phosphate concentration, indicating that these
are crucial nutrients for efficient biomass production.
Consequenty, . saling DOCBC2 would be the best struin
for mass production of algal biomass.
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In our previous stwdy, a batch fermentation of recombinant Escherichie coli DH5a cefls harboring the frma
gene from Methylophagro aminisulfidiverzns MPT produced indirubin (5.0 mg/ L} and indizo (920 mg/L) in
a 51 fermenter containing tryptophan medium (2 gL tryptophan, 5 g/L yeast extract, 10g/L MaCl). In this
study, it was found that indirubin production greatly increased when 0.36 gil. cysteine was added to the
tryptophan medium, although cysteine inhibited the growth of the recombinant E. coli harbaring the frmo
gene. However, the addition of cysteine did not inhibit the expression level and activity of FMIO in the cefl.
Indigo was synthesized by the dimerization of two 3-hydroxyindole molecules under the non-enzymatic
reaction. Cysteine influenced the regioselectivity of FMO and enhanced the synthesis of 2-hydrocoyindole
instead of 3-hydroxyindole, which might function to increase indirubin production. The optimal culture
conditions for indirubin production in tryptophan medium were determined from the response surface
methodology analysis: 2 gil tryptophan, 5@/ yeast extract, 10g/L Mall, 036 gL {3 mM) cysteine, pH 8.0
at 35+C. Under these conditions, the recombinant E. coli cells were capable of producing 223 .6 mg/L of
indimkbin from 2 g/ of tryptophan. The intracellular accumulation of the indirabin orystals might stress

the cell, which may be a main reason for the poor growth of the recombinant E. coli pBlue 1.7.

5 2012 Elsevier BV. All rights reserved.

1. Introeduction

Indigoid compounds such as imdirubin and indigo have been
employed as natural drugs and dyes since ancient times (Kohda
et al, 1990; Xia and Zenk, 1992), Traditionally, Danggui Longhui
wan, which contains indirubin, has been used for the treat-
ment of numerous chronic diseases including chronic granulocytic
leukemia {Han, 1994; Mam et al., 2005; Tang and Eisenbrand, 1992).
Recently, indirubin was found to be a potent inhibitor of cyclin
dependent kinases {CDKs) and glycogen synthase kinase-38 (GSK-
3B ). which suggests that indirubin may play an important role
in the treatments of leukemia and Alzheimer’s disease (Bradford,
197 6; Hoessel et al_, 1999; Leclerc et al., 20017,

In general, indirubin and indigo compounds are extracted from
the plant cell cultures of Indigofera tincioria, fsetis tinctoria, Poly-
gonum tinctorium, and Lonchocarpus cyonescens (Ensley etal,, 1083;
Fitzhugh et al., 1997; Seldes et al, 1999}, Recently, several inves-
tigations have reported that indirubin and indigo can be produced

* CofTespaniang aothor at: Department of Environmental Engineering, Chaosan
University, 3029 Filmun-taern, Dong-gi. GwWangju 501-7 53, Repullic of Korea.
Tel: B2 G2 230 G645 fax: ~82 62 225 G040,
E-mat] aotress: S M@ hosnn.ac kr (S Kim)

D163-1656]§ - see front matter @ 2012 Elsevier BV, All rights reserved.
hittpj/dx.dotorg/ 1 0101 6/j jbiotec 201 2.08.015

from recombinant micre organisms expressing oxygenase [ Doukyu
et al,, 2002; Ensley et al., 1983; Madsen and Bollag. 19388; McClay
et al, 2005: Murdock et al,, 1993; Rui et al,, 2005). Rui et al. reported
that they convert 0.5 mM indole to 0.2 mM indirubin and 0.1 mM
indigo in Tris-HCI buffer using Escherichia coli TG1cells harboring
a toluene ertho-monooxygenase gene of Burkhelderia cepacia G4.
Our previous studies showed that recombinant E. coll DHSo cells
harboring a flavin-containing moncoxygenase (FMO) gene from
Methylophego amintsulfidivorans MPT {Choi et al., 2003) produced
indirubin (=5 mg/L) and indigo (920 mgl) in a 5L fermenter con-
taining tryptophan (2 g/L) medium (Han et al., 2008, 200111

FMOs belong to a family of FAD, NADPH, and molecular
oxygen-dependent enzymes. FMOs are involved in a wide range
of oxidative biological processes, including drug detoxification
and the biodegradation of aromatic compounds by the catalyza-
tion of the oxygenation of many nitrogen-, sulfur-, phosphorous-,
selenium-, and other nucleophilic heteroatom containing chem-
icals and drugs (Krueger and Williams, 2005). In addition to
cytochrome P450s (OYPs), FMOs are considered to be important
monooxygenase enzymes for metabolism in both prokaryotes and
eukaryotes (Zhou and Shephard, 20067,

It is known that recombinant E. coll harboring oxygenases can
produce indigoid compounds from glucese or indole. Glucose is
readily available, but its metabolic pathway is so complicated that
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the efficiency of the indigoid compeound production is low ( Berry
etal,, 2002}, Indole{>1-6 mM ) inhibits the growth of E. coll, thus the
indole concentration in the culture medium must be maintained at
a low level to avoid toxicity { Chant and Summers, 2007 ). Therefore,
tryptophan was used in this study as an alternative substrate for
indirubin synthesis to overcome the aforementioned problems.

Amaodified synthetic pathway for several indigoid compounds in
the recombinant E. colt containing FMO {AF494427) is represented
in Fig. 1. Im a tryptophan rich condition, extracellular tryptophan
is transported into the cell by ryptophan permease and thereafter
converted into indole, pyruvate, and ammonia by tryptophanase
{TnaA; EC 41,991} (Newton and Snell, 1265), FMO catalyzes the
hydroxylation of indole to 2-hydroxyindole and 3-hydroxyindole
by using the reducing power of NADPH in the presence of oxy-
gen (Choi et al, 2003; Eaton and Chapman, 1995; Maugard
et al, 2002). In the non-enzymatic reaction, indige is produced
from the combination of twa 3-lydroxyindole molecules, whereas
indirubin is made from the dimerization of 2-hydroxyindole and
I-hydroxyindole (Berry et al., 2002; Cho et al, 2011; Choi et al,,
2003; Eaton and Chapman, 1995; Maugard et al.. 2002: MoCOay
et al., 2005}, Currently, it is thought that the disproportional pro-
duction of indigo and indirubin is due to random combinations of
the various hydroxyindole molecules under different conditions,
but any enzyme activity in the combination reaction has not been
discoverad yet.

Herein we reported that the enhanced production of indirubin
through the supplementation of cysteine in tryptophan medium
for the growth of recombinant E. colt DH5a cells harboring the fmo
gene, In addition, the effects of cysteine on the growth of E. coll and
the FMUO activity were investigated. Finally, the optimal conditions
for maximum preduction of indirubin was analyzed using response
surface methodology (RSM).

2. Materials and methods
2.1, Bacterial strains and chemicals

A restricted facultatively methylotrophic marine bacterium,
M. aminisulfidivorans MPT (KCTC 120097 - [CM 146477, was iso-
lated in our lab and was cultivated in a standard mineral base
{SMB) medium containing 3% (w/v) sodium chloride and 1%
{wiv) methanol, at 30=C {Choi et al, 2003; Kim et al, 2007
Flavin-containing monooxygenase gene (fmo) was cloned from M.
aminisulfidivorans MPT and sequenced (GenBank No. AF404423),
E. coli DH5x was used for the cloning and expression studies,
Recombinant E colt pBlue 1.7 harboring pBluescriptSKIK+) (Fer-
mentas, Glen Burnie, MD, USA) that contains a fmo gene was
cultivated in LE medium containing 50 pg/mL ampicillin at 30=C,
Tryptophan medium (0.2% tryptophan, 0.5% yeast extract, 1.0%
sodium chloride (wiv), and 50 pg/mL ampicillin} was used for the
production of indigoid derivatives. Dimethyl sulfoxide (DMSO},
isatin, indole, 2-oxindole, 3-hydroxylacetate, and indigo were pur-
chased from Sigma-Aldrich (5t Lowis, MO, USA), and indirubin
standard was from Biomaol (Biomol Research Laboratories, Plym-
outh Meeting, PA, USA) All other chemicals were of analytical
grade.

22 COoning expression, and purdfication of FMO

The fmo from M. amintsulfidivorans MPT was subcloned into
the Ndel and Xhol restiriction sites of the expression wvector
pET30@+). The expression of fmo was induced by the addition
of 02mM isopropyl-p-1-thiogalactopyranoside (IPTG) to the
bacterial culture medium and incubation at 18°C for 20h. The cells
were harvested (10,000 = g), disrupted by French Press {20,000 psi.

French Pressure Cells 40k, Thermo Electron Corporation, Meedham,
MA, USA) and centrifuged at 12000 = g. Then, the recombinamnt
FMO protein in the supernatant fraction was purified through
Ni-NTA affinity column chromatography (Qiagen GmbH, Hilden,
Germany) and Superdex G-200 gel filiration column chromatog-
raphy (GE Healthcare, Piscataway, NJ, USA). The purity of the FMO
was determined by SDS-PAGE analysis, and the purified protein
was concentrated to 45mg'mlL in 40mM Tris-HC (pH 8.0) by
centrifugal ultrafiltration {100,000 Da, Vivaspin, Satourius Stedim,
Germany ) and stored at —20 =C for further study.

2.3, Enzyme assay and Western blot analysis of FMO

FMO activity was determined spectrophotometrically by the use
of indole as substrates, The assay mixture {1 mL) contained 0.1 mM
EDTA and 0.1 mM MADPH dissolved in 0.1 M Tricing/ KOH buffer
{pH 8.5}, and an aliquot of the purified FMO solution was added
to the mixture, The reaction rates of the enzyme were monitored
by following NADPH oxidation at 340 nm. Profein concenirations
were determined by the Bradford method ( Bradford, 1976

For Western blot analysis, harvested cells {1 = 109) were resus-
pended in 300 pL SDS gel-loading buffer {50 mM Tris- HCl [pH 6.8].
100 mM dithiothreitol, 2% D fv) SDS, 0L1% (wiv ) bromophenol blue,
10% {viv) ghycerol, and 8 mM MgCls) and placed in boiling water
for 3min. The resulting crude cell lysate {10 pl) was loaded into
B% polyacrylamide gels and electrophoresed, and Western blotting
was performed as described in the manual (Sambrook and Russell,
2001}, The antibody against FMO was prepared and provided by
Abfrontier Co. {South Korea).

24 Determination of bypiophan and cysteine concenirations

For the quantitative amalyses of tryptophan and cysteine
were performed using the Waters Associates PICO-TAG methods
(Bidlingmeyer et al. 1984), high performance liquid chromatog-
raphy (HPLC) with a Pico-tag column (4 pm, 3.9 mm = 300 mm,
Waters) was performed. The HPLC pump {(Waters 510, Milford,
MA, USA} was used for the time-dependent mixing of the mobile
phases of solvent A (140 mM sodium acetate and 6% acetonitrile)
and solvent B (60% acetonitrile). The gradient program consisted
of two solvent mixtures: 0-9min, 100% solvent A and 0% sol-
vent B; 9-92min, B6% A and 14% B: 92-175min, 80% A and
20% B; 17.5-17.7 min, 54% A and 46% B; 17.7-21.0min, 100% B:
21.0-30.0min, 100% A. The flow rate was 1.0mLimin. All solvents
used for the mobile phase in HPLC were fltered through a 0.45 pm
cellulose membrane filter (Life Sciences, Inc., Newtown, PA. USA)
and degassed in the ultrasonic bath. The peak responses from
each chemical were monitored at 254 nm by avariable wavelength
photodiode UV detector {(Waters 2487 UV, Milford, MA, USA)

25, Efect of reducing agenits and amino acids on indirubin
synthesls

To examine the effect of the reducing agents and amino acids
onindirubin biosynthesis, variable concentrations {0-5 mM) of cys-
teine, methionine, serine, tyrosing, phenyalanine, arginine, aspartic
acid, glutathione, dithiothreitol, ascorbic acid, thioglycolic acid, and
isatin were added to the tryptophan medium.

2.6, Indigoid compound analysis

The 3-hydroxyindole formation was detected by a lumines-
CENCe spectrometer (excitation at 365 nm and emission at 470 nm,
Perkin Elmer LS 45, Perkin Elmer, Santa Clara, CA, USA) (Woo et al.,
2000 ). The in vitro assay was performed in a 100 mM Tricine-KOH
buffer {pH 8.5) containing various concentrations of cysteine,
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Fig. 1. Modified Diosyntnesic pasnways of indigoid COMPOUnIEs from trypeophan by FMO in Tecombinant £ coll (Meyer et 21, 2002; Rui et al, 2005).

0.1 mM NADPH, 10mM indole, and the purified FMO (5 pg) at room
temperature. For the in vive assay, the concentrations of 2- or 3-
hydroxyindole were measured by HPLC ( Agilent 1200 HPLC, Santa
Clara, CA, USA). The compounds were separated on a reverse-phase
Cig column (5 pm, 4.5 mm = 150 mm, YMC, Milford, MA, USA) and
detecred with a diode array detector. Solvent A (0.1% formic acid)
and sclvent B {50% methanol and 50% acetonitrile) were applied
as the mobile phase according to the following timetable: 0-8 min,
B5E solvent A and 15% solvent B, flow rate of 1 mL/min; 8-10min,
G5% A and 35% B, flow rate of 2ml/min; 10-15min, 65% A and
3I5% B, flow rate of 2 mL/min. For the HPLC analysis, commercially
available standards for isatin (6.67 min), 2-oxindole (924 min), and
indole {13.60 min) were purchased and synthetic 3-hydroxyindole
{1391 min) was prepared by dephosphorylating 2-hydroxyindole
phosphate with alkaline phosphatase under anaerobic conditions
{Meyer et al.. 2002).

Concentrations of indigo and indirubin were determined by
HPLC analysis. Each cell culture broth from flasks or fermenters
wias centrifuged at 10,000 = g for T min to precipitate a dark pellet
that was then washed twice with distilled water. The precipitants
were resuspended in 10mL of DMS0O and then were subjected
to repeated 1 min sonication {Branson, Danbury, CT, USA] with a
microprobe. The amount of indirubin or indigo in the supernatant
was determined by comparison to each standard indigoid solue-
tion dissolved in DMS0, The HPLC procedure was conducted with

a photodiode array detector {Agilent 1200 HPLC, Santa Clara, CA,
U5A) and an effluent flow rate of 1 mL/min; indirubin sample was
monitored at 540 and indigo was at 620nm, respectively. For the
analysis, an isocratic elution system of methanol and water (80:20,
viviwas applied and the YMC-pack OD5S-A({Cyg. 250 mm = 4.6mm)
column was used (Perpete et al,, 2006).

27, Indtrubin production

To produce the seed culture of recombinant E. colt DH5x, a
single colony from tryprtophan solid medium was used to inocu-
late 100 mL tryptophan medium, and incubation was continued for
16 h at 30-C. The fermentation was cammied out in a 10L fermenter
(Bioflow 3000 Model, New Brunswick, Enfield, CT, USA) with a 5L
wuorking volume of tryptophan medium containing 0.36 /L (3 mM)
cysteine at 35+=C, pH 8.0, and at an agitation speed of 180 rpm. To
investigate the effect of oxygen on the indirubin production, three
different cultivations were conducted with different oxygen lev-
els. For anoxic cultivation, air in the fermenter was replaced with
nitrogen gas three times and the cells were cultured without agi-
tation for 70h, To prepare a sequential partial aerobic and anoxic
condition, air {2 vwm }was supplied to the reactor for the initial 12 h
cultivation, and then the oxygen in the fermenter wasreplaced with
nitrogen gas three times and the cells were cultured without agi-
tation for 5B h. For aerobic cultivation, air (3 vwm) was supplied
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Table 1
EIfact of various agents on biological symthesis of indirubin and indigo.

Reaction conditiom Product compasitean

Indigo (mg/L) nadinatin (gL

™ 9204 0.86 5439
Hiological T™ + (.06 gL Cysteine ATE+21.2 75.6+6.4
mitess TM +035 gL cysteine GE+45 22364+ 11.0

T + 045 2L DTT END ND

T+ 044 gL isatin ND ND

= Trypicphan medium: 2.0 gL of tryptophan, 5.0 %' L of yeast extract. and 1.0 gL
of sadium chlarsde.
® ND, not detected.

continuously to the medium with an agitation speed of 1B0rpm
during the growth.

28, Optimization of medium composition and culture conditions
for indirubin production

The indirubin production conditions were optimized using a
response surface methodology {RSM) based on the 27 factorial cen-
tral compaosite design, The first experiment was based om a 23
factorial central composite experimental plan with three medium
components; cysteine, tryptophan, and yeast extract. The ranges
and levels of the experimental variables invesrigated in this study
are given im Table 1. A set of 20 experiments was carried out
with three variables, and each variable was studied at five levels
(= 2.00. The second experimental design was a 22 factorial central
composite experimental plan with two culture conditions: pH and
remperature, A set of 13 experiments was conducted with two vari-
ables, and each variable was studied at five levels (e -2.0){Table 1),
For statistical calculations, including the solutions of the second-
order polynomial model equation {Raymond and Douglas, 2002,
the Design Expert (Version 8.0, Stat-Ease Inc, Minneapolis, MN,
UISA) software package was used,

249 Electron microscopic observaiion of indigold compournds in
cells

To observe the biosynthesis and accumulation of indigoid com-
pounds in the cells, cells were taken from two different culture
media (with or without cysteine) time-dependently. The mor-
phologies of the cells were observed by transmission electron
microscopy (TEM, JEM-1400, [EOL Led_, Tokyo, [apan) and scanning
electron microscopy {SEM, S-4800, Hitachi, Tokyo, Japan).

3. Results and discussion
3.1. Effect of reducing agents on indirubin synthesis

In our previous batch fermentation study, it was found that
recombinant E. colt pBlue 1.7 cells harboring the fimo gene produced
indigo and indirubin by utilizing tryptophan as a substrate under
high oxyegen level {3vvm of air supply) (Han et al., 2011). Under
this condition, the major product (>99%) was indigo and a small
amount of indirubin was produced (Table 1). Interestingly, when
the indigo fermentation was performed in an aercbic condition
for 12h to cultivate the cells and then an anoxic condition, it
was observed that some of the blue indigo compound that was
produced in the medium turned into pink indirubin. Based on
the above result, we expected the possibility that amy other
reducing agents, including amino acids, could increase the indiru-
bin synthesis in the recombimant E. coli. Cysteine, methionine,
serine, tyrosine, phenyalanine, arginine, aspartic acid, glutathione,
dithiothreitol, ascorbic acid. thioglycolic acid. and isatin were

9
z 8-
e
]
=
& 7
=
:
3 &
=
o —o— pBSK with cysicine
54 —p— pHoe= 1.7
| —&— pHiue 1.7 with qysiine |
a T T T T T
a 5 L] 15 za 25

Time (k)

Fig. 2. Effects of cysteine on the growths of different types of recombinant £ coff
ells. Symibals: (@) E. coli harbaring pESK grown an tryptophan mediom, ¢« ) E. colf
hartoring pRive 1.7 grown on tryptophan medium, (7 ) E. cofl harboring peSK

an tryptophan mediom containing 0.36 gL cysteine, (4) E coll harboring palue 1.7
ETOWT] On TYPLophan medilm containmg 036 /L cysteine.

added to the tryptophan medium. Among the various reducing
agents tested, only 0.36g/L {3 mM} cysteine was responsible for
enhancing biclogical indirubin production (Table 1)1

32 Efect of cysteine on the growth of E. coll and fmeo expression

Toinvestigate whether cysteine supplementation influences the
growth of recombinant E. coli, the cell numbers of the control E.
coli DHS@ and the recombinant E. coli DHSa at different growth
phases were compared. For a control sirain, the E. coli harboring
pBSK that contains no inserted gene was used. Fig. 2 showed that
addition of cysteine inhibited the growth of both the control and
the recombinant strains. The cell numbers of the recombinant E. coli
pBlue 1.7 cultured in tryptophan media with and without 036 g/L
cysteine after 15h cultivation at 35-C were (4.11+1.25) = 107
and (4.05+1.58) = 10°, respectively. And the numbers of cells of
the control E. coll strains with and without cysteine at the same
incubation time were (412+1.16) = 107 and {328+ 1.31) =« 108,
respectively. These experiments showed that cysteine significantly
inhibited the growth of E. coli (Harris. 1981) (Table 2).

The Western blot analysis was performed to investigate the
effect of cysteine on the expression of fmo. A comparison of the band
intensities from the samples indicated that the expression level of
FMO was not significantly reduced by the supplemented cysteine in
the recombinant E. coll {data not shown). The enzyme assays with
purified FMID also showed that the cysteine did not affect the activ-
ity of FMO, however, the higher concentration inhibited indirubin

Table 2
EXpETIMENEa] AESigN (Tange, levels, and response) to assess the effects of medium
composition (Experiment 1), pH, and temperature (Experiment 2],

Varizhie Symbod code Range and levels
-2 -1 ] 1 2
Experiment 1 (medism composition)
Cysteine [mh) My 1 2 3 4 5
Trypeophan [giL) M 10 15 2 25 20
YE(g/L) M3 3 4 5 B 7
Experiment 2 [culture conditions)
PH G [ 7 - 9 o
Temperature {<C} Ca 3 33 s a7 L]
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—— 2 hydrary indale
54 —o— I hydraxyindale

Hydmoxyindele concentration {ub)
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a 0 0 0 40 50
Time (I
B &
—&— Zhydrouyindale
=5 —— Lhydronyindale
=
B
= 4
g
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A

Time ()
Fig 3. Effect of cysteine on the hydroxylation level of indole to 2- and 3-
mydroxyindole in £ coll cells. The nme-dependent 2- and 3-nydroxyindoie

concentratbons in the cells grown on tryptophan medinm without (A) and with (B)
Cysteine were determined.

production. The minimum concentration of cysteine required for
indirubin production was 0,06 g/L in the tryptophan medium.

3.3, Invivo hydroxyindole formation

To imvestigate the modified processes of indigo and indirubin
biosynthesis after cysteine supplementation, different hydroxyin-
dole formations were determined by in vive assays. The same
numbers {1.7 = 10°} of recombinant E. coli cells were grown on
myptophan medium with or without cysteine, and the concen-
trations of 2- or 3-hydroxyindole synthesized in the cells were
compared. In the cells grown on iryptophan medium without
cysteine, 3-hydroxyindole concentration increased for 18h, but
thereafter it decreased significantly (Fig. 3(A)L During the incu-
bation time, 2-hydroxyindole was not detected and the indigo
concentration was maximal because indigo synthesis is propor-
tional to the concentration of 3-hydroxyindole. Howewver, when
cysteine was added to the medium, relatively higher levels of 2-
hydroxyindole than 2-hydroxyindole were synthesized from indole
fior 50'h, but isatin was not detected (Fig. 3(B)). As described abowve,
both 2- and 3-hydroxyindole are essential for the dimerization pro-
cess to produce indirubin. Based on these data, it is concluded that
cysteine influences both the regioselectivity of FMO and hydrox-
vlation lewel of indole to 2- or 2-hydroxyindole using a NADPH.

Tahle 3
Analysis of variance with coded values for the effects of medium compasition
(EXperiment 1}, pH, and temperamnire {EXpariment )

Soarce 55 DF M5 Fvalue  Prob (P> F
EXpeTiment | [Medilm Ccompasition )

Maodet 2038.08 9 22645 1960 <0.0001
Residual {error) 11552 ] 1155

Lack af At 276 5 1255 1.19 04268
Pure error 5276 5 1055

Tatal 215360 19

B-sguared 09453

Adj R-sguared 0.8380

Experiment 2 (Culture condition)

Maodet ZE7.45 ] 3583 40.15 U]
Pure error 358 4 089

Tatat 291.02 12

B-squared 02877

Adj R-sguared 0.9631

55, SUM Of squares; DF, Degrees af Meedarm; MS, Mean squares.

A higher concentration of 2-hydroxyindole than 3-hydroxyindole
stimulated the production of indirubin as a major product (Fig. 4).
Therefore, it is possible to produce 2 high concentration of indirubin
in a tryptophan medium by controlling the addition of cysteine.

34, Optimizadon of mediuem and culture conditions for indirubin
production

Using the response surface methodology (RSM), the interac-
tion between two variables and their optimum levels can be easily
understood and lecated. Fig. 5(A) shows the interaction between
cysteine (M, ) and tryptophan (M5 ). and cysteine (M, ) and yeast
extract (M3}, and tryptophan (M5 ) and yeast extract (M3 ). Fig. S(B)
shows the responses and curves for plots of the pH (C; ) and tem-
perature (Cz ). The optimum points for the maximum production
of indirubin are near the center point of the pH and temperature
ranges. To calculate indirubin production. the numerical quarteriy
equation given by Myers and Montgomery was used to sobve Egs.
(1)and (2} (Raymond and Douglas, 2002).

Indirubin concentration (mg/L)= 48.083 + 0.2500d + 062603
—0.62303 — 1.57 1M Mz — 3.006M M3 + 1.4110M30M
—B.BG3IMT — 217203 — 0.7740M7 &b

Indirubin concentration (mg/L)= 49.07 —0.24C) + 0,905
—-017C1Ge — 2740 - 27168 - 0540z — 125G
-1.07cc (2)

The optimal values of the medium composition test variables
in the coded units were: M; -0.22, M; - —0.26,and My - —0.10. The
natural values were obtained by putting the respective values of M;
into Eq. (1) (Table 2 ). The optimal values of the culture condition
test variables in the coded units were: C; - —0.05 and & -0.17. The
natural values were obtained by putting the respective values of C;
into Eq. (2.

The fit of the models was expressed by the coefficients of deter-
mination, B2, which were 0.0464 and 09877, respectively. The
closer the B2 value is to 1, the stronger the model and the better
the prediction of the response. The values of the adjusted deter-
mination coefficient (Adj B2} (0.8081 and 0.9631) were also high
in reasonable agreement with the Adj B2, In addition, the statisti-
cal significance of the second-order model equations was assessed
using the F-test analysis of variance (ANOVA), which can indicate
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Without cysteine

With cysteine
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Fig 4. Proposed binsynthetic mechanism of indigoid compounds from indole by FMO with and without cysteine.

a good agreement between the experimental and predicted val-
ues for the medium compesition and culture conditions. The RSM
analysis showed that cysteine concentration was a critical factor for
indirubin production, The RSM data shownin “Eqgs.( 1 }and (2" were
obtained from the tryptophan medium containing 0.36 g/'L cysteine
for which the initial pH was adjusted. The analysis determined
that tryptophan concentration was another important factor in
indirubin production. The RSM result showed that the tryptophan
concentration for the highest indirubin production was 2.0g/L. In
addition, the optimal temperature and initial pH for the indin-
bin production were 35-C and 8.0, respectively. The experimental
results indicated that even a slight change in pH value greatly
influence the indirubin production. The RSM model was confirmed
experimentally. The maximum production of indirubin from the
cells grown in modified tryprophan medium (ryptophan Zg/L,
yeast extract 5 gL, sodium chloride 10g/L, and cysteine 0.3Gg(L)
in a 300 mL flask was 93.1 mg/L. The initial pH for 48 h cultivation
wias pH 8.0 and the temperature was set to 35 =, which was in close
agreement with the prediction of model (data mot shown),

3.5 Indirubin fermentaiion

To study the effect of oxygen concentration on indirubin pro-
duction, three different fermentation processes in a 101 fermenter
were conducted. The estimated indirubin concentrations produced
from different oxygen levels were: B2 5mg/L (anoxic condition),
153.0mg/L (sequentially partial aerobic-anoxic condition), and
223 6 mg/L (aerobic condition) {Fig. 6). These results indicated that
the oxygen is essential for cell growth and indirubin synthesis just
as it is for indigo synthesis. Under the partial aerobic-anoxic condi-
tion, indirubin production increased for 12 h (aerobic cultivation),
but afterwards the preduction rate slowly decreased in the absence
of oxygen. The maximal indirubin production ocourred after aero-
bic fermentation for 48 .

Fig. 7 shows the relationship between tryptophan and cysteine
consumption and indirubin synthesis during cell growth in a 10L
fermenter with a 3 vwm air supply. As the tryptophan concentra-
tion decreased time-dependently. indirubin accumulated in the
medium for 48 h. The recombinant E. coll conwverted 1.61 g/L tryp-

A B
] ]
- — MJ
ALy ol
= ‘ f 3
. YA A
e i g
H 5"
E e =
2 Ny 2 o
g 38 B [+
= B
E=]
(=1}
g N B
-— E E-F
Fa |
T T T T T T T T T T T T
2000 . e voea ame A e AN ceme Cale Gl e

Lavel

Level

Fig 5. Response surface plot snow's the effect of (A) medsum composition (Fyptophan, yeast extract, and cysteine) and (8) cuthure conditions (pH and temperature) on the
production of indirubin. The optimal coded units were: M, (Iryptophan)= 022, M; [yeast extract)= —0.26, M (cysteing)= 0,10, C; (pH)= —0.05, and C; {temperature)= 0.17.
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[Fig. 7. Relationship between ryptophan and Cyst2ine consampdion and indiruhin
symthesis during cell growth in 2 10L fermenter with 3 3 vem ait supply. Symbols:

(@} indimbin; (¥ ) yptophan; (W) cysteine.

Fig 6. Effect of aeration mode on indirobin producion in the Tecombinant E. col
cells. Aeration was performed with a flow 12te of 3 vvm. Symbols: (@) continuously

aerobic; (1) Sequentially partial arobic-an0ic; (v} anoxic fermentations.
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Fig 8. TEM and SEM images sNoWing the Qistribusion af the SynENesized indirbin COmpoungsin the £ cof cells. (A] Cells cultured for 12 hin 2 ryptophan medilim containing
036 gL Cysteine {40k ; [B] iNdirlbin cTyStals Were distributed around the cellular Membrane after 24 h cultivation {40 - }; {C) indirubin crystals were distrijoted aroand
the cellular membrane after 48 0 cubtivation {40k = J; {0} SEM images shawing indirubin crystals secreted by the disruption of Cells of E coi pIge 17 {10k = . Symbol: aystals
Of iNairUbin (~~= ) 3N E. €08 {“-a . LENgHN scale is indicated by bars.
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tophan to 0.25 gL indirubin within 48h by consuming 0.00 g/L
cysteine. Interestingly, it was found that the minimum and opti-
mum cysteine concentrations in this process are 0.06g/lL and
0.36g/L, respectively, however, the cysteine concentration con-
sumed during fermentation is no more than 0.1g'L. It is not
understocd why such a high cysteine concentration in the medium
was required for the indirubin production process.

36 TEM and SEM observations

Fig, & shows the accumulation process of synthesized indirubin
in the recombinant E. coli cells. In the initial growth stage, the syn-
thesized indirubin compounds were distributed around the cellular
membrane, and thereafter they slowly accumulated inside the cells
{Fig. B{A)-{C)). Most of the cells were disrupied due to the indiru-
bin toxicity, and the compounds were secreted and accumulated
in the medium (Fig. 8(D)). This result indicated that none of the
membrane transporters in theE. coll strain pumps out the indirubin
compounds. The intracellular accumulation of the indirubin crys-
tals might stress the cell, which may be a main reason for the poor
growth of the recombinant E. coll pBlue 1.7. Additionally, a com-
parison of the growth implied that indirubin may be more toxic
than indigo to the E. coll strain (Fig. 2). However, the identification
and overexpression of a proper transporter that expels the indiru-
bin compounds into the mediom may improve the growth of the
recombinant E. colf in the future.

4. Conclusions

In this study, an efficient indirubin production process was
developed using recombinant E. coll DH5« harboring an fimo gene,
Among the varicus reducing agents analyzed, cysteine shows
higher indirubin preduction. When 036 g/L cysteine was added
to the tryptophan medium, cells significantly increased the pro-
duction of indirubin. The addition of cysteine did not influence
the expression level or activity of FMO in the cell. However, cys-
teine was found to inhibit the cell growth of recombinant E. coli
and affect the regioselectivity of FMO and the synthetic pathway
of 2- and 3-hydroxyindole from indole, which might function to
increase indirubin production, The recombinant E. coli cells were
capable of producing 223 6 mg'L of indirubin under the following
optimum culture conditions; 2 g'L tryptophan, 5 g/l yeast extract,
10g/L NaCl, 0.36g/L cysteine, and pH 8.0 at 35 =C. The synthesized
indirubin compounds accumulated inside the cells and thereafter
were released due to the disruption of the cells by the toxicity of the
accumulated indirubin compounds. This study demonstrates that
it is possible to produce an expensive indirubin in a large amount
by simple fermentation with recombinant E. coll cells.
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Abstract Azo dyes are recalcitrant and xenobiolic nature
makes these compounds a challenging task for continuous
hiodegradation up 1o satisfactorily levels in large-scale. In
the present report, the biodegradation efficiency of alginate
immaohbilized indigenous Aeromonas sp. MNEL on Methyl
Orange (MO} in a packed bed reactor was explored. The
experimental results were used to determine the external
mass transfer model . Complete MO degradation and COD
remawval wen observed at 0.20 cm bead sive and 1230 mbh
flow rate at 300 mgl of inital dye concentration. The
de gradation of MO decreased with increasing bead sizes
and flow rates, which may be atiributed to the decrease in
surface of the beads and higher flux of MO, respectively.
The experimental rate constants (k) for various beads
sizes amd fBow rates were calculated and compared with
theometically obtained rate constanis using extemal film
di fusion models. From the experimental data, the external
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mass transfer effect was correlated with a model Ji, =
K Re™"" = "' The model was tested with & value (5.7) and
the Colburn factor correlation model for 0020, 040 and
0.60 bead sires were Ji, =57 Re ™™ J, = 57 Re™"3
and Jp, = 5.7 Re™ "%, respectively., Based on the results,
the Colburn factor correlation models were found to predict
the experimental data accurately. The proposed model was
comstructi ve 1o design and direct industrial applications in
packed bed reactors within acceptable Himits,

Keywords Immobilization - MO degradation - External
mass transfer - COD - Bed mactor - Colburn factor

List of symbaols

[COD]; Initial COD of dye solution (mgT)

[COD], Observed COD of dyve solution (mgT) at time 1t
{min)

[0y Initial dyve concentmtion (mgl)

[MI0],, Observed dye concentration (mg'l) at time 1t
{min)

A Parameter given by Bg. (22)

m Surface area per unit weight of immobilized
particles availuble for mass transfer (cm® mg™ ")

MY, Substrate concentration at the bulk ligquid

MO, Dye concentration at the surface of the
immobilized particle (mg 17 by

Dy Substrate  (chromium) effective diffusivity
{em® s~ ")

dCds Concentration gradient along the column lengh
(mg I Tem™ M

dy, Particle diameter (cm)

o Mass Alux of chomiun solution (g cm™* h™")

H Height of the column (cm)

J Colbum factor

K Caonstant
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k Intrinsic  frst-omler  eduction rate  constant
tml g Th="y

T External mass transfer coefficient fem h™ ")

ky Ap?an:nl. first-order maction rate constant (1 g="
h™")

k, Swurface fist-order reaction rate  oonstant
{cm h=")

N Reynolds number

(] Volumetric flow rate fml min~"}

R Degradation rate (mg g~ h™")

T External mass trunsfer rate (mg g~ ' h™')

MO, Concentration of dye (mgfl) in the reservoir

MO Concentration {mg/1} at the outlet of the packed
bed reactor to be circulated back to the reservoir

L% [ Inlet MO concentration (mg'T)

MO Column outlet MO concentration (mg/T)

Vica Volume of the reacting solution in the reservoir
{ml}

w Armount of immobilized organism used (g)

E: Voidage

o Density of the particle (g cm™ )

T Residence tme (min) in the meservoir (Ve /0

Invi rod wetion

The extensive use of amo dyes in industries such as bex-
tles, food, cosmetics, plastic, laboratories, leather, paper
printing, color photography, pharmaceutical and pigment
manufactiuring has resulted in the releasing of large
quantities of dyes containing industrial effluents into the
envimmment. The Awzo dves, which are characterized by
aromatic compounds  with one or mom (R—N=N-R)
groups, are the most important and largest class of syn-
thetic dves wsed in cormmercial applications. They con-
stitute a  major  class of  environmental  pollutants,
accounting for 60-70 % of all the dyes and pigments used
[1]. Presence of such dangerous colored compounds in the
industrial wastewater creates serious environmental and
health concerns [2, 3] Curently, many conventional
methods are available for decolorization of textile dyes
such as chemical precipitation, membrane  filtrab on,
coagulation, adsorption and electmchemical degradation
[4]. Aforementioned methods are effective for color
remawal: however, they consume more energy, enormous
chemicals, involve high cost and produce large amounts
of secondary pollutants [5]. Themfore, an effective, eco-
vomical and eco-friendly method of reatment has become
a necessity for clean production technology in textile dyve
indusiries.

Several microorzanisms have besn found to be able o
decolorize aro dyes including bacteria, fungi and veasts,

Among these, an extensive study on the bacterial

£ Springer

degmdation of azo dyes by free cell cultures has been
reponrted in the hitemture [6-16]. However, free cells used
for industrial scale purposes has some operational problems
such as cell toxicity, shear force, cell stability in agitated
conditions and biomass-effluent sepamtion. These prob-
lems may be overcome with immobilized bacterial cells. In
recent years, msearchers have paid more attention towards
introducing novel technology like immobilized cells for
textile dye degradation. The immobilized cells has many
advamages such as high swbility, regeneration, reuse,
easier separation, accelerated reaction rates, increased cell
metabolism, no cell wash-out amd better control. Many
immobilized cell svstems have been developed and widely
used for the complete degradation of textile dves such as
Direct Blue 1 and Direct Red 128 [17], Malachite Green
[18]. Reactive Blue 172 [19], Reactive Black 5 [20],
Ammaranth [21], reactive vellow 42 and reactive red 45 [22],
Anthraguinone and indigoid [23]. Remazol Brilhant Blue R
[24], Reactive Blue 4 [25] and Basic Blue 41 and Reactive
Black 5 [26].

Many researchers have reported using of immaobileed
biomactors such as packed bed, airlift, membrane, trickle
bed, fAuidized bed rotating biological contactor  and
taperad bed for continuous decolouration of textile dyes.
Among the various mactors, the packed-bed mactors are
commaonly preferred for effective industrial waste water
treatment applications [27-29]. Recirculated packed bed
batch reactor (RFBR) with single column or multicolumn
packed bed has also been wsed to tmeat textile dve efflu-
ents [30—32]. In immobilised RPBR opemtions, the
internal and external mass transfer limitations play a vital
role in the maction kinetics and its study is essential 1o
scale-up. The influence of external mass transfer limita-
tons in immobilized packed bed reactors was widely
studied for vanous purposes such as chromiom reduction
[33]. mmowal of carbohydrate and protein [34], hvdmlysis
of Jatropha oil [35], mmoval of phenol [36], phenolic
effluents treatment [37], wastewater treatment [38], peni-
cillin G deasylation [39] and biodegmdation of phenol
[40]. The mass transfer effects on immobilized packed
bed reactor systems were performed by Murty et al. [41]
and they concluded that the reaction kinetics was limited
by internal and external mass tmnsfer resistances. Mudhar
et al. [42] developed a steady-state model for the evalu-
ation of external Hquid fibm diffusion and internal pore
diffusion effects in an immobilized biofilm system under
continuous mode. Development of mathematical models
for the diffusional restriction and the operating parame ters
which affect this restriction in immobilized packed bed
reactor are not only useful for model systems but also
advantageous for direct industrial applications and scale-
up. All the afomesaid studies involved only single bead
diameter external mass transfer correlations in RPBR. To
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the best of our knowledge, no research reports are
available on the external mass ransfer correlations of
different bead diameters,

In the present investigation, an attempt was made to
determine the external mass ransfer limits on continuous
degradation of Methyl Omnge (MO) using alginate
immobilized Aeromonas sp. in a ecirculaed packed bed
reactor. The effect of various bead sipes and MO flow rates
on external mass transfer imitations was analyeed and a
comelation moddel was developed The mass transfer coef-
ficient at different scales and various opemting parameters
were used w predict the eactor performance as well as
scale-up.

Materials amnd methods
Isolation and culture of micmoorganisms

Soil samples were collected (spade from the wp 5-15 cm)
aseptically in 50 ml screwcap sterile plastic twhbes from
three different locations of soil contaminated with extile
dye effluents from textile dyeing industry area Karur, India,
The soil samples were mixed properly and homogeni zed by
sigving {2 mm mesh size) and stored at 4 7C until further
wse. Bacterial stmins were isolated from soil by enriched
growth medium acconding w the modified method of Li
et al. [43]. The enrichment medium used in this smdy
comsisted of (g1 gluome-10 g, veast extract-0.5 g, pep-
wone-5 g, NaCl5 g %, (NHy 50510 g, K-HPO0.2 g
KH.POL-5 g % and MgSO0.TH.0-5 g amended with
75 mgfl of the MO dye for adaptation of the microorgan-
isms. The isolation procedure is as follows: one gram of the
soil sample was added o 100 ml of enriched mediom
containing 75 mgfl of MO in 250 ml Erlenmeyer flask and
incubated at 37 °C under shaking conditions at 150 rpm for
24 h. Afier incubation, 1 ml of the culture was sedally
diluted and 0.1 ml of aliguot was withdmwn from the (1
dilution. The diluted samples were inoculated in agar plates
enrched with 100 mg/1 MO. After incubation at 37 3C for
48 h, the individual colomes developed in the plates were
scregned acconding to the decolorization ability (clear
zones around the colonies) and the distinct colony maor-
phology. The colonies were picked and subcultured again
in fresh nuirient broth and these isolates were used for
further identification and characterization. The isolated
bacterial species wene identified based on the colony
muwphology, cell morphology and biochemical tests. The
biochemical tests were pedformed according o the Hensyl
Bergey's manual of systematic bacteriology [44]. The
lasR N A sequence analysis was performed as described by
Kathiravan et al, [45]: these sequence was used 1o construct

phylogenetic relatedness exploration and named as Aero-
monas sp., MNEL

Acclimati sation

In order to impmovise the decolorizing efficiency, the iso-
lated bacterial species was gradually exposed w the
increasing concentration of MO dye to acclimatize. After
the complete decoloration, the biomass was collected and
used [or successive transfers imo fresh culture medium
containing various dye comcentmtions { 100—400 mg/T) and
incubated a optimum  condidons. This  acclimatized
microorganism was used further for all studies,

Immaobi ization of Aeromonas sp.

The acclimatized Aeromonas sp. was inoculated in a
nutrient broth enriched with 300 mg/ of MO and incubated
at 37 °C, with the agtation speed of 150 rpm for 48 h. The
well-grown  culture was harvested and centrifuged at
B0 mpm for 10 min. The collected biomass was washed
thrice with saline (0.85 % NaCl) solution. The bacterial
biomass (1.58 g of biomass in 100 ml of alginate) was
added to sterilized 3 % sodium alginate under sterile con-
ditions, The alginate-cell mixture was dripped into sterile,
cold 3 % CaCl: solution thmugh different sizes of noeeles
o pet different bead diameters. The resultant alginate
beads were allowed w harden by resuspending it into fresh
sterile (W01 M CaCl: solution for 24 h at 4 °C. The excess
calcivm ion was remowed by washing the beads with
double-distilled water,

Continuous MO degradation in packed bed reactor

For continuous MO degmdation, the column used in this
study was a cylindrical packed bed reactor (internal
dizmeter—2.0 cm and length—35 em) made up of Pymex
glass, Various sizes of alginate immobilized Aeromonas sp
beads were packed in the reactor up to the desired height.
The total volume of packed bed reactor was 10053 em®
and the bed wolume was maintained at 8. 85 cm® for di
ferent beads sizes. The enriched mediuom contawining
300 mel of dye was passed through the column at various
fow rates (120, 300 and 600 ml'h) in upflow mode and the
fow rates were repulated with peristalic pump. At flow
rates of 120, 300 and 600 ml/h, the hydraulic retention tirms
was arrived as 215, BS and 4.3 min, respectively. The
column was opersted for 72 h with each bead size. The
effluent samples were collected at regular time intervals
and centrifuged at 6,000 rpm for 5 min. The supernatant
wirs used 1o determine the residual MO concentration.

) Springer
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Phviotoxcity assay

The toxd city effects of degraded and untreated methyl orange
dye on the plant growth were determined by the prowce dure
described by Purushothaman et al. [46] with slight modifi-
cation. The uniform sized seeds of Cioer amfetinum L. and
Diolichos lablab L. were selected and surface sterilized with
1.2 % sodium hypochlorite for 5 min and thoroughly
washed with DDW. The seeds were planted in Petri dishes
with bunch filter-paper disc s containing 300 mg/1 of MO dve
solution (untreated) and the degraded dye samples collected
from the column were centrifuged and the supematant was
usesd as atreated sample. The planted seeds were germinated
for 2 davs at 30 + 2 °C under darknessin an incubator, The
Petri plates also contained streptomycin at a final concen-
tration of 25 pef o suppress micmbial growth, The germi-
nated seeds were then exposed wo 12 4+ 2 h light—dark cycles
at 30 4+ 2 °C for 15 days. Phyiotoxicity experiments were
performed in triplicate and each replicate was carried out on
25 seeds for germination and growth me asurements. Control
experdments were performed with double-distilled water for
seed germination. At the end of expedmental period. the
radical and hypocoty] lengths were recomded.

Analytical methods

Dve decolourization was measured spectrophotormetri cally
at maximum absorbance (4., = 466 nm) wsing calibra-
ton curve. The percentage removal of dye was estimated
by the following equation:

Roser s = [BEUOle] < 100, (1)

where [MO]; is the inmtal dyve concentration (mg/1) and
[MO], is the observed dve concentration (mgfl) at time
(rmin

COD analysis

Aligquots were withdrawn at regular intervals (3 hintervals)
and analyzed for chemical oxygen demand (COD) by open
reflux method [47]:

[COD], = [COD)

R, B = |———= 1040, 2
% = [t S

where [COD]; is the initial COD of dyve soluwion (mgf) and

[COD], is the observed COD of dye solution (mg/T) at time

L {rmin).

Muodel deve lopment

Immobilized cell systems cause extra difusional Hmita-

dons as compared w0 free cells. The presence and

"?.:_I Springer

significance of diffusional Hmitations depends on the rel-
ative rate of bioconversions amd diffusion [48]. Two
transport processes ame penerally known o oocur in oa
packed bed reactor containing organisms immobi leed in a
porous matrix. The first process is transfer of substrate
from bulk liquid phase 1o immobilized bocatalyvst surface,
while the second process is simulineous diffusion and
reaction of the substrate within the biocatalyvst, According
o the film theory, there is a presence of a fictitious laminar
film adjacent to the surface of any particle in contact with a
flowing fluid. The substrate needs 10 be trans ported through
this laminar boundary megion, which is around the exterdor
of the catalvst, This transport occurs primarily by molec-
ular diffusion and is called external mass transfer. In order
o Fabricate effective encapsulated systems, it is essential to
gain understanding of the liquid mass tmnsfer process,

In the present study, a mlevant mass ransfer model was
developed as described by Aksu and Bulbul [49]. A few
assumptions that have been made during the development
of this model are (1) the reaction follows first order, (2) the
immobilized cell particles are spherical, (3) the packed bed
has a steady-state plug flow with oo axial dispersion and
(4} the activity of the cells throughout the particle is
i form.

Methyl Orange degradation rate constant

The material balance for MO in the mecirculated packed
bed column is given as

I dc
?Q)Exﬁ:alﬂg_--n (3)

where r is the degradation rate fmg g~ " h™ ") @ is the vol-
umetric flow mie (ml min~ "), 7 is the height of the column
{om), Wik the amount of imomobi Heed organism used (g) and
dFdz is the concentration gmdient along the column length
(mg 17! em™? 1. Eq. (3) relates the apparent reaction rate and
the bulk MO concentration in the column. Assuming first-
omder reaction, the reaction mie and bulk MO concentrati on
in the column ame mrelated as g ven below:

r=kC; (4}
where L, is the apparent first-omder reaction rate constant
g7 h™") and € is the bulk substrate concentration
(mg 17" Substitution of BEgq. @) in Eg. (3 gives the
following:

(ﬂ) £> 6 x 107 = -k, C (5)

W ) dz
Equation (4) is obtained by inmegrating Eg. (5) using
boundary conditions at z =0, C= MO, and at z = H,
C = MO, the eguation obtained is given as
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MO o Q &0

where MOy, is the inlet MO concentration (mg/f) and
MOy, is the column outlet MO concentration (mg/T). The
outlet concentration of the recirculated packed bed reactor
is given by the following expression:

o M“‘) =y (ﬁ) (6}

MOpe = MOge™ (7}
w 10¢

where N = Ekp (E) (8)

Total mass balance

The packed bed reactor system was opemted in recycle
mode. Hence, the inlet concentration 1o the column
changes for every cycle. Therefom, an overall mass bal-
ance for an RPBR as developed by Mutlu and Gakmen
[50] was vsed in the presemt study. The assumption of
reservoir as a perfectly mixed tnk gives the ovemll mass
balance as

AV ey

dr

where V., is the volume of the reacting solution in the
reservoir (ml). The component balance in the reservoir
gives

ANy (M’Dz - MG;)
TR T

=0, (9)

: (10}

where 1 is the residence time (min} in the mservoir (Vo
0, MO, is the concentration of dyve (mg/) in the reservoir
and MO, is the concentration (mg'l) at the outlet of the
packed bed reactor to be circulated back to the reservoir,
Based on Eq. (7), MO, is given as

MO, = MOV (1)
Substitution Eg. (11} into (1) gives the following
equation:
N
ANy ) (D{O:e - M'D:l) (12)
or T

The change of MO concentration in the mservoir with tme
is obtwined by integrating BEq. (12) using boundary condi-
tHons of Ve — Ve and MO, = MOy, at ¢ = 0; which gives

MO, = MOy exp |—(e ¥ - |}i] (13)
L T,
From the slope of the plot between In (MO /MOy and

tme (Eq. 13}, the k]., values of each flow rate can be
determined.

Combined mass transfer and M@ reducrion

Mass transfer rate of MO from the bulk Liguid o the sur-
face of the immobilized beads is proportonal o the
external mass transfer coelficient, arsa of mass transfer and
the drving force.

Fm — lmamLMQ: = M’Cl,} (l4}

where rg is the extemal mass tmnsfer rate (mg H"l By
k1% the external mass transfer coefficient {ecm h™ "), ay, is
the surface area per umt weight of immobilized particles
available for mass transfer (cm® mE'1}. MOy, is the dve
concentration at the bulk hguid and MO, is the dye con-
centration at  the surface of the immobilized particle
(g 1"y The value of a, can be determined using the
following relation:

1=z
e, = u (15}
Pridp
where d, is the particle diameter (cm), py is the density of
the particle (g cm “%) and & is the voidage.
The firstorder reaction rate at the surface of the
immaohilized particle is given as follows:
ro= ko, MO, (16}

where E; is the surface first-onder maction rates constant
{cm h™ ") At steady state, the extemal mass tmnsfer rate is
equal to reaction rate and hence Egs. (14) and (16) are
equated and rearranged o give
kg MO,
By + ok
Substituting Eg. (17) into Eq. (16) and equating with
r = kO yields the following expression:
k? = Rk et

deg o+ ke
Rearranging the above equation and solving for k,, the
following equation was obtained:

MO, = (7

(18)

kpky
b = G 1) el

Empirical model
The external mass transfer coefficient, b, changes with
parameters such as fow rate, resctor dismeter and Auid

properties, which in turn influence the appamnt reaction
rate,

253
[Jl, - "';‘;“ (GLDJ = K{Re)* ’] . (20
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where Ji, is the Colburn factor, defined in terms of Schrmidt
number and Reynolds number.

The values of n are affected by mass tmnsfer condi ions
and n vares from 0.1 to 1.0, From Egq. (200, the expression
for mass transfer coefficient obtained is given as

- () (@)

- (22)

2% 1

K 7] 3 oy
‘h A= —|f == — 23
v .ﬂ) (I-'Df) (#) &

Substitutdon of Egq. (22) into Egq. (18) gives the following
e L o

&) -G &) @

Thus, the plt Uk, versus VG7 for different values of n
vields a straight line with slope 1/da,, and intercept 10k ag,
Assuming values for K and n, the value of ag, was deter
mined and companed with experimental ag,. The K and
n values which predicted the experimental o, value accu-
rately were used to propose the mass transfer correlation
for MO degradation using immobilized Aeromonas sp.

Results and discussion
Microor g m sm

Tnitially, a total of 37 bactedal isolates were oblained using
enfiched samples of soil collected from textile dye-con-
tminated sites, From the preliminary smdies, it was
observed that all isolates possessed the capacity of MO
de gradation at lesser concentration. Froon the acclimatiza-
ton studies, higher MO degmding isolate was chosen as
the best strain for further studies. The isolate Aeromonas
sp. owas Gram-negative muds with motile., Tt exhibited oxi-
dases and cataluse activities and produce MN: gas from
nmitrate. This strain produces acids from various carbon
sources such as glucose, maltose and suwecmse. No acid
production was obtained in galactose and lactose. It could
ot hydrolyee umea and did not show H-S production.
Positive msults were observed in indole production. These
characteristics indicated that the isolated strain belongs w
Aeromonas Sp

The phylogenetic tree was constructed based on the
I6SMHRNA sequence and the sequence similanty was
retrieved from the reference and type strains available in
the public databases GenBank using the BLASTn sequence
match mutines. The seguences were alipned using the
CLUSTALX program and analyzed with MEGA 4.1 (Beta)

@ Springer

softwans. The evolutionary history was inferred using the
neighbor-joining method Codon positions included were
Ist 4 2Znd 4+ 3rd 4+ noncoding. All positions contaiming
gaps and missing data were eliminated from the dataset
(complete deletion option). There wer a total of 1,346
pisitions in the final dataset. Phylogenetic analvsis were
conducted using aforementioned wol and the tme was
drawn to scale, with branch lengths (below the branches)in
the same units as those of the evolutionary distances used
to infer the phylogenetic tree and represented in Fig. 1. The
isolated bacterial species had 9798 % homologous
sequence similarity with Ae romonas sp. FM (HMS606 19,
Aeromonas sp. AC-1E (FI2Z31173) and Aeromonas sp
FarsRB9D3b (TF313416). Based on the colony morphology,
biochemical tests and phylogenetic tree mesults, the
omganism was identified and named as Aeromonas sp
MNEK 1.

MO degradation by immobilized Asromonas sp.

The size of alginate immobilized bacterial cell beads has a
significant effect on the rate of degradation of MO
Moreover, the bead size determines the suitability for
reactor confi guration. In situations wheme the substrate has
to be transported from the bulk solution to the outer surface
of the matrix, both the inra-panticular diffusion and the
external mass transfer should be taken into consideration.

The effect of alginate bead size on dye removal effi-
ciency was investigated by varving the bead size from 0,20
to 060 cm and the influence of different fow rates
(120600 mlh) on MO degradation in packed bed reactor
was estimated at optimum operating conditions and the
results are shown in Figs. 2, 3, 4. For 020 cm bead size,
the % of degradation was obtained as 9956, 945 and
B5.60 % for flow rates of 120, 300 and 600 mlh, respec-
tvely. The results led o the conclusion that the alginate-
immaohilized Aeromonas spo showed maximum MO deg-
radation efficiency at 0.20 cm bead size with 120 mbh fow
rate in 72 h of incubation with lower diffusional Tomita-
tions, Even though further increase in flow rate eliminates
the thin laminar liquid layer formed around the beads, there
is a decrease in the percentage degradation due o short
contact Hme betwesn the beads and MO solution. BMah-
mod and Rachida [51] reported that the increase in flow
rate sigmificantly affected the degradation rate due to poaor
mass transfer, diffusional hmitations and short residence
time. As can be seen from Fg. 3, the percentage of MO
degmdation in 0,40 cm bead size panticles was 92.02
B631 and 77.5 % for 120, 300 and 600 ml/h Hguid fBow
rate, respectively. However, further increase in bead size
(060 cm) significantly affects degradation rate and the
degmdation percentage was observed as 90.31, 78.50 and
6421 %% for 120, 300 and 600 ml/h flow rate, respectively
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0D s

Fig. 1 Phylogenstic relatonship analysis of the jsolaed bacteria Asrowmanas sp. MNE by a neighbor-joining analysis of 165 1ENA sequences;
the soafe represents e evolotionary branch length and the accession number of the clse relatves given in the pernfie ves

(Fig. ). The control experiment shows negligible degra-
dution of MO, From the effect of bead size on dve degra-
dation studies, it was revealed that the percentage
degradation decressed with increasing bead size. The
smaller bead size panicles has negligible mass transfer
resistance and smaller bead diameter led o0 maximom MO
degradation due to an increase in the surface to volume
ratio,

QOD remowval

The % COD removal profiles during biodegmdation of
300 mgl of MO by alginate-immobilized Aeromonas sp.
with different bead sizes (020040 cm) and vanous flow
rates (120—600 mlth) ame shown in Fig 5. The %COD
remiwal decreased with increasing bead size as well as
fow mates. Maximum of 99.57 % of COD removal was
observed at 0.20 cm of bead size and 120 mbh flow rate.

Approximately 7.6 and 15.6 % of lesser COD removal was
observed for 0.40 and 0.60 cm beads, respectively, when
compared with 0.20 cm bead particles. Figure 5, shows
that the 4 and 14.03 % of lower COD removal was
observed for 300 and 600 mbh fow rate, respectively, and
mone than 66 % COD removal was obtained in other flow
rates and bead sizes. The control e xperiments did not show
any significant COD  remowval. Srinivasan et al. [12]
repanted that the eneymes produced by the bacteral species
are mesponsible for the conversion of dye into various
metabolites amd that this process simultaneously reduces
the color and COD.

Phytotoxicity tests
Untreated textile dye wastewater disposal by the various

industries into the agriculiural lands may have a direct
impact on soil fertility and agriculural  produoctivity,
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Fig. 2 Effect of fow rae on MO degradation by  immobdilized
Agrowmone sp. in a packed bed reacior {conditions: MO conoenra-
ton—300 mg/l; pH—7.0; &mperatore—37 *C; bead size—0.20 cm)

% MO degradation

o 10 20 30 40 50 &0 O
Time {h)

Fig. 3 Effect of flow mae on MO degradation by dmmobdlized
Asromonas sp. in a packed bed reacior {oconditions: MO comoenra-
toa— 300 mofl; pH—T.0; emperaiure—37 5C; bead size—0.40 cm)

Hence, it was important o measure the phytotosicity
effects of the dwes before and after degradation (bead
size—0. 200 cm,  initial MO concentration—7300 mg/L.
pH—7.0, wemperature—37 °C and flow  rate— 120 mbh
treated dye solution) as environmental safety demands both
in terms of pollutant removal and their detoxification. In
order to study the phytotoxicity effects of the treated and
untreated MO dye on the seed germination percentage,
radical length and hypocotyl length of two different plant
species were observed and the results are shown in Table 1.
The mesults indicate that the seed peonination (%) per-
centage, radical and hypocotvls length were significantly
inhibited by the raw effluent treated seeds, when compared

‘i"j_.._ Springer

—e— Caominol

% MO degradation

Time {h)

Fig. 4 Effect of flow rate on MO degradstion by  immobilized
Agroumenay ap. in a packed bed reactor {oonditions: MO oomncenira-
tien—300 mgl: pH—L0; emperatore—37 T bead size—060 cm)

a0 —se— Canteol
—g— 00 om
] o —o— 040 om
I, i ——-—o___\_\‘—_:_nsnom
-
= 8o e ——ﬂ—:_:__"‘——_,____\_
2 e
_h““-h-ﬁ___.
& &0 -
8
= 40 4
20 4
0 -

0 120 240 360 4560 GO0 720
Flow rate (mbih)

Fig. 5 Effect of flow rale and varoos bead sizes on % COD remowval
during MO degradation by Aeromones sp. in a packed bod reactor
foonditions: MO concentration—300 mg/l; pH—T7.0 temperaiune—
ITE0

to that of comrol experiments. However, more than
BE.24 % higher seed germination: increased radical length
(82.69 %) and hypocotyl length (72.55 %) were observed
in the seeds treated with degraded dye solution for
arerinmm plant. The same trend was observed in 0. lablab
which possessed B642 %  higher seed germination,
enhanced radical length (8739 %) and hypocotyl length
(7178 %). From the study of phytotoxicity effects, the
non-toxic nature of the degraded MO by Asromonas sp.
was investigated and it revealed that the degraded metab-
olites had less wxdcity effects on seed germination rate,
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Tahle 1 Phyiooxicity effects of untreated and reated MO zamples on the seed gemination, radical length and hypoooty] length of vwio diffenem

plans
Parameters Cicer arie i L. Dolichuns Tablak 1.

DDW Uinireated dye Treated dye DDW Unire sted dye Treaied dye
Sead germination % 10 12 o8 10y 14 97
Radical length {cm) T 0B 232+ 009 TA6 = 014 654 + 0.1 2.09 & QuD0R 603 0.2
Hypocodyls length (cm) 932 = 0.8 307 = 0.10 594 4 0L26 TAT = 0.13 3.06 = 014 T26 = 019

Tahle 2 Esxperimentally observed values of first-ooder rate congtant
{kz) fior MO degradation by immoblized Aemmonas sp. in a packed
e reac o

as small as possible within the constraints of particle
integrity, msistance o compression and the nature of the
particle moovery systems.

Qen® b kL Qg7 RN ka (g7 BT R (g BT To determine the influence of external mass transfer
son e e e t-_‘fft:(_'L‘i.- _IJ'u_- values of G and NG (0 <n < 1) for the

immobilized packed bed reactor were caleulated and pre-
i i iy g ted in Table 3. The flux G is the amount of MO passing
600 0.8878 07972 07511 T i e o

* kor, Rpo, kpa—value of experimentally observed ko valoes for bead
sze (L2, L4 and (L6 cm, respectively

radical formation and hypocotyl development in both the
plants. This investigation also sugeests that the treated dye
solutions possess less toxcity than the umreated dye
solutions towards plant seedling and growth,

External mass transfer

The experimental degmdation mie constant (k) of the MO
dve by immobilized Aeromonas sp. was analveed with
varying bead sizes (0.20, 0.40 and 0.60 cm) and varying
flow rates (120, 300 and 600 cm®/M) and the values
obtained are presented in Table 2. From the experimental
results, it was observed that the &, values incressed with an
increase in flow mte. This is due w the fact that the high
flow rates provide higher twrbulence and reduce the
boundary layer effects. which eliminaes the diffusion
registances and in turn increases b, However, the degra-
dation rate was found to decrease with increasing bead size
at the same fow rate. This is due to higher mass transfer
Hmitations occurs in the beads. This can be attdbuted o the
de gradation in surface area 1o volume ratio with an increase
in bead size, which Hmits the transfer of substrate and
hence limits the overall rate constant. Further, the experi-
mental results showed the MO degradation decreased with
an increase in flow mte. Our previous studies revealed that
the low residence time at high flow mtes affects the dif-
fusion of solute into the pores of the particles [33]. The
sume trend was ohserved at different Bow mte and bead
sizes, Dursun and Tepe [52] suggested that the diffusion
resistances can be eliminated by using small size beads.
For maximum degradation rates, the particle size should be

through the cross section of the bed in unit ime. Tnitially at
a constant flow rate, the amount of MO entering the cross
section of the bed remained the same for vanous bead
sizes. Thus, the same value of ¢ was obtained for vari-
ous bead sizes at a given fow rate. On varying the
flovw rate, the amount of dye passing the cross section of the
bed wvaries and consequently the ¢ value changes. The
relevant dimensionless numbers and mass Auxes were
calculated using g = 27.35% glem/h, p = 0978 g.l'c.‘mj.
Dy = 1656 = 107% em®h and & = 0.5, The trial and error
procedure was repeated o determine the o value (0.1-1.00
For each bead size with different flow mtes Vi, vs, VG0
was plotted. For various bead size immobilized partic les,
for 0.20cm (n =<0.2), 040 cm (n =<03) and 0.60 cm
(n - 04), negative intercepts wemne obtained and conse-
quently not considered for further calculations. The slope
and intercept values obtained from these plivs for various
values of n are tabulated in Tables 5, 6, 7. The slope and
intercept values increased with an increase in the n values,
All n values were found w give a satisfactory straight line
fit. However, all n values did not predict experimental o,
satisfactorily. Further analvsis was carfied out with K value
5.7 [33, 36, 53] and n values were varied between 03 and
1.0 for 0.2, 0.4 and 0.6 cm bead size particles. The values
of A obtained using Eq. (23) were uwsed o calculate ag,
values from the slope obtained from Vi, vs. UGE plots. A
mode] plat for each bead size particles has been shown in
Fig. fa—c. For bead sizes 0.2, 04 and 0.6, the n values that
accurately predicted the ap, and k, were 0.85, 0.64 and
0.52, respectively. The values A, g, and k obtained for
different n wvalues with various bead size particles are
presented in Tables 2, 3, 4. From the results, it can be seen
that the value of am obtained for K = 57 andn = (.85 was
equal to experimental a,, (15276 cmg) for 02 cm bead
size particles, K= 5.7 and n = 0.64 was equal w the
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Tahie 3 Cwlcaltated valose of @ fem” By wiem b~ Gigam™ ™) wa™* 1A% 12 1 T e
mass fux and varioos
parameiens for MO degradation 120 0637 37376 04847 02349 01521 00%85 0461
by omobilized Aeromosir . 1592 93305 04035 01629 00945 00548 00211
in a packed bed reactor
00 3185 186879 M3S13 Q234 00659 0U0As2 00117
Table 4 Slope and inercep of im0 . im0
the plot '-"&:3:- 14G™ fiox *;‘5“‘ " fli::lﬂsz_ ol e | i[zblalli‘q% i’-':g" ”;m ::r:“ g™ f:m hty
valwes of n fior L2 em bead size
(experimental ao value o1 =4 Megative - = =
Ll ) 0.2 = Negative . . =
0.3 4.4 o184 LEXY 3. Tg2 1.431
.4 5116 DAT7 36 5359 .31
052 6.596 0aTe 0.0z TAYS 0. 196
.6l #9406 LEE:iC LD 2976 [1 el
[ ) 10,553 A5 O.008 11361 . 10m4
.85 1. 364 0936 .00 15321 0.
LEX] 19,061 D958 LU LES 16821 LEX P8
1 26 0% 0994 L e 129 .05
Tahle 5 51 and imencep of im o B} T T
e plost I.l'l:f:. LAF fon l.-:a::sma o f,:ﬂ—"?‘_:g'— it — by :J;f:?fﬂ ;-.-!E'— “:m ::nl 2™ f.;m hty
values of n for (04 cm bead size
{experimenal a_ value ol = Negative 2 = i
FHI em™ g~ 0.2 = Negative - 2 -
0.3 - Megative - - -
.4 8567 Q17T LR e ] 485 1. 14
052 11088 D518 LEXETE 625 .30
.64 14.959 0728 L0 1657 017
0.7 17.63% DADS L B3GR . 148
.85 27.327 LER S L (04 LN E:S . 10
o9 Il.E2 0986 L LK 1070 (v
1 A3 462 1048 LEX 1 120 LX)
Table & Sl and imercem of e (o' T} — o k)
e plot I.-'J.':E:. 1A for lra:ilmm = f,‘:??‘-:% 3t — my zﬂfﬁ; :t:'g— ”:m ::ni 2~ ::.:m h~"y
values of n for (L6 cm bead size
fexperimenal aa value 0.1 2 Megative — = =
5002 em™ g% 02 = Nogative - . =
i3 - Megative - - -
LR - Megative - - —
052 16424 025 L] 5103 0. 785
.64 22 M6 0563 0008 5958 0. 208
0.7 6. 223 0678 00 35T 0.232
.85 40598 L1F: ey {003 T.282 0. 154
0e 47.264 0947 0.003 T.571 0. 13%
1 [ Bl ] 1.0 002 126 L E:S
expedimental am (7.657 -:.mz.l'g'r for 0.4 cm bead size par- decreases with an increase in panticle size, which is mainly

tcles and K= 5.7 and n = 052 was equal to experimental due to the decrease in surface area awvailable for mass
. (5. 103 i_'m:.l'gl for 0.6 bead size. The value of ag transfer per unit weight of the immobilized cells.
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The calculated a,,, nm and K wvalues wenre used to
determine the mte constant (k) from the intercept (1
ay) and the results are tabulated in Tables 4, 5, 6. The
mass transfer coefficient (k. kpe and kj.) values were
calculated wsing Eg. (19) and given in Table 8, From
Eq. (22), it can be seen that the plot In kb, vs. In G vields
intercept as In A and slope as n (Fig. Ta—). Thus, for
bead sizes 0.2, 0.4 and 06 cm, the slopes were 0LBS, 0.64
and 0.52; and the intercepts weme —5.5085, —4.4869 and
~3 B899, respectively. The wvalves of A obtwined are
0004 g~035 (27 =035 | p08 22K 036 5
0.020 g~ em™™ b= respectively. These values are
similar to those obwained from the intercept values for the
comesponding noand k, values. From these msuls it can
be confirmed that the proposed model perfectly predicts
the external mass transfer influence during MO de grada-
ton using immobilized cell packed bed reactor. The
expernmental kpi, kpz and ks values and the calculated &y

values for various bead sizes and different n values are
presented in Table 8. A significant difference in k;, values
for n = 0LB5S suggests that n values greater than 085 did
not represent the present system for smaller bead size
(0.2 em). The intermediate bead size (0.4 cm) k> values
for n = 064 indicate that n values greater than 0.64 did
not represent the system.  Also, for lager bead sive
(06 cm) the kyz values for n = 0052 did oot mpresent the
sysLem.

Therefore, the mass tramsfer comrelations Jp = 5.7
Re ™Y ifar 0.2 e bead size), Jp =57 Re ™ (for
0.4 cm bead size) and Jp = 5.7 Re="** (for 0.6 cm bead
size) were found to accurately predict the experimental
data for the degradation of MO using immobilized Aero-
monas sp.in a packed bed batch reactor. The Jyp factor
corme lations can be physically interpreted o understand the
nature of diffusion and flow behavior at vadous fow rates
and particle diameters [54, 55]. While analyzing the Jo

Table T Cakulated values of external mass transfer coefficien values (k9 @ various mas velocily 0 for variom bead size

@ {ena’ b—*) Gigem > h " ko (om h—H* ks fom h— ks fem h—
it ] 37376 LEY w14 133
ELH 93395 18 0 24
(oL (R .34 n3rg 307

® k=, k= Ems—calcnlated values of extemal mass wansfer coefficient values a 0.20, 0.40 and 060 cm of bead, respectively

Fig. & Plot between 17k, and

14F" (a n = (.85 for 020 em e

bead size, bn = .64 for (a)
A0 o bead size and 18 4

an = 0352 for 060 cm bead

wEe)

A\
\
A\

(b)

1.4 -/

@01 1= L]

1I.G.l.!5

004 008 002 684 006 008 84 0.1z
1™

1k

(c) »
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‘fg Springer

- 210 -

{“/Collection @ chosun



21640

Bioprocess Biosyst Eng {2014) 37:2149-2162

Table & Comparison of

= § N ket (lg~ ') for 02 em kea (lg™" b)) for 04 em kga (lg~" h~") for 06 cm
expecim it sl b vl ties i e bead size with varos bead size with vanos bead size with variowm
caleulaed KF walues for vardons : Tp.—1 ¥ 95 . g —L
i aivne oy E il e - Bl Bskl Qinfem 'h™") Qinfcm *h™") Qinfem *h™")
dze @1 oz o3 Q1 oz @3 o1 oz LE
0.3 0. 766 [ e LRSS - - - - - -
4 0737 RLS . ReS L et a2 [ B 3 - - -
052 0.7 LE: O.8T1 LATG 0.633 0.756 364 0.555 0.752
.64 LI 0,797 0.877 0454 645 0.7 0.356 5948 861
07 LN LNt LIS 443 LEX el LER: 1) 352 LEN LIRS
.85 0.591 0. TR .RET 4l6 0668 . Bt 0343 LTt 1.8
(1% 0574 0776 L5 0.7 0.673 L e 0339 0.7 1.136
1 .54 [0 53 RO 0.3 684 0913 0333 0,742 1.256
Exp kg (lg —Ip—t ] 0.592 0T 0. 8ET 454 LN 1 0.7 i 564 0.555 0751
Fig. 7 Flod between calenlsied = 3
values of mas tander [E} {b}
coel ficdent (k) and soperficial 25 4 2% 4
mass velocity ((7) A“"x_
L8
£ * \\“a. £ 7] TR
E G e £ T
i g it \'\_
x\""'\-\.\_‘ "
A 44
a5 +— . - - e v v
& 1.1 4 45 5 &5 35 4 45 5 55
inG InG
a
(c)
-26 4
-.2 21 '-\_\-\--\_"\-\__\_\_\_
= e 1
57 _H’_H""-'-u..._
———
A4
-0§
a5 4 45 g 85
InG

factor correlations, it was revealed that the Jp, values
decrenses with an increase in fow rate or particle size. Ata
given D, increasing the flow rate leads to tubulence and
reduces the hydrodynamic boundary layver, which reduces
the Schmidt number and consequently decreases Jn. Also
at a given BI" increasing the flow rate increases the flux
7 but decreases the résidence tme of MO in the reactor,
which may lead w0 meduced mass transfer and hence a
decrease in Jp, is noticed. For a given 2, on increasing the
Dy, the surface available for mass tmnsfer decreases and
comsequently  the Jn wvalue decresses, Therefore, the

external mass transfer effects are significant  during

g Springer

biological degmdation of MO and must be considered
during scale up.

Conelusion

Methyl Orange degradation by alginate-immobilized Aer-
omonas sp.in a packed bed reactor was carfied out. The
percentage of MO degradation and COD removal was
found 1o decrease with increasing bead sire and Alow mie of
dye solution. The smaller bead particles have higher sur
face to volume ratio and led to maximum MO degradation.
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Phyitotoxicity toxicity studies using two different plants
shows nontoxic products were produced.

Furthermore, external mass transfer correlation model in
terms of dimensionless numbers was developed w facilitate
the design and simulation of reactor performance. Colburn
factor comelation model was proposed and the results
obtained from this study for 020, .40 and 0,60 bead sizes
were Jo =57 Re ™", Jo =57 Re™ mnd S =57
Re_”’ﬂ'T respectively, and were found o satisTactorily
predict the expermental data for the degradation of MO
dve in a recinculated packed bed reactor

Therefore, MO degradation using alginate - mmobi lized
Aeromonas sp. % a promising  candidature. From  the
external mass transfer stodies, it was concluded that
increasing the fluid Mow rate leads to twrbulence and
reduces the hydrodynamic boundary laver, which conse-
quently reduces the Schmidt number and Jpn and that
smaller bead size particles have negligible mass transfer
resisunee,
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Abstract The growth and waal lipid content of four green
microalgae (Chiorella sp., Chlorella vulgaris CCAP2I1L
1B, Borrvococous brawnii FC124 and Scenedesmus obli-
quus RE) were investigated under different culture condi-
tdoms. Among the various carbon sources tested, glucose
produced the largest biomass or microalgae  grown
heterotrophically. Tt was found that 1 % (w/v) glucose was
actively utilized by Chlorella sp., C vulgaris OCAP2I1
1B and B. browws FC124, whereas 5. obligues RE pre-
fermed 2 % (wiv) glucose. Mo significant difference in
biomass production was noted betwesn hetemtrophic and
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mixotrophic (heterorophic with light illumi nationfexpo-
sure) growth conditons, however, less production was
observed for autotrophic culivaton, Todal lipid content in
cells increased by approximately two-fold under mixo-
trophic cultivation with respect w heterotrophic and auto-
trophic cultivation. In additon, light intensity had an
impact on microalgal growth and total lipid content. The
highest total lipid comtent was observed at 100 pmol
m~ 35" o Chlorella sp. (225 %) and 5 obliguws RE
(23,7 %) and 80 pmol m™ s for C valgaris OCCAP211/
1B (201 %) and B. bremnii FC124 34.9 %),

Keyvwords Microalga -
Mixotrophic - Biomass -

Autotrophic « Heterotrophic -
Towl hipid content

Intr odwction

In mecent years, microalgas become one of the most potential
candidates of renewable sources for alternative fuel pro-
duction because of its higher lipid content, faster and abun-
dant growth compared 1o other plant-based crops. The cost
effective biodiesel production from microalgae primarily
depends on high biomass productivity, high lipid vields, and
efficient harvesting. Thus, there have beeén extensive
researches and developments focused on photoautorrophic,
heterotrophic and mixotrophic culture condi ions to i nere ase
the biomass production and total lipid content [1-9]. Pha-
toautotrophic growth represents that the microalgas can
harvest energy source from the sunlight and assimilae
atmospheric C0.. However, the phowautotrophic growth
makes slow cell growth, low biomass, and higher harvesting
cost, The major limitations associated with photoautotrophic
cultivations overcome by heterotrophic cultivation of mic-
roalgae using organic carbon sources. Hetemtrophic growth
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wis supported by sugars and omganic acids replacing the
traditional Eght energy [10]. Glucose [2, 11-13], sodium
acetate [11, 14] and sodivm bicarbonate [15] are commaon
carbon source s used for heterotmophic cultivation of micro-
algae. This mode of growth offers seveml advantages
including elimination of light, good control of cultivation,
high degree of biomass growth and high lipid content in cells
[5, 16]. Conversely, the mixotrophic cultivation means that
light is the main source of energy although both organic
carbon sources and inorganic carbon (CO;) are simula-
neously assimilated. Thus, mixotrophic cultivation was a
eoond strategy to obtain a large biomass and high lipid content
[16]. with the additional benefits that COz released by mic-
roalgae via metabolic process will be trapped and reused
under phototmophic culti vation [ 3], Furthermaore, a number of
envimnmental factors such as salinity, nitrogen, iron, light
intensity and culture conditions are known w strongly
influence the microalgal growth and lipid content of micro-
algae. Most mesearches on micmal gae have been dominated
by the selection of cultivation conditons that lead 1o the
highest vield of lipid in the shortest dme [17, 18], In the
literature, much attention has not begn g ven on comparison
of biomass production and total lipid content in microalgae
under various culture conditions. In the present study, we
cormpaned the micmal gal growth and wial lipid content of
four green microalgal species such as Chlorella sp., Chiorella
vidgaris OCAP2ZIV1B, Borrvococows braunii FC124 amd
Scenedesmus obdiguus BRE under amtotmophic, hetemtrophic
and micotrophic conditions. The influence of six carbon
sources, different glucose concentation and light irmadiations
on cell growth and total lipid content were also investigated.

Methods and materials
Microalgae and gmowth medium

Four gmen microalgal species including Chiorella sp.
{obtained from Prof. EonSeon Jin of Hanyang University,
Seoul, Korea), Chiorella vid garis CCAP211/11B (obtained
fronn Culture Collection of Algas and Protozoa, ArgyIl, UK),
Scenedesmus obliguus RE (obtained from Dr. Yang Hetong
of the Biotechnology Center, Shandong  Academy of Sci-
ence, PR China), and 8. Brawni FC 124 (obtaned from Korea
Marine Microalgae Culture Center, Busan, Korea) were
studied. The media used in this study were TAP (Tris-Ace-
tate-Phosphate) medivm [19] for Chlorella sp., BG11 (Blue-
Green) medium [20] for C. vulgarns CCAP 21 V1B, Bokl's
Basal medium [21] for 5. obliguus RB, and Chu 13 [22]
medium for B, braunii FC124, TAP medium contained (per
Liter, pH 7.00: OB g WH,CI, 0.1 g CaCL-2H,0, 0.2 g
MgS0, TH20, 03 g K-HPO,, 0,05 g EDTA-ZH 0, 0,005 g
Fe50,TH:0, 0022 g Zn50,TH,0, WN5228 ¢ HBO,,
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0.0051 g MnCl4H0, 00011 g CuCl:-2H0, 000026 g
MNaxMoO-2H0, 00016 g Co(l.-6H2O. BGI1 mediunm
contwined (per hter, pH 7.1): 1.5 g NaNOs, 0.04 g K;HPO,,
0.075 g MeS0,-TH0, 00036 g CaCly - 2H-0, 0.006 g citric
acid, 0006 g ammonivm ferdc citrate green, 0001 g
Na;EDTA, 0.02 g NayCOs, 0.00286 g H;BO;, 000181 g
Mnl - 4H 0, 0022 g ZnS0,TH0, 000039 g
NazMoO-2H20, 000008 g CuS0e-5H20, 000005 g
Co(NO3)2H, 0. Bold"s Basal medinm included {per Liter,
pH 6.8 0,175 g KH;PO,, 0025 g CaCl:-2H-0, 0.0075 g
MgS0.,TH2O, 0255 g NaNOs, 0.075 g K:HPO,, 0025 g
NaCl, 001 g Na,EDTA, 0062 KOH, 0098 g
FeS0.THO, 0000 ml H:50. 001086 g HzBOs,
G.O0181 g MnCly 4H 0, 000022 g ZnS0,- TH O, 00039 g
Na;MoD-2H0, G0MNTS ¢ CuSO,-SHO, 00094 o
ColMNO5)6H0. Chu 13 mediom contained (per hiter, pH
7.5) 0.4 g KNO;, 008 g K;HPO,, 00107 g Call-2HO,
0.2 p MgS50s-TH20, 0.02 g ferric citrate, 0.1 g citric acid,
002 ¢ CoCls, 00572 g HsBOs, 000362 ¢ MnCls:
4H0, 000044 g ZnS0y-THO, 000016 g CuS0,5HO,
OLO0MIES g Maz Mo, 1 drop of 0.072 N Ho50,.

Pre-cultivation conditions

Each microalga was pre-cultred in 500 ml Erlenmeyer
flask of modified medivm with pH adjusted to 6.8-7.5 and
incubated at 25-27 *C. The light intensity and illumination
period (light:dark) provided for each microalga were:
100 pmal m 5! and 12:12h for Chiorella spi
80 pmol m™= 57" and 12:12 h for C. vulgariz CCAP211/
118 and 8. odliguns RB: and 100 pmaol m~2 5" and 16:8 h
for B. brawnii FC124, respectively. The cultivation periods
for each micmalgal species were 12, 15, 20, and 30 days
for Chlorella sp., C. vidgaris CCAP21V B, 8. obliguus
RE, and B. brauni FC124, respectively.

Culture conditions

The photoautotrophic cultivations of the above four mic-
roalgae were performed under the same pre-cultivation
conditions in the 21 Erlenmever flasks. The effects of
various organic carbon sources such as plocose, xylose,
rhamnose, fructose, sucrose, and galactose on heterotrophic
cultivation (without Light irradiation) of the four microal-
gae were studied. The initial concentrations of the carbon
sources wen (L01 M. In addition, the influence of glucose
concentration (0.2-2.0 %) on microalgal growth under
heterotrophic  condition  was  also  determined. In the
mixotrophic culture conditions, the start-up cultivation was
the same as the phototrophic culture condition with an
initial glucose concentration 1 % (wiv) for Chlorella sp.,
C. vulgaris OCAP211/11B and 8. braunii FC124 and 2 %
(wiv) for 5. oblignus RE. To study the effect of light
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intensity on microalgal growth and towl lipid content,
0, 15,35 80, 100, and 150 pmol m” 2 gt of light intensities
were provided by fluorescence lamp. Under mixotmophic
conditions, Chiorella sp. C. vulgarms CCAP211/118,
& obliguus RE, and B. brasenii FC 124 were culti vated for 11,
15, 12, and 20 days, respectively.

Estimation of biomass production

To estimate dry weight of the microalgas, 100 ml of
statiomary microalgal cultumes were centrifuged at 5, 00K g
for 30 min. The resulting pellets were washed three times
with 0.9 % MNa(Cl. After washing, the pellet fraction was
filtered through a 0.8 pm glass membmne (Pall, USA) and
dried at 105 °C for 8h in an electric oven (Advantec
FUW243PA, Japan) and theén weighed using electronic
halance.

Estimation of total hpid content

The cultured microalgal cells were harvested by centrfu-
gation at 5000 =g for 30 min, and the precipitate was
frozen overnight at =30 °C and freeze-dried at —50 7C
under vacuum. One gram of the dry cell biomass was
blended with 200 ml of distilled water and the biomass
mixture was disrupted by sutoclaving at 121 °C with
0.2 MPa for 60 min. Analysis of the tal lipids from
microalgal biomass was performed according to the mod-
ified procedure described by Folch et al. [23]. Towl hpid
waas extracted with a mixture of chloroform—methanal
(2:1, W) for 1 h and then separated nto chloroform and
aqueous methanol layers overnight. The chloroform laver
wis washed with distilled water and evapomted by rotary
vacuum evaporator (Rotvapor R-205; Buchi, switeerdand).
All the experiments were performed in triplicate and the
average values and standard deviations weme described.

Results and discassion
Effect of organic carbon sources on biomass producion

In heterotrophic culture condition, effect of different car-
bon sources supplemented o the mineml meadiuvm on bio-
mass production of the four microalgae was shown in
Fig. 1. Six carbon sources wsed were glucose, xylose,
rhamnose, fructose, sucrose and galactose, When the initial
concentration of carbon source was 001 M, significant
biomass growth vadations were observed in all four mic-
roatl gal species. Among the various carbon source s, glucoss
was the most effective carbon source for four microalgal
grovwths, especially for B, brawnig FC124 and 8. obliguus
REB. whereas the other carbon soumes did not stimulate

significantly the biomass production. This is mainly due to
that the glucose is a simple hexose monosaccharide, which
is first catabolised into glucose-6-phosphate (important
intermediate product for various metabolic precursors) and
subsequently o pyruvate through anaerobic glveolysis
pmowess, and then entered into TCA cyvele ollowed by
mitochondrial oxidative phosphorylation for ATPs pro-
duction [24, 25]. However, the other carbon sounces need
more complicated inter-conversion metabolic process to
provide energy for algal growth as well as lipid production
Although glucose and fructose had the some number of
carbon atoms, fructose cammot directly be converted into
glucose-6-phosphate in the microalgas. The lowest bio-
mass production was observed with the sucrose supple-
mentation, because sucrose 15 a non-reducing disaccharide
molecule consisting of equimolar amount of glucose and
fructose and requiring o be hydrolyeed befom entering
glycolysis pathway. From the ovemll results, it was
revealad that different biomass productions of the four
microalgal species were due to their different metabolic
pathwayvs of carbon and energy sources supplemented.

Effect of plucose concentration on biomass gmwith

Influence of glucose concentration (0.2-2.0 %, wiv) on
biomass growth under heterotrophic culivaton of four
microalgal species was monitored (Fig. 2). Generally,
biomass concentrations of the four gresn microalgal spe-
cies increased in proportional w the increase of glucose
concentration.  Among the cultures supplemented with
glucose, the highest biomass production was achieved with
the concentration of 1.0 % (wiv) glucose: however, higher
concentration severely inhibited the growth. When 2.0 %
rlucose supplementation resulted in 3040 % decrease of
biomass productions, this is because of substrate inhibition
of growth. Meanwhile, the biomass of 8 obligues RE
exhibited strong wlerance to higher glucose concentration
(2.0 %) The results obtained in these studies are in good
agresment with the results previously reported in the
literature. The concentration of glucose had a marked
effect on the biomass yvield. For example, C. pratothecoides
und C. saccharophila have been reported to grow hetero-
trophically using organic compounds as a carbon source
and produce higher yield of biomass [26, 27]. Conversely,
Tan and Johns [28] and Hongjin and Guangee [11] reported
that the microalgal growth was strongly inhibited at higher

concentrations,

Comparison of biomass and total hpid conent
in different culture conditions

Microalgal growth and total hEpid coment of all four
microalgas  under photoautotrophic,  beterotrophic  and
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Fig. 1 Effect of various cabon sources (0001 M) on biomass producton of four microalgass under heterotrophic cultivation. a Chlers Ba sp.;
b vedgeris CCAPZIA1E; ¢ B Browndd FC124; and d 5. obdiguees B8

mixotrophic cultivation wene compared (Fig. 3). In this
study, 1.0 % (wiv) glucose was used in both heterotmophic
and mixotmphic (with light) condidons. The maximum
biomass production under photoautotrophic, heterotmophic
and mixotrophic culture conditions were as follows: 1.3,
25 and 27 g 1 1 for Chilore la sp 05 1.7, and 1.B g 1 1
for C. vulgaris CCAP21I1/1IB; 1.1, 2.2 and 23 g1 ! for
& obliguus RE; and 006, 2.1, and 24 g | ! for B Braunii
FCI124, respectively (Fig 3a). Biomass production under
autetrophic culiure condition was significantly lower than
heterotrophic  and mixotrophic culture  systems. These
vanations oocur due o two major reasons; first, the mic-
roalgal cells transferred lower amount of light energy into
ATPs prodduction [29], Second, some of the ATP produced
during photochemical reactions is not utilized for anabolic
process [30]. In heterotrophic culure conditions, due to the
absence of Hght source, the supplied organic carbon source
(glucose) was directly used for cell metabolism. Moreover,
the growths of the four microalgal species wene better

a Springer

when they were cultivated in mixotrophic conditions as
given below: 100 pmaol i g1 S glucose and 11 days
incubation for Chlorella sp. 100 pmol m~—s~', 2 %
glucose and 12 days  incubation for 8. obliguus RE:
80 pmol m~ 257 1 % glucose and 15 days incubation for
C. vulgaris CCAP211/11B; and 80 pmol m~2 s~ 1 %
glucose and 20 days incubatiom for B brawnii FCI124,
respectively, These results are in acconmdance with Liang
etal. [2] and Armoyo et al. [31] who stated that mixotrophic
cultivation produced higher biomass than heterotrophic and
autirophic  cultivation. This  phenomenon  is  mainly
because glucose and light energy can be utilized for energy
metabolism  for ATP and NAD(FIH pmoduction,  and
therefore cell growth can be accelemted [29].

Total hipid contents of the four microalgal species under
differemt growth modes were compared and presented in
Fig. 3b. Total lipid content increased in the order of
mixotrophic—autotrophic—heterotrophi ¢ culture conditions,
Lipid production under heterotrophic conditon decreased

- 216 -

Collection @ chosun



Bioproces Biosyst Eng {3014) 3799108

fa] Y

—— 2%
—— 4%
rg |—T—oA%
ey Iy
—— 10

Biomas gl

as

() ,,

—— I
—o— A

B i 1)

Time (doyv)

1
(L] i
—— 2%
15— 04t
—— A%
15 | - L%
-2 !+H—I
— 14 -
CRER ]
E 10
LR
i
e
a2 4
i
] 2 4 & ] " 12 ¥ 16
Timmes (dayk
(ﬂ‘.lzs
— 02
=
:
=

L] - 4 £ ]
Time (day}
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when compared with autotrophic and mixotrophic culture
conditions: 21 and 49 % in Chilorella sp.; 23 and 40 % in
C ovulgaris OCAP2ZIVIIE; 38 and 51 % for 8 obliguus
RE: and 41 and 55 % for B brami FC124, respectively.
Based on the above experimental results, it was revealed
that the mixotrophic cultivation of the four microalgal
species stimulates both biomass production amd total lipid
coment when compared with heterotmphic culti vation. As
shown in Fig. 3a. lower lipid content was oblained in
heterotrophic system  because most of organic carbon
sounces supplied were completely utilized for algal growth,
In mixotrophic culture condition, however, simul taneous
assimilation of the glucose (carbon source) and CO; was
took place in the algal cells. In the presence of light energy
and glucose, most of the metabolizing ensymes presént in
the algal cells got more activity. Especially, the activities
of fatty acid synthesiving enzymes such as acetyl-CoA
carboxylase, desatumse, acyl-carner prvein synthase, and
ATF:citrate lyvase increased and the accumulation of lipids
in the algal cells also subsequently increased [31].

Effect of light intensity on biomass and lipid production

Microalgal acclimatization can be occurred based on the
variations in envimnmental factor such as light intensity.
When microalga is cultured with carbon dioxide as a sole
carbon source, the cell growth biochemical composition
(structural and storage molecules) and hipid accumulation
are depending on the availability of light intensity [32].
Figure 4 shows the effect of light intensity on biomass
growth and total lipid content of the four microalgal
species, which were cultured in mixotropic culture condi-
tions. In our study, when the microalgal cells were grown
with increasing light intensity range from O to
150 pmol m™* ™", no significant difference in biomass
growth was found in Chiorella sp. and © vadgors
CCAP211/11B. However, B braunii FCI124 showed higher
biomass content (2.6 g 1 " at 80 pmol m™2 57" of Ti ght
irradiation, but a higher light intensity inhibited cell
gmwth, Conversely, the 8. obliguns B8 growth increased
with increasing hight intensity.
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Total lipid content in these four species increased in
proportional to light intensity. B brawes FC 124 was found
to be the highest lipid producing microalga (394 %)
companed with the other species. These results are in good
agreement with Tansakul et al. [33] According to the
litemture, because light intensity has a profound impact on
lipid accumulation, higher light iradiance was favored for
the lipid production rather than biomass growth. When
microalgae are exposed 1o a large quantity of hght energy,
mare metabolic fluxes genemted from photosynthesis are
directed o hipid accomulation [33] and enhance free fatty
acid synthesis in chlomplasts [34]. Furthermore, a low light
intensity may cause a higher Chl a content in cell [35]. This
trend is because, under the low light irradiation, the mic-
roalpal cells increase their photwsynthetic pigments such as
Chl a and antenna pigments © maximize their ability o
harvest lght for their normal growth of microalgae [36]. In
addition, the algal cells had a relatively large volume of
chlomplast, a high surface density of thylakoid membrane
and a small volume of lipid storage body [37]. In contmst,

‘fr_-\l Springer

Light Intenskly (u mal m ™ s5")

Fig. 4 Effex of light inensity on a omas growth and b wowml Hpdd
comtent of four microalgae grown under mizotrophic condition

at higher light intensity, the dimensions of micmal gal light
harvesting antenna pigments and Chl a contents decreased
and thylakoid membranes worked more efficiently for lipid
accumulation [38].

Table 1 shows the outline of the biomass production and
total lipid content of various microalgal species cultivated
under different culture conditions. From the comparative
analysis, it was proposed that all the four green microalgal
species used in this study show reladvely high wal Epid
content in cell, Among them, 8. brawnii FC 124 was found
to be the best ipd producing microalgae under mixo-
trophic culture conditions (B0 pmol m™= 7', 1 % glucose
and 20 days). Our study firmly proves that higher hpid
production was obtained at a relativel v lower light intensity
{80 or 100 pmol m™" 57"} And it was known that the light
intensity also influences the fatty acid composition such as
triglyeeric acid, glyveolipids. phospholipids, and PUFA. In
the near future, the effect of Hght intensity on microalgal
fatty acid composition profile during mixotrophic cultiva-
tion should be investgated.
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Table 1 Compardson of biomass prodoction and total lipid comtent of four geen microalgse with other relaed microalgae

Mhcroal pae Culwre condition Carbon sounce Light imtensity Bimass Towl lipdd Referemnces

(pmol m™ 5" poduction (g 17%  content (%)

5. obeliguacy AS-6-1 Phaoiobione actor ooy 140 L& 117 39

. obliguacs CNW-1 Phowhioneacior O 140 L4 92 [39]

5. obliguas ESP-5 Phodobione actor ooy (L] (] B3 [39)

8. obliguaes Phowobdone actor 12 % COn 432 21 NI» [}
Nannochlorapeis sp. Baich meactor MN-depleted mediom 700 [E1 210 [41]

and 2 % 00y
Durediafla viridiv Batch reactor MN-Limited and 1 5 = 318 42
I % COy

. saling DOCBC2 Phaoiobione actor 3 % Oy iz NI [43]

. prowerhes oide s Hetemorophdebatch reactor  Gluooss - 153 3 [4-4]

2 prowrhecolde s Heterotrophicbatch reactor  Pure glyoeral - 192 R [4-4]

L progsrhec olde s Heterotrophichatch reactor Crude glycerol - 35 L5 [44]

C ovdparis LEB-104  Bach seacios 5 % OOy 473 19 L [45]

B. brawenii SAG-30081  Baich reactor 5 9% O 473 31 330 [45]
Chilorells sp. MixowrophicAaich reactor 1 % Gluoose (D] 27 225 This stwdy
el gerris Mixowophicharh reacton 1 % Glucoss Bl LB e | This 21udy

CCAP2IIALE

B Broueedi FC 124 Mixotrophichaich reactor I 9% Gluwonse Rl 24 349 This siwdy
5. obliguacs BH Mixotrophichaich reactor 2 % Gluoose 1inn 23 237 This simdy

Concl wsion

In the present study, four green microalgal growth and total
lipid contents were compared in three different modes of
cultivations. Comparing w0 autoimphic cultivation, higher
biomass production was obsarved inheterotmophic cultivation,
Arnong the various carbon sounces tested, glucose was the best
carbon source for four microalgal growths, and 1 % glucose
was optimum for higher biomass production in three micro-
algal species except 8. obliguns RE (2 % glucose). The B,
braunii FC124 was found wbe a best lipid producing micro-
algaunder 80 pomol m 2 g of light intensity, 1 % of glucose
and 20 days incubation. Lipid accumulation increased with
inoreasing light intensity in the mixomophic cultivation. Towl
hipid conient was lesser in the hetemwrophic mode when
compared with other two modes. Nevertheless, no significant
variations in the biomass prodoction was noted bat wesen het-
emtrophic and mixotmphic cultivations. These algal species
can be used for the industrial scale-up of lipid producton.
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In this , movel DN A extraction and purification methods
wmdevelopcdtoobtahhjgh-quan&trandrdiablequlﬁy
DA from the microbial community of
loess soil samples. The effidendes of five different soil DNA-
extraction protocols were evaluated on the basis of DNA
yield, quality and DNA shearing. Our suggested extraction
method, which used CTAR, EDTA and cell membrane lytic
in the extraction followed by DNA itation
\ming Ixopropana, yidideda maximum DNA coment of £228
iS.S?nggmil In addition, among the five different puri-

(BVED) spin coluimn prrification method iclded agh.a

lity DM A and recovered 91% of DNA fmm thecrnd! DN;L
Spectrophotometry revealed that the ultraviolet A:e'dzm
and Azo/Azm absorbance ratios of the purified DNA were
1.82 = 0.03 and 1.94 = 0.05, . PCR-based 165 rRNA
amplification showed dear bands at ~ 1.5 kb with add-treated
PVPP-purified DN A templates. In condusion, our suggested
extraction and purification protocols can be used to recover
high concentration, high purity, and high-molecular-weight
DNA from clay and silica-rich agricultural soil samples.

Keywords: microbial community DMNA, metagenomics, soil
texture, DNA extraction purification

Intreduction

The micrebial diversity of environmental samples is enor-
mous; however, only 1-10% of the microbial population
can be cultured through the traditional isolation techniques.
Numerous works in the literature have indicated that most
bacteria in environmental samples cannot be isolated via the

*For correspondence. E-mail: swkimechosun.ac kr; Tel.: +82-62-230- 6649
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recognized methods. In recent years, researchers have paid
great attention to the culture-independent metagenomic ap-
proach, using either a sequence- or a functional-based appli-
cation. Metagenomics is a reliable alternative approach for
g;gvidjn insights into microbial diversity. This approach

s0 been considered as a promising molecular method
for the isolation and identification of novel and unusual pro-
teins, enz and seco metabolites from soil samples
{Forsberg et al, 2013; McGarvey ef al.. 2012 Selvin et al.
2M2 Yeh et al., 2013). In addition, this approach has become
one of the powerful research tools to overcome the limitation
of the traditional culture-based methods. Construction of a
metagenomic library requires a sufficiently great quantity
of high-quality DNA, which makes the extraction and pu-
rification of DIMNA from the environmental samples a critical
step (Wilkinson ef al., 2002). The molecular technigues used
in metagenomic studies, induding DNA extraction from the
environmental samples, followed by purification, restriction
digestion, cloning. and sequencing. are affected mainly by
humic acid contaminants. Humic substances are known to
inhibit the activities of imperative enzymes that are used in
modecular studies, such as Tag DNA polymerase and restric-
tion enzymes. Even at extremely low concentrations, humic
acid substances significantly influence the binding efficiency
and annealing of double-stranded DNA in polymerase chain
reaction (PCR) amplification. Hence, to obtain high-quality
microbial community DMA, researchers have developed dif-
ferent types of protocols and applied modified methods in
each step. The efficiency of soil microbial community DNA
extraction depends on the soil quality and chemical com-
position of the sofl, including sand, clay. and silt. Several
previous studies have indicated that the extraction process
is also influenced by the tight interaction of microorganisms
on soil colloids, the formation of clay-organic matter aggre-
gates, and the interaction of DMNA with the soil matrix (Harry
ef al., 1999). The soil samples contain microbial popu},ntlcuns
mdudmg bacteria, actinomycetes, fungi, protozoa, mycelia,
spores, and different types of unicelldlar and multicellular
organisms {Krsek and Wellington, 1999). However, the data
on high quality DN A extractions from soil communities are
significantly limited. This may be due to different trace ele-
ments, pH, and clay contents of the soil and sediments. A
variety of extraction protocols have been applied to obtain
high-quality microbial community DNA from diverse en-
vironmental samples.

Over the past two decades, different protocols of physical,
chemical, and enzymatic lysis have been developed tor direct
DA extraction. Generally, common physical disruption me-
thods have been employed, such as sonication (Yeates ef al.,
19597}, bead beating {Kozdroj and Van Elsas, 2000), freezing-
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thawing (Tsai and Olson, 1990), liquid nitrogen freezing-
thawing (Erb and Wagner-Dobler, 1993), and microwaving
{Orsini and Romano-Spica, 2001). Although these techniques
yield high DNA concentrations, a major drawback of direct
lysis is the coextraction of extra humic acid, cellulose-derived
coimy| ds, and other phenolic compounds. The bysis buffer
cnnuiripﬁnnl}' contains dﬂpé‘rgems such as sodium d?decyt sul-
fate (SDS) (Miller et al., 1999) and sarkosyl (Smith and Tiedje,

1992), however in recent years a variety of chemical lysis
approaches have been used to obtain higher purity DNA,
including high-temperature boiling with polyvinyl poly-
pyrrolidone (PVPP), phenol, chloroform, ethylenediamine
tetraacetic acid (EDTA), cetyl trimethylammonium bromide
(CTAB), and Triton X-100, respectively. Arbeli and Fuentes
(2007) used polyethylene glycol (PEG) as a precipitate in-
stead of isopropanol, which resulted in a higher reduction
of PCR inhibitors without loss of DNA concentration. The
final method of DNA extraction is an enzymatic digestion
step that frequently employs lysozyme and proteinase K to
quicken the process and increase the DINA yield.

The extracted DNA product is light brown to dark brown
in color owing to the presence of phenolic compounds. As
menticned ahove, because these contaminants inhibit the ac-
tvities of DN A polymerase and restriction-digestion enzymes,
further purification is required to obtain greater purity. So
far, several purification methods-including Sephadex spin
columns, ion exchange chromatography, gel filtration chro-
matography, agarose gel electrophoresis, PYPP, bovine se-
rum albumin (BSA), gelatin, and skim milk-have been devel-
oped to remove PCR inhibitors (Romanowski ef al., 1993;
More ef al., 1994; Harry et al, 1999; Kauffmann et al,, 2004).
Amsaleg et al. (2001) reported that each step of the purifica-
tion procedure suffers from shortcomings of inappropriate
removal of humic acids and high cost, and every additional
step inevitably results in DMA loss. The choice of extraction
and purification protocol should consider the desired con-
centration and guality of the recovered DNA.

Because yellow loess is an aeolian sediment formed by the
accumulation of wind-blown silt, typically in the 20-50 pm
size range, Lwent}'ﬂ?:rcem or less clay and balance equal
parts sand and silt that are loosely cemented by calcium car-
bonate, its moisture content is relatively low as 10-15%. And
main chemical composition is as follows: 50-60% silica (Si0s),
8-12% alumina (Al;Os), 2-4% ferric ion (Fe;04); (L8-1.1%
ferrous ion (Fe), 0.5% titanium oxide (Ti0:), and Manga-
nese oxide (MnO), 4-16% calcium oxide (CaO), and 2-6%
Magnesium oxide (MgO). These indicate that yellow loess
is a unique environmental habitat for growth of microorga-
nisms, from which DNA is difficult to extract and purify.

The purpose of this study was to develop novel methods
for efficient extraction and purification of microbial com-
mumity DNA from agricultural yellow loess soil (AYLS)
samples. To obtain high quantity of DNA from six soil sam-
ples, five different extraction methods were investipated. In
addition, five different purification methods were developed
to gain high-guality DNA from crude extracted DNA. The
purity of DNA was assessed both by analysis of the Aws/Ase
and Azso/Azso spectrophotometry absorbance ratios and by
analysis of 165 rRNA gene amplification.

Materials and Methods

Soil sample collection and characterization

AYLS samples were collected in sterile plastic baps from three
different sites around Jeollanamdo, the southwestern prov-
ince in South Korea: Muan-Hyeongyeong (34°59'25.63"N,
126728'54.07"E), Yeongam-Sinbuk (34753 25.04"N, 126°41°
33.35"E), and Yeongam-Miam (34°41'57.20"N, 126"34'18.94"E).
The collected soil samples were labeled AYLS01, AYLS02,
AYLS03, AYLS04, AYLS05, and AYLS06. All s0il samples
were immediately transferred to the laboratory and stored at
-20°C until further use. To identify the soil characteristics,
its textures were analyzed by the method described by Kathi-
ravan ef al. {2011) with a slight modification. The required
amount of sterilized soil sample was placed in a glass jar and
mixed with an equal volume of distilled water. The resulting
soil-water mixture was vigorously stirred for 1 h and then
left without further agitation for 1 day. Next, the volume of
each particle size was visually measured and the percentage
of sand, silt, and clay was calculated with reference to a soil
texture analysis chart. The AYLS trace element composition
was analyzed as follows. Briefly, | g of hom ized sofl was
placed into a Teflon vessel containing a solution of 20 ml
concentrated HNOx=HC] (3:2), after which the total volume
was increased by a further 50% by the addition of ultrapure
witer. The sample vessels were sealed and stored at 120°C
overnight. After incubation, the vessels were allowed to cool,
and 10 ml of ultrapure water was added when the acid-ex-
tracted digestate reached room temperature. This digestate
was further diluted into a 100- to 1000-fold series, and in-
jected into inductive-coupled mass spectroscopy (ICP-MS)
{Elan DRC 11, PerkinElmer). The pH values of all soil samples
were determined by using a glass electrode in a soil:water
ratio of 1:1.25. The moisture content of the samples was de-
termined by drying 10 g of soil samples at 100°C for 2 days.
The concentration of humic acid was determined using a
UV-visible spectrophotometer at a wavelength of 230 nm.

Soil DN A extraction methods

Five different methods were used for DNA extraction, as
described below:

Method 1: The PowerSoil® DNA Extraction Kit (MO BIO
Laboratories, Inc.): AYLS microbial community DNA ex-
traction was performed according to the manufacturer’s pro-
tocol using 250 mg of the soil sample. For further purifica-
tion, the resultant DNA was washed three times with 70%
ethanol.

Method 2: Modified Portecus method (Porteous f al, 1994):
Briefly, 100 mg of soil sadeIe and 350 pl of homogenization
solution A [250 mM NaCl, 100 mM Na,EDTA, and 0.2%
CTAB (wfv), pH 8.0] were mixed by vortexing for 30 sec.
The samples were then sonicated (Branson 5200 sonicator-
bath) at room temperature for 3 min. The resultant prod-
ucts were treated with 10 pl proteinase K (10 mg/mil}, 10 pl
lysozyme {10 mg/ml}), and 2 pl glusulase (1,000 U/ml). The
tubes were vortexed for 10 sec and incubated at 37°C for 1 h
Each sample was treated with 350 pl of lysis solution B [250
mM NaCl, 100 mM Nax>EDTA, and 4% SDS (wiv), pH 8.0]
and 50 pl of 5 M guanidine isothiocyanate. The samples
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were incubated at 68°C for 1 h and then centrifuged for 15
min at 12,000 = g at 4°C. The resultant t was mixed
with 0.6x volume of isopropanol and incubated at -20°C
for 30 min, followed by centrifugation for 15 min at 12,000
x . The pellet was washed three times with 70% ethanol,
centri air dried, and then resuspended in 100 pl of TE
buffer (10 mM Tris-HC], 1 mM EDTA; pH 8.0).

Method 3: Modified Yeates method (Yeates ef al, 1997):
Yeates's protocol with a minor modification was applied
for DNA extraction. Briefly, 1 g of soil was mixed with 2 ml
of extraction buffer (100 mM Tris-HCL 100 mM NaEDTA,
1.5 M NaCl, pH 8.0) and 1 g of sterilized glass beads, before
being blended in a mini-bead beater (Biospec instruments})
for 2 min at 50 shaking speed/min. The sample was incubated
at 65°C for 10 min then centrifuged for 15 min at 12,000 = g
The supernatant was transferred to centrifuge tubes contain-
ing a half volume of PEG (30%. wiv)/NaCl (1.5 M) and in-
cubated at room temperature for 2 h. Then, 0.5 M potas-
sium acetate (7.5 M) was added to the samples, which were
transferred to ice for 5 min and then centrifuged at 12,000
x g for 30 min at 4°C to precipitate proteins and polysac-
charides. The agueous phase was extracted with the addi-
tion of equal volumes of phenol/chloroform and chloroforms
isoamyl alcohol (Sambrook ef al.. 1987), and DINA was pre-
cipitaled by adding 0.6x volume of isopropanol. After 2h at
room temperature, the samples were centrifuged at 12,000
» g for 30 min and the DNA was resuspended in 250 pl of
TE buffer.

Method 4 Modified Birgmann methed (Birgmann et al.,

Wedgh 250 mg of agricwlnaal sol sample in 1.3 ml cppendor? mbse

Add T pl DN extraction buffer

+

2 ul prodeimase K, 2yl hsoxyme and 2 pl glusulase

-
Incubste 5t 3750 for 30 mo with agitatson ot 200 pm

2001): The Birgmann protocel was used with a slight modi-
fication. Briefly, 0.5 g soil sample and 0.5 g plass beads were
suspended in 1 mi of extraction buffer (0.2 M NasPOy, 0.1 M
Natl, 50 mM EDTA. pH 8.0) containing 2 pl glusulase (1,000
Urml) and incubated with agitation at 200 rpm for 30 min at
37°C. DNA extraction was performed by using a mini-bead
beater for 1 min of 10 cycles at 50-60 Hz, and thereafter DINA
was purified by adding 2 ml chloroform/isoamyl alcohol
{2471, v/v). DNA precipitation was performed by the addition
of 3 ml of a precipitation solution (20% PEG &000, 25 M
NaCl), followed by incubation at 37°C for 1 h and then cen-
trifugation at 12,000 = g for 5 min. The resultant pellet was
washed three times with 70% ice cold ethanol, air dried, and
resuspended in 1 ml of TE buffer.

Method 5: Our suggested method: An alternative and effi-
cient method was developed to obtain high-quantity, -quality.
and -molecular-weight microbial community DNA. In this
protocol, 250 mg of soil sample in 1.5 ml Eppendorf tubes
was mixed with 270 pl of DN A extraction buffer [100 mM
Tris-HCL 100 mM Na-EDTA, 100 mM NaHPOu, 1.5 M
NaCl, and 1% {w/v) CTABR pH 8.0], 2 pl proteinase K {10
mg/ml), and 2 pl glusulase {1,000 Ufml), followed by agita-
tion at 200 rpm for 30 min at 37°C. After shaking. 30 pl of
20% (wiv) SDS was added and incubated in a 65%C water
bath for 2 h with pentle mixing every 20 min. The superna-
tant was collected after centrifugation at 6,000 = g for 10 min
at room temperature and transferred into 1.5 ml Fi:!pendnrf
tubes. About 10 pl of RNase A (10 mg/ml) was added to 1.5
ml tubes, which were incubated at room temperature for

Fig. 1. Schematic diagram of microbial com-
mumity DNA extraction from AYLS samples
as supgestad by this study.

Jfier incuhation, 3 pl 53135 was added nnd incubawed ot G5°C m water bath for 2 hoasth genile mixung

il every 20 min

Ir

Centrafuge at & (0K < g for 10 min st room eemperanane

¥

10 p] RMase was added in menbased af room tempernhore for 30 min

4

Aguecus phase was collected by addiion of egual volume of phenol;choloreform: sommylalcohol mxiune

(25 vy

4

04 A s precipitaned by addition of (06 vorume of opropene] snd kepd st 2000 for 4 b

+

DM A pellet was abtamned by centnfogatson at 12000 % g foe 20 mn al foom empersiirs

‘

DA pellet was washed 3 Temes with 7005 ehaal

'

DA was resnspeded in 100 pl of TE buffer
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30 min, and then mixed with an equal volume of phenol:
chloroform-isoamyl alcohol (25:24:1, wiv). Next, the aqueous
phase was obtained by centrifugation at 6,000 = g for 10 min

at room temperature and precipitated with 0.6x volume of

isopropanol at -20°C for 4 h. The samples were centrifuged
at 12,000 = g (20 min, room temperature} and the resulting

pellet was washed three times with ice cold 70% ethano
and resuspended in 100 pl of TE buffer (Fig. 1)

DMNA purification methods

Removal of humic acids and phenolic compounds from a
soil sample is very difficult and therefore DNA purification
is a critical step. The presence of humic acid is revealed by
the development of a brownish color in the recovered DNA
extract. This crude DNA is not suitable for PCR amplifica-
tion or restriction digestion. Generally, during purification,
humic acid and contaminated proteins can be removed; how-
ever, a significant amount of DNA will inevitably be lost.
In this study, five different DNA purification methods were
applied and compared as follows:

Method 1: Genomic DMNA purification kit: The extracted
soil DNA was further purified using a penomic DNA puri-
fication kit {Nudeopen Biotechnology) according to the ma-
nufacturer’s instructions, using 100 pl of sample with slight
modifications. Briefly, 20 mg polyvinyl pyrrolidone (PVP)
was added to the spin columns, which were then washed three
times with ice cold 70% ethanol to remove the excess conta-
minants present in the extracted sample.

Method 2: Sephadex G-100 spin column: The Sephadex
G-100 spin column was constructed by adding 25 mg Se-
phadex G-100 into the commercial spin column, followed
by washing with sterilized DNase-free water. The excess water
was removed by centrifugation. Approximately 100 pl of the
extracted DMNA was added into the spin column. The conta-
minants were washed with ice cold 70% ethanol, and then
100 1l of TE buffer was added to the spin column and left for

10 g PVPP was suspended in 1 Lof | M EICH for 24 b @t room tenperature Fig. 2

‘

2 min. The purified DNA was collected in a collection tube by
centrifuging the spin column at maximum speed for 2 min.
Method 3: PVP-low melting point (LMP) agarose gel: The
PVP-LMP agarose pel was prepared by the aﬁtlm of 1.5%
(wiv) PVPand 1% (w/v) LMP agarose in 100 pl of 1x TAE
buffer {40 mM Tris-acetate, 1 mM EDTA; pH 7.0). This mix-
ture was dissolved by heating in 2 microwave oven for 3 min
and then cooled to 50°C. After cooling, 10 pl Top Red nucleic
acid gel stain (Genomichase) was added and the mixture was
poured into a gel casting tray. After setting the gel, about 40
! of crude DN A sample was added into each well. Electro-
phoresis was performed for 30 min at 100 V. The separated
DMNA was visualized using UV light. Afier electrophoresis,
the separated bands were extracted using a commercial kit.
Method 4: Formamide-agarose gel purification (our sug-
gested method): A 2% aparose solution in 1x TAE was pre-
pared in 2 sterile glass beaker, heated in a microwave oven,
and left to cool to 45°C. It was mixed briefly to ensure that
the agarose solution was homogeneous. Then, 100 pl of 2%
ose was mixed with 100 pl of DNA extract. A solution of
I ml 80% formamide prepared in a 1.3 M NaCl solution was
added into the agarose-DNA mixture before being inverted
slowly then incubated at 4°C for 1 h. After incubation, the
formamide was removed by centrifugation at 6,000 = g for
10 min. Purifised DMNA was obtained using a commercial gel
extraction kit
Method 5: Acid-treated PVPP (AT-PVPP} spin column (our
suggested method): Acid treatment of PVPP was performed
by the addition of 10 g of insoluble PVPPto 1 L of 1 M HCL
This reaction mixture was incubated at room temperature
for 24 h. After incubation, the solution was filtered through
Whatman filter paper No. 1. The filtered PVPP was added
to 1 L of 20 mM phosphate buffer (pH 8.0) and mixed by
stirring for 2 h. This washing process was repeated with the
same buffer until the pH of filtered PVPP suspension reached
7.0. After washing, the AT-PVPP residue was air dried over-

. Schematic purification steps of crude
DMNA by AT-PVPP.

After meuhation, the suspensson was Altered through Whatman filber paper Mool

‘

Filiered PVPP was washed with 20 oM phosphate baiTer until the pH of suspension
reached te pH 7.0 and than flicred thaoszgh Whatman Gler papea No. |

+

AT- PYPP was air dried ovemight and then steved al moom lenperaive:

+

20 g AT-PVPR was sdded in spia colummn

+

Washing with stenbped DNase free waler and enoess water was removed by centrifisgatvon al

G0 = g for 2 nen

]

100 pl extracted DA was added into cpin cnbimn and centrifaged 22 6,000 © g far [0 min

+

Spin colimn washed 3 times with 7% ethanal and ar dred

-

Pellet was resvspersded i 100 pl TE uffer
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Table 1. Soil properties of agricalbural vellow loess

Sample Nos.
Erpety AYLSD1 AYL502 AYLS03 AYLSD4 AYL50S AYLE0E
pH 6.5 0L 72zx003 GEx 007 6.2+ 005 6.8 + 0.04 71 006
Soal typa Lozm Loam Bandyloem  Sandy clayloam  Sandy loam Clay loam
Sand (%) (2-0.05 mmi) 414z 12 50724 506210 526=x12.1 436 L6 387223
Soal texture® it (3) (0.05-0.002 mm) 430+ 3.2 398+ 18 ;0+13 269+ 18 N1 T 41719
Clay (%) {=0.002 mm) 156 L7 .5 05 104 206 2041 1.1 17409 19614

‘Ttusuﬂtfpewnd:l‘cmﬁnﬂdwihuﬂln‘hmmﬂyﬁsdnlt

night at room temperature. About 20 mg AT-PVPP was added
to the DMNA purifying spin column and washed with sterilized
DiMase-free water. The excess water was removed by centri-
Z.ldgauun. A]ipmximatek}r ]Dﬂ&zl of the extracted DINA was
ded into the spin column and washed thres times with 70%
ethanol to remove the excess contaminants present in the
extracted sample. In this purification method, the eluant
was collected, and DNA was washed with 70% ethanol, air
dried, and then resuspended in 100 pl of TE buffer (Fig. 2).

PCR amplification

165 rRNA genes were amplified by PCR from the soil-ex-
tracted community DNA templates using universal bacterial
primers 37 (5-AGAGTTTGATCCTGGCTCAG-3') and
1494R (5 -TGACTGACTGAGGYTACCTTGTTAC-3'). PCR
amplification of 165 tRNA genes was performed using two
templates; crude DNA obtained using our suggested proto-
col, and DNA that had been purified using the AT-PVPP
approach. A total volume of 20 pl PCR mixture was used,
containing 1 pl undiluted DNA template, 2.5 pl 10= PCR
buffer (TaKaRa Bio Inc.), 2 pl 20 mM MgCls, 1 pl 1% (wiv)
BSA, 1 pl 1.5% (wiv) PVP, 0.5 pl dNTPs, 1 pl each of forward
and reverse primers, 0.2 U of Tag DNA polymerase (TaKaRa
Bio Inc.), and 9.5 pl DNase-free water. The PCR conditions
were s follows: 1 cycle of 5 min at 24°C, then 30 cydes of
denaturation at 94°C for 1 min; annealing at 60°C for 1.3
min; and extension at 72°C for 1.3 min, followed by a final
extension at 72°C for 20 min. About 2 pl of PCR-amplified
products were analyzed by 0.8% agarose gel electrophoresis
in 1x Tris/borate/EDTA buffer.

Results and Discussion

Soil properties
‘The texture of AYLS samples was analyzed to define the per-
centage of clay, silt, and sand present in soil. Generally, the

sand particles were settled at the bottom, the silt was layered
above the sand, and the clay lay on top in the measuring jar.
The general properties of the AYLS samples are listed in
Table 1. In this experiment, all six samples were found to be
loam, sandy loam, and sandy clay loam with pHs of 6.2-7.2.
The soil type plays an important role in DNA extraction;
for example, higher clay content is an especially problematic
factor {Lakay ef al., 2007). Furthermore, the size of soil pores
among sand. silt. and clay determine the interaction of soil
particles with microorganisms. As mentioned earlier, the
efficiency of DNA extraction depends on day content and
organic matter content. Moreover, microorganisms strongly
bind with clay through a variety of binding forces (Bakken
and Lindahl, 1995). The high clay content leads to an ex-
planation of lowered DNA yields because of the adsorption
of free DINA onto the clay particles. Young ef al. (2014) re-
ported that soil samples containing high levels of clay and
organic compounds also influence DINA extraction. Further-
more, the AYLS04 DNA was found to be more dark brown
in color than other samples, due to coextraction of high hu-
mic acid contaminants.

In addition, metal contaminants are often coextracted with
DNA from soil because of their similar physicochemical
properties. The analysis of the mineral contents in the AYLS
samples facilitates the selection of the DNA extraction me-
thod (Table 2). The concentrations of trace elements were
determined using ICP-MS after soil extraction with acid
extraction (conc. HNOs/conc. HCI). It is known that Fe and
Si concentrations in soil samples have a major effect on soil
DMNA extraction. The Fe content in AYLS03 was found to be
higher than that in other soil samples tested (Table 2). Fe
may be present in the form of iron oxides and iron hydroxi-
des in agricultural soils (Koedroj and Van Elsas, 2000). DNA
extraction increases with an increase in Fe concentration in
the soil sample and vice versa. On the other hand, the pres-
ence of high 5i in the soil may retard the release ﬂfDNA%‘OH‘.I
clay particles, which subsequently affects the efficiency of
DMNA extraction from soil. The concentrations of soluble ele-

Tabile 2. Trace dements compeosition of AYLS analyzed by ICP-MS

Sauales Concentrztion of frace dements {mg/g of sell}”
Fe K Ca Mg Mn =)

A¥Ls01 260 + 32 AEST £ 13 1312+ 5 2352+ 10 X3 +5 384+21
AYLS02 187702 15 1980 = 10 1600 = 5 0t 15 J9xé 41.1x 30
AY1S503 23100 39 1693 + 11 514+ 6 14177 I +5 MrF+14
AYLS04 23330+ 33 ITRE £ 12 I8 +7 2567 + 14 185+ 4 40.2+ 20
AYLS0s 15030 x 18 1X15x 10 7O5t5 1147 6 1627 41.0x 19
AYL508 14060 x 12 496 15 Tat 6 1604 +7 321 =8 MF:I0

* Soill samples were prepared by acid treatment method.
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Fig. 3. Agarose gel electrophoresis of soil microbial community DNA
exiracted as per the Powersoil® DMA extraction protocaol. Lanes: M, mo-
lecular markes; 1, AYLS00; 2, AYLS02; 3, AYLS03; 4, AY¥LS04; 5, AYLS05
and &, AYLS06.

ments varied significantly, but can be ordered by abundance
with the following: K>Mg=Ca>Mn>5i (Table 2). High metal
concentrations in the soil can negatively affect microbial ac-
tivities, provoking a low mineralization of organic materials
during plant growth.

Soil DN A extraction

For functional- and sequence-based DA analysis, it is essen-
tial to develop novel protocols that yield high quantity and
quality DNA. However, DNA extraction from soil is extre-
mely complicated due to coextraction of humic acid and
other contaminants. The successful extraction depends on
the type of soil, because the soil's composition requires op-
timization of the extraction protocol used. It is important to
obtain DNA samples that are free of or contain an extremely
low concentration of humic contaminants. In order to eva-
luate the best protocol for DNA extraction from agricultural
soil samples, we used a commercial kit and four different me-
thods with slight modifications. DNA yields from six AYLS
samples varied considerably from sample to sample depend-
ing on the extraction method used.

The microbial community DNA extractions from six sam-
ples using the commercial PowerSoil® DNA extraction kit

showed different sizes of fragments on agarose gel (Fig. 3),
and yielded very low DNA concentrations (2.47-6.96 + 1.56
pifg soil) (Fig. 4). It is known that highly fragpmented DNA
may allow generation of chimeric amplicons during PCR
amplification (Liesack et al.. 1991). The purity of extracted
DMNA was determined based on the spectrophotometry ab-
sorption ratios at Ay, 4., and Ay, where the absorption
peaks of coextracted humic acids and phenelic compounds
with DNA are visible at 230 nm, whereas those of DNA and
protein are observed at 260 and 280 nm, respectively (Yeates
et al., 1997). An Az Axo ratio greater than 2 and an A Az
ratio greater than 1.7 indicate high-purity DNA, whereas
the lower absorbance ratios indicate the contamination of
DNA with humic acid and protein, respectively. The Axe/ Ay
and Axsf Az ratios of DNA extracted from six AYLS sam-
ples by the PowerSoil® DMA extraction method were 1.28-1.58
and 1.13-1.64, respectively. Our results show that the com-
mercial DNA extraction kit was not suitable for problematic
soil samples that contain high levels of organic compounds,
clay or heavy metals. Moreover, because commercial kits are
typically optimized for a small volume of soil sample, their
uses for oblaining high-guantity and -quality DNA are often
limited. Therefore, we tested four alternative DNA extrac-
tion methods.

A modified Porteous DNA extraction protocol yielded a high
DNA concentration of 1589 + 1.34 pg/p soil from AYLS01
and a low concentration of 9.31 + 0.77 pg/fg soil from AYLS03
{Fig. 4). This method adopts sonication to disturb the mic-
robial cell wall and release DNA. Although a long period of
sonication was required to obtain high DNA concentration,
excessive sonication makes DMNA highly frapmented (data
not shown). The absorption ratios of DNA extracted by this
method were assessed as 0.80 + 0,01 for Azse/Asse and 1.04
+ (0,02 for Az Aaes. These ratios indicate that the extracted
DNA samples were highly contaminated with humic acid
and proteins. As shown in Fig. 4, a modified Yeates DNA
extraction method yielded a DNA concentration of 23.62 +
4.65 pg/g soil from AYLS03, however, the amounts of DNA
extracted from other soil samples were relatively low and the
absorption ratios of Az Azeand Axe'A:m ratios were found

Fig. 4. Microbial commumnity INA con-

2 Mahio presmol DR exoscion ki
a5 1 8 M AT Povieaud's Mathod

0 Moddied Yeais's Meiiod

= M BuriRani's Maded

0 Fropoasd Method

centrations (pg'e soil [dry wi]) obiained
from various extracion prodocols. The
results zre presentad s mean + 500 of
triplicate experiments.

DM concentration {uaia sedl)
b
t

AYLE 01 AYLE

AYLS 03

AVLS 04

Sol Samples
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Table 3 Comparison of the quantity of onsde INNA by different thouds from diverse types of soil samples
Maxtmum DNA
i Sofl type Extraction buffer Detergent Precipitating concentration Heference
(% SISy agent. (ugla solld

1 Paddy soal NaCl, EDTA, znd lysooyme 0 Isopropanacd 2017 Iskam ef al. (2012)

2 Paddy sol ot | 1 Isopropanol 1136 Istam ef al. (2012)

3 Paddysol MNaCl, CTAB and protelnasa K mn Isopropanal 1B.65 Islam et al. (2012)

4 Pristine polluted sofl MNa(ll, EDTA and glass beads X0 PEGMNaCI 23.50 Yeates ef al. (1597)

5 Bakeryindusirysel — FDTA and NaCl 4 PEG 38 Sagaretal (2014)

¢ Compastand O1gERIC 0 gnd EDTA i PEG 200  LaMontagneef gl (2002)

7 Arable soi Ma(ll, EDTA, glass beads and skim milk 2 Polassium acetate 376 Ikeda ot al. (2004)

B AYLS PowerSoll” TP A extraction kit - - £36 This study

valll, EDTA, glusulase and

o AYLS glass baads PEGMaC] 3371 This study

10 AYLS Nal, EDTA and glusulase 4 Isopropamd 1686  Thisstudy

11 AYLS N L U A s 20 20 PEG/NaCI 1835 Thsstudy

12 AYIS i e o st A Tsopropansd 4228 Thisstudy (proposad method)
tobe 0.92 + (.04 and 1.23 + 0.06, respectively. The extracted DNA purification

DMA was also highly contaminated with proteins and humic
acids. When we used a modified Birgmann DNA extrac-
tion protocol, 33.8 + 2.71 pg/p soil of DNA was extracted
from AYLSO01L (Fig. 4). It seems that a relatively higher DNA
yield was due to glass bead-beating cell disruption, and the
PEG precipitated DMNA extraction. A combination of PEG
and NaCl could provide an alternative to isopropanol pre-
cipitation, although the purity was low, as assessed by the
absorbance ratios of 0.86 + (L02 at Axmidzgand 1.27 £ (.03
at AzsolAzme. The extracted DINA was still contaminated with
high contents of humic acid and proteins. Based on these
results, it is concluded that the above-mentioned DNA ex-
traction protocols are not suitable for obtaining high quan-
tity and quality of DNA.

Therefore, we suggested an alternative soil DNA extrac-
tion protocol, which yielded the highest DNA concentration
among the methods used in this study. The maximum DNA
yield was 42.48 + 5.59 pg/g s0il from AYLS0L, which had
loam soil and a pH of 6.5. We exploited the combined action
of chelating agents (EDTA and CTAB), which were added
into the DMNA extraction buffer. These long-tailed surfactants
turn random coil DNA structures into the compact globular
structure and subsequently increase the efficiency of DNA
precipitations. Also, these chemical agents help to detach mi-
crobes from soil matrix. Additionally, the collective actions
of hydrolytic enzymes such a:rgsoqme. proteinase K, and
glusulase break microbial cells and release more DNA. Aparose
gel electrophoresis of soil microbial community DNA ex-
tracted by our suggested protocol showed that the size of
extracted crude DNA was found to be = 10 kb, and no frag-
mented DNA was noted (data not shown). The range of ab-
sorption ratios of Aza/A:a0of six soil samples was from (.52
to 0.96. Similarly, that of A/ Aas of extracted crude DNA
was 1.24-1.43. The quantity of DNA was high enough to
study metagenomics, and was much higher than the maxi-
mum DNA concentrations obtained from other methods
(Table 3). Sail type, DNA extraction buffer composition,
SDS concentration, and precipitating agents influence suc-
cessful DNA extraction.

Metagenomic studies requires hiphly purified and plentiful
high-molecular-weight DNA, because humic acid and pro-
tein contaminants have severe negative effects on DNA paly-
merase, restriction enzymes, DNA ligase, and DNA-DNA
hybridization. To remove the contaminants from cnsde DNA,
several purification methods have been adopted. The con-
ventional purification methods have many limitations, in-
cluding low quality products, significant DNA loss, and co-
migration of phenolic compounds. Therefore, in this study,
we applied five different purification methods that enhance

urity and high-molecular-weight DNA and incur low DNA
oss,

A commercial DNA purification kit consists of a silica-
coated spin column and a DNA collection tube. The binding
buffer in the column neutralizes the silica’s surface negative
charge due to its high ionic strength, so that it helps binding
of DNA to the silica surface. The unbound humic acid con-
taminants were eluted during centrifugation. By increasing
the elution buffer temperature, the purified DNA can be
obtained. The resultant DMNA showed the absorbance ratios
of Aza/Azze and AzenfAmpas 1.62 and 1.75, respectively, and
was therefore a good quality. However, the major draw-
back of this method is a notable loss (41.7%) of DNA caused
by inappropriate binding of DNA with the silica surface in
the column.

When the crude DNA was purified by PVP-agarose pel alec-
trophoresis and subsequent gel extraction, the Assef Az and
Azeol Ao ratios of purified DNA were 168 and 1.81, respec-
tively. These ratios indicate that the purified DNA was also of
good guality. The high purification is obtained by the strong
hydrogen interaction of PVP with humic acid and phenolic
compounds. This complex retards comigration during elec-
trophoresis. However, because a remarkable loss of DNA
(56.8%) was incurred by this method, PVP-agarose pel pu-
rification failed to yield the rlg?uired quantity of purified DMNAL
This confirms the findings of Young et al. (1993), who men-
tioned that although PVP reduces electrophoretic mohbility
of DMA, it strongly binds to humic acid.

The Sephadex G-100 mini-column purification method
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Fig. 5. Agarose gel
pel plug purificaion. Lanes: M. molecular marker; 1§
3, AYL503; 4, AYLS04; 5, AYLS0S; and 6, AYLS06.

eladmghxems of DM A after formamide-1.MP agarose
. AYLS0); 2, AYLS0;

allowed effective removal of humic contaminants from crude
DNA. The AssfAzsp and A Azs ratios were found to be
1.66 and 1.78, respectively. The high-molecular-weight hu-
mic acid substances passed through the larger pore size of the
Sephadex G-100 matrix. Although this method was better
than DNA purification kit, a loss of about 19% of DNA was
still ohserved. Sephadex G-50, Sephadex G-200, and Sepha-
dex 4B were ineffective in purifying DN A from soil samples.
The{ormmide—E.M]’ﬂgamse gel plug purification method
showed effective removal of humic acids. After the contami-
nated DNA was mixed with formamide, LM P-agarose, amd
NaCl, the humic acid and phenolic compounds tightly in-
teracted with formamide, while the DNA strongly binds with
the agarose gel. To prevent denaturation of DNA by forma-
mide, NaCl was used as a stabilizer. The absorption ratios
of AzeplAzan and AzsAzso were 1.78 and 1LB6, respectively,
which indicates the high purity of the DNA. The purified
DNA from each of the six soil samples was visualized by
band analysis after electrophoresis (Fig. 5). All of the DNA
fragment sizes were larger than 10 kb without shearing frag-
ments, however this protocol also lost 2 meaningful amount
(20%) of DNA.
Therefore, we su
purification protoco

ested a novel AT-PVPP spin column
to minimize DNA loss with high purity.

kb

Fig. 6. Agaross gel slectrophoresis of DNA after AT-PVPP spin column
purification. Lzanes: M., molecular marker; 1, AYLS01; 2, AYLS02; 3,
AYLS03; 4, AYLS0S; 5, AYLS05; and 6, AYLS0E

15 kb=

Fig 7. Agarose gl dectrophoresis of PCR-amplifisd products of purified
DNA after AT PVPP spin column purification. Lanes: M. molecular marker;
1, AYL501; 2, AYLE0Z; 3, AYLS03; 4, AYLS0S; 5, AYLS0S; and 6, AYLS06

The absorbance ratios of AxndAse of six DINA samples ranged
from 1.82 to 2.03 and those of A/ Aze0 ranged from 1.89
to 2.05. It sugpests that this method was found to yield the
highest quality DNA and to be the mosl simple, most con-
venient, and least time-consuming protocol. DNA purity
was further evaluated by agarose pel electrophoresis (Fig. 6).
The band profile indicated that DNA sizes were larger than
10 kb in all six soil samples. Moreowver, DINA loss in AT-PVPP
spin column purification was significantly lower than the
other methods (99%).

Furthermore, the quality of purified DNA by the AT-PVPP
plug method was confirmed through 165 rRNA gene am-
plificaticn by PCR. There were no appropriate sizes of 165
rRNA nm]:llic-:un bands when the crude DNA was used as a
template but dear primer dimer bands appeared in pel elec-
trophoresis {data not shown). This is due to the fact that
humic acid binds more strongly to Tag polymerase than to
DNA strands. The purified DNA with AT-PVPP spin column
showed high-guality dear bands with a PCR amplification
product of ~1.5 kb in all soil samples (Fig. 7). Consequently,
it was supgested that our proposed DNA extraction and pu-
rification methods were fi to be the most reliable, simple,
and cost-effective for obtaining microbial community DNA
from all kinds of soil samples. In addition, it was found that
eaﬁ'h DMNA color purified by each method showed “clear to
white”™,

Conclusion

The main objective of a DNA extraction protocol is to ob-
tain high DNA yields of high purity by 2 method that is
convenient, less time-consuming, and ‘cost-effective. Cur
assessment of DNA extraction methods depends mainly on
the soil type, pH, and clay content of the soil samples. Our
proposed DNA extraction method permits a wide range of
[MNA extraction from bacteria, fungi, and soil-associated
organisms. The results demonstrated 3- to 7-fold increased
DNA extraction from all six AYLS samples compared to
previously described methods. Among the five purification
methods assessed, the AT-PVPP spin column purification
protocol was found to be the best choice to obtain high
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concentrations of high-purity and high-molecular-weight
DMA. The purity absorbance ratios of A/ Azmo and Az Az
were found to be 1.82 + 0.03 and 1.94 + 0,05, respectively.
Both novel DNA extraction and purification methods were
suitable for use in a large-scale study involving the compa-
rative analysis of microbial diversity depending on sail types.
However, further research is required to evaluate the effi-
ciency of the purified DNA with restriction enzymes and
DMA ligase for successful larger-sized DNA cloning.
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Abstract A movel hexavalent chromium (Cr T removing
HBadiins 9p. was isohted from leather mdustry wastewater-
contammated =oil. This potential isolate was sibjected to
CriVI) ramoval under froe and immobilzed states inoa
stimed batch meactor {SBR). Two hiokinetic parameters,
V.., and &, and the cffective diffusivity (£0) for various
bead smes were calculted from Lincwesver-Burk and
Eadic-Hofisee plots, mspectively,. With mespect i bead
mize, [k deareased significantly from a maximum of 3024
* 10X cmi/sec in the 020 cm bead to 2948 = 10%, 1.775
« 17, and 1.144 = 1077 am¥sec in the 040, 0L60- and
0.80 cm beads, respectively. Additionally, steady and
unseady state modeling of diffusional mass tansfer into
the immobilzed beads was conducted to dotormine the
mass ranefer rate as a function of time and the beads’
radial profike. Furthormorne, the space-time yield (ST Y) was
maodeled according to the residence time of the reactor. The
reactor’s 5TY was reasonable and could be further booaed
by increasing the fractiomal biocatalyst

Keywords: cficctive diffusivity, unskady skatc mass
transfer, STY, SBR, Cn V1) remowal
L Imtroduction

Hexavalent chromium is toxic #© the awviromment, and
agquatic and uman life. it poses a hazard to flora and fauna

M zgh e Nadhragan FKathi oovan, Geesen Ho (Gim,, Jaewesn By w, Gaoi Flawn Hian,
Hi Winnlk Kim"

af Envirommenal Enginesring, Pionear Reseasch Cemter for
Comeral fing of Haem ful Al gal Bloom, Choesm University, Gwangiu 501-
759, Koea
Tl : +E262-2 305540, Faoc: +R2-62-225- 5040
E-mal swicmiEchosm ac o

im various maormphs by acting as a carcinogen and mtagen.
Compared o Cn VI, hoaewer, Cr{llT} i3 mon-toxic, has kow
emvironmental mobility, and therefore has a negligible
crvironmental impact. Industrial cffluonts from a wide
range of ndustries such 2z |leather tanning, electroplating
and chemical processing are usually rich in O V1L Mamy
comventional methods ane availble to remove  toic
chromium from wastcwaikers, including chamnical reduction,
precipitation, reverse cemosis, ion exchange, bioaorption
and adsorption  [1-3]. However, these methods soffor
serious disadvantages such as high cost, koar efficiency, and
gencration of oxic sludpe or other wastes that requine
disposal problems and necessitate opemational compledity
[4.5]. The biological comversion of Cr{VI) to Coill)
remains the novel method for the treatment of ¢ hmom um -
containing waste due to s coofriondly nature. Compared
to Or{VI) remaoval by free cells, biological removal of
Crivl) with enmymes sccreed by immobilized bacteria
offers manmy advantages such as ease of operation under
wery mild conditions without any damage to iving hacerial
colls. The opoational smbility is assred by the immobi bzed
whole cell, due to its high mechanical strength [6], high
cHiciency, long-tcrm oporation [7] and rausability. Scveral
studics have examined hexavalent chromium removal by
biocatatyss usmg varous immobilized bacterial speocics
such a5 Desulfmibrio desulfieicms [8.9], Amphibacillus
ESUCH [10] and Prendomonas sp. [11]. However, the
algmate immobilizaton technique often leads toa decneasze
of biocatalytic activity, with the decrcase in immobilized
whole cell camlyst activity having been atiribuied to
intarnal diffusion lmitatons and steric hindance [12-14].
The substrate diffusional mitations reduced the catlytic
cificiency of immobiled biocatalysts. Thaefore, developing
efficient biorcactors with mmobilmed catbysts will requine
Imowledge of diffugonal limitatons m such biocatlysts.
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Various investicators studied di fienont catalysts to investicae
the mirmsic mass tansport lmiations. Diffusion of
substrates within the porous beads in batch reactors was
studied and meported by Backer and Barom [15]) The
effective diffustvity (£} of glucose m porous glass beads
was reported by Arnaud and Lacmoix [16]. Dursun and
Tope [17] investigated and mported the effective diffusion
coefficient of phenaol in Ca-alginate-immobilized Ralsronia
sutropha in hatch system. Recently, the influenoe of mass
transfer resistnoe on formaldehyde degradation in kissiris-
immobilized & surophae has been reported [18]. Ha and
his group [ 14] studied the diffision charactenistics of chlor-
feron and diethylthiophosphate in Ca-algnate gel beads.
The inbermal mass tansfer limimtions of phenol bio-
degradation using Ca-alginae-immobilized £ purida beads
in a hatch system hawe beem reported, and a liteature
review presonted of the effective diffusion coefficient and
effectivencss factor alomg with Thicle’s modulus [20]. The
stcady statc intornmal mass tansfer imitaton mvolved in
substrate diffission i the reaction system & still the major
drawhack in the application of tmmeobil mation by ervrapmment
method. An unseady state model wazs developed to meamume
the effective subsance diffusivity within an onirapoent
matrix used for whole cell immobilization [21,22]. Further
studies imvestigated the cffects of intemal diffusion on the
biodegradation mate of forrous (11 cyanide complex {femo-
cyanide) ions by Ca-algmate gel-immobibized P flueorescans
beads and moporied that the diffision chamdenstcs for
cach combination of diffusmg substrate and immobilized
matnix are necessary to determine the diffusion coetficients
for the analysis and design of reactors using immeobi lized
cells [23.24]. Hence, to design, optimize and construct an
cificient biorcackr for microorganism-mmobilzed catabyst
systems, it 15 mecessary @ understand the intermal mass
transfer lm tations,

The present shudy investigates the Cr(Vl) remowval
cificicncy and cstimates the internal diffusion lmitations in
Baciiius gp -immobilized beads. In addition, the chamcteri-
stics of the alcmate beads such as viable cell counts and
mechanical stength woe studied. The imbonal mass
transfer mte within these biocatalysts was predicted using
stcady stai, unsicady sitc and spacc-time yickd (STY)
maodels. These pammeters were used to predict the reactor
porfommance.

1. Materials and Meth ods
2L Characterization and idemtification of bacterial
iznlates

The mictoorganisms used n this stiady woere isolated from
the =soil samples of mmmery effluent-contaminated =ies in

£ Springer

Pallavaram, Chermai, India These soil samples (1084 wiv)
were inoculted in mutrient broth containing 100 mg/l. of
CriVl) and then imcubated at 379 under comtmolled
conditions. After 2 days of imcubation, 10 mlL of the
culture was serially dilwied and samples (0.1 mL) were
withdrman from 107 dimtion. The mmples were then
imoculatcd on mutrient agar plates conmining the desined
concentration of C{VI). Afier 2 days incubation at 379,
the colomics were scrooned for ther ability to survive in the
chromium-amended agar plates. The potential solates
wore inoculated with fresh mutrient broth and purified by
streak plie techmiques. The ialaied colonies wene subjecied
to biochemical tests to identify the species

1.1 Chromim removal by free celk

The solted Barciins sp. was used for chrommm removal
in minmmal =alt medunm containing (gl.) glucoss- 1.0;
Na HPO, 7HO- 6.0; KHLPO,- 30; NaCl 0.5; CaCle-
0.01; MgS0y- 0246 with varous initial concentrations of
chromium ranging from 10 to 500 mg'l. For the remsoval,
the modium was moculated with mid-kogarithmic phase
bactenal culture and was mcubated at 379 and pH 7.0 at
150 mpm.

2.3, Immw bilization of Baecilus sp. in caldum alginate
The alginate entrapment of cells was porformed acoording
to the method previously described in the litemture [25].
Algmate was dissolved in boiling waier and anioclaved at
121°C for 15 min. The acclimatized Badilus sp. was
inoculated inm WB broth and incubated at 3790 for 48 b
A fter imcubation, the culture was harvested during the mid-
logarithmic groath phase by centrifigation (6,000 mm, 10
minj and resuspended in 15 ml of saline solution. Then
the biomass was added into steniized 3% sodium alginate
undor ascptic condition (cell bading: 135 g/100mL of
sodium algmate). This algimate-cell mixture was extruded
drop by drop imio stenle 3% CaCl, sohibion thmough varous
nozzle sizes to prepane gel beads of different diameters.
The beads were hardened by resuspending mto a fresh 001
M CaCl: solution for 24 h at 4°C with gentle agitation.
Fimally, these beads were washed with distilled water to
ranove oxccss caloum ons and free oolls. The alginae
beads without Bacdius =p. cell wemne prepared o act as
comtrol. Beads with diamcters ranging from 02 w0 0.8 cm
were obmined and stored in moist condition unitil further
use.

L4 Viabilty cel connts

To determine the mmbear of colls encapsulatd within a
specific bead, the bead was submerged in | ml of a
saturated phosphate buffer solution, which was mamtaimed
atroom emperature mntil the alminat completely dissolved.
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The liquefied alginate-cell suspension was shaken for
several minutes with a vortex mixer, and 0.1 ml samples
wiore taken for cach bead size. The wiable cell counts wene
carried out within the agar plate culthvation.

2.5 Determination of bead density and bead size

The mmobilized bead density was measured by water
dizplacement method. The total mass of - 30 wet beads
was measured and the beads were placed m a measured
wvohme of waker in a graduated oylinder The maca=s in
wvohme after bead addtion was measured, and the density
was caloulated Bom the mass and vohime, The alginake
beads were blot dricd with filter paper before measuring
the mass, The bead diameters were measured directly using
a glazs ruler and the average for 40 beads was calculated.
This result obtained was compared with the size calculated
from the average volume dotermined using the water
displacement method.

L6, Chrominm removal experiment asing immobilized
heads

The Cr{V1) removal experiments were camied out in batch
maode at 37C, pH 7.0 and glucose 1.0 g/L. Predetermined
quantitics of alginae-immobilized Sadiier sp. beads wens
added i the beaker and stirfing was achieved by thermal by
comtrolled shaker (Scigenics-ORBITEE) at 150 rpm. The
batch coporments weore conducted by varying the imdtial
Cr(V1) concenmtration from 10 to 500 mgl. of 100 mil
workdng wolume in 250 ml. Edenmeyer fladc. The cell-free
beads wene used for comtml experiments. In all experiments,
initial pH was adjusicd to 7.0 by adding 0.1 ¥ H:50, and
0.1 M MaldH. At 6 h imervals, 3 ml. of the samples was
withdrmamn mnd centrifuged at 6,000 mpm fior 5 min.

2.7, Amalytical methods

The CnVI) removal was estimated as the decrease in
CriV1) concentration in the supematant with time using
hexavalent chromium  specific colormetric reagent 5-
diphemylearharide (DPC) prepared in 0.25% (W) acetone
{AR) reported by Pattanapipitpaizal [9]. Samples of 200 or
400 pl. were made up to Iml with distilled wator, A fior
the addition of 330 pl. of 6 M Ha 505 and 400 pl. of DPC,
thiz solution was made up o 10 ml with distilled water
= Visible spoctrophotometry was uscd to measure the
Cr{vl) conkent at 540 mm.

2.8, Kinetics studies

Mecasurcments of the cnzymatic maction rate arc uscd to
chamca e cieymes with regard to thar substrate affinitics
and momal reactions mte. Several mmencal models ane
available for stmulating the fate and transport of contanmi-
nmants n the subsuface. Kinctic data on Cr(VI) ranoval by

micTOnIanisms is important i assessing their potential
application to remediation of contammn ated wastewaters. [n
this investigation, the chromum reductase catalyzes the
removal of CrVl) substrate. Michaelis-Menten kinetics is
the best awvailable mathematical model for predicting the
kinctics of cnzmymc-catabyzed reactions, according o the
fiolkonaring equation,

Fal¥]
E_+[5]
Whene Fa iz the mmomum reacton mate, K. the mmte
constant and [¥] the substrate comcentration.

=

(1)

L9 Intermal mass transfer smdies

The immobilized cells cause extra diffusional hmitaticns as
compared i free cells. The significant effoct of diffusional
limiwtions {intcmal and ooemal mass transfo ) delcmmines
the relative biocomversion. The transfer of substrat from
the bulk liquid phase to the mmobilmed biocatlyst surface
is called imtomal mass transfer Inemal mass tansfter
studies within the immobilized bead were carried out under
the following zix assumptions: the Bociius sp-immobilized
particles are spherical in shape, a smgle substrate Emits the
growth, the OV emoval is dependent on the imitial bulk
concentration of the substrate, the effectve diffusmvity of
the substrate is constant throughowt the catalytic surface,
the cffocts of oubwand diffision of metbolic products ane
negligible, and the substrate is ransported imto the catalyst
throuch diffiion according o Fick s first law of dif fasion,

L 10 Steady state modeling of intermal diffusion in
imnmwhilized bewds

Conzider an immobilized bead consisting of Bacilus =p.
Lat "R’ be the radius of the bead. Consida an ckemental
shell of thickness Ar, The chmomium reductase is sccormcted
within the bead and let B be the molar flux of the substrate
inside the bead Applying mole balance at steady state,
over the shell of thickness r, we hawve,

(R ) — (M0 LET s = (Pt of peneration inside Ar)y=10
{2}
Wfdm s — Wdmr s — r-dmAr =0 (3

Where r. & the mean radius.

FLH—L‘FZ]'_"' L =_r.r (41

Ar -
Om hnuiting Ar to zemo,

:!J“ — :“'1}_\.- 25 2
“.-..-_uu[” ;;- T, 13)

- 232 -

{“/Collection @ chosun



270

Bioles hnalagy and Boprocess Engineasng 20 267275 [2015)

5

Thus, 27 2 (6)
ar

By Fide's lw of diffusion, we have, #'= - p_- 451
I
Substinting Fick’s first law of diffision m Eqn. (6) gives,
d[5] 2
g

ar

- 7
Om s phifying,
18], 2d[5] T _

e roar D‘_u &)

Aszzuming that the enrymatic neaction  follos
Michaelis-Menten kinetics,
¥ _I=s
= Lab] ©)

Te T BlKL

Including the cffect of cffectivencss factor 1 {averase
dimensionless k], the mie bocomes,

r.= ”l:']mii!. (10)
Hence, 2151 . 2451 _ 7 V.IS) an

&2 rd  DIS]EK
by introducing the following vartables, .‘;'=-[£1 =L

K [ &
and a=[1’—,"], where [%] is the substmate concentration at
ﬂs:catah-ué‘bca.dsurﬁw:

48,285 gpy 23 (12)
g Fdb Sea
| ¥
.S‘Li:hﬂ!.at'ﬁi‘=RJ|"’“ {13)
NE_ D

The boundary conditions for the above cquation anz,

i. At surface of fhe immobilized bead, F=1 and 5= 1
ii. At center of the immobilized bead, # =0 and %f =0
Equatiom {1 3) shows that the substrate diffusion i also a

function of Thicle’s modulus. Hence, the effectivencss
factor for a first ordor system i:

B T
LR
For zmall wvahies of @, rp—¢@ and imtaparticle maszs

14)

£ Springer

transport has no cffect on the rate. The mate at the conter is
the same as that at the outer surface, so that all the wolume
is fully effectve. The biodegradation step controls the rate.
For large @ <= 1, so that immaparticle diffission has a
large effect om the rate. Practically, these conditions mean
that diffiusion imto the particle is reltvely slow and henoe
biode gradation oocurs before the substrate has diffused far
into the particle and only the surface of the particke is
ciicctive. For @>5 a pood approdmation for abowe
Eqgn. {12} iz (21 and 26):

n=
@

(15}
L IL. Unsteady state mass transfer modeling

In reactors, monamiformity anses over time due o non-
idcal stomng concentratiom, which inorcascs intorest in
studying the mate of unsteady mass transfer in this system.
Hence, the batch stimed mactor is modeled for unsteady
staie with a first-order reaction assumption that s valid for
large substrate concentrations for any clemental shell Ax
inside the spherical biocatalyst as,

Fc

2_pFC e
o

= (16}
o1

Thizs can be solved by implementing Danclosent’s [27]
method of tansformation by which the me of mass
transfer by diffission within the sphenical catabyst is given
b,

0. % - yic-c)

Hoe amn

Where C, is the actual concentration on the surface at
that time,  the equilibrium surtice concentration attained
after infinite tme, and S/@N the concontration gradient
mcasured in the oubteand dircction along the mdius of the
bead. Here ¥ i a constant for a given radiue of the
spherical bead.

For comvemicnce in writmg we put & = 340 in what
follows. Hence, this problem iz tansformed as,

C =0 when t=10, withm the sphorical catalyst
C=Cywhen t> 0, at all points on the surface of the bead
And
ac
am
bead.
The solution for such problem is,

D— = y{Ce—,) when t = 0, at any distance within the

']
C=k Ic'le‘“a}- o™ (1%)
1]
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where ) 15 the sohition of the unstcady diffusion aquation
to the same environment without reaction. Thus, on solving
by adopting the aforezaid srategy, the mte of diffusional
mass tmanster (F) within the spherical catalyst at amy radii

‘a” and time 't s,
5 e
2 o on
ka” = D on xcaq:ll{ + ‘nz I]
\ a

ka = ﬂ‘_ﬂ: '

F=fmraD ¥
=
(19)

212, Space Time Yielkd (5TY) of the Sfirred Batch
Reactor (SBR)

STY mefiers to the quantity of product obtained per quantity
of catabyst per unit time m immobilmed beads. The space
time & is oqual & the average residence tme {7}

For a stmed batch reactor { SBR) of cloncental volhume
dV, the following nelationship app lies:
57 repndt_ e Ve [8}dV
([55] l:’”a'.r E_~[5]

Where o iz the immobilized biocatalyst volume as a
fraction of the reactor wohmme, Defining the relative substrate

{209

concontation  as y=l£1, the above ogression is
transtformed as, i

_dr_ A5V r

21
dar & (1+y) el
Which, on rearmngement yiclds,

= — M )
7 Faw ¥

Integrating the reactor holding time { £} for the requined
relative subsirate concentration conversion, we have,

3. Resulis and DViscussion

A potential chmomium-reducing bacteria was isolated from
chromium contaminated leather industrial cffluent. From
the colomy mormphology, ccll morphology and biochemdical
test resulis of the isolated species presemied in Table 1, the
isolated species was identified as Baociffus sp. We have
previously determmined the mimimam inhibitory concentration
(MIC} of O V1) of Bacillus sp. o be 600 me/L [28]. This
izolaic was used for calcmm alginate mmobilization and
other mass transfer studies. The mumber of wiable cells
within the beads ranged from 2.0 = 10" to 2.8 = 10" cfivml..

AL Chromimm removal by free celk

The effect of nitial concentmation on CriWVT) removal by
free cells Bacilfur sp. was studied over an mitial concentration
range of 10~ 300 mgl. and the results are shvam in Fig, 1,
The pereantage Cn( V1) romoval increasod with incrcasmg

100

-
=
!

% of Cr{V1) reduetion

Time ()

Fig 1. EfBct of rital conosmtraton an O VT) semeval by Sacdios
. (omditions: pH: .0, temparatue: 3790, and cabon sownee:
o).

Table L Biachencal chanscterdies of the il

) . ﬁ{l_ﬂdr, Amalyam Resuli
r= EIFa'.|'= p— I = {Z3) Uit st rd g +
Lt Endiariare stimng +
Thus, Mol Lty r
e _ ool gy o
r=——= [ %)+ (] (24)  Amsenobic growth 7
NPV s b o Catabee ted -
l-';] Indarbe test =
Whare r, = — i the initial relative substraie concontration L Frew b
Koy Lackose -
and by an amalogous dervation we obtain the STY for the Aurrylae fest +
roactor as, Mitrate redcuton tes t
G v - Prosboguer r
Gy =V o 4 (25) Cirorwth in 1095 NaiH +
hi\ﬂj—{:ru—ﬂ MLV st i
¥ b Eitive; — nesative
Z Speinger
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After 66 h of mcubation, 104 CrVI) removal was
obained for 10, 25, 50, and 75 mg/L. initial concentatons,
whereas after 78 h of incubation the chromium remowal
was 952, 941, 932 928 and E7.8% for inital
concontrations of 100, 200, 300, 400, and 300 mgl,
respectively.  Similar results were meported in using
Streplonnices grizens, in which the chromium removal
percentge deoreased with increasing an increase in Cn V)
concentation [29]. The P flusrescance LB W) shoaed
99 7% remowval for 112.5 med. of Co'VI) but only 61%
remaoval for 314 mgl. [30). Thacker and Madamar [31]
roportod that Secilfus spisolated fom soil reducad Cnf V)
in the comcentraton range of S0 - 400 med in 42 h Inthe
current study, the izolate tolemted OV} toscicity over the
concartation mnge of 10 ~ 500 mg/l. and cxhibited a
promism g chmomiam remaoval potential.

3.2, Enoyme Kinetics

The bio-kinetic parameters of the Michaclis- Menten kinetics
wiere caloulated by plotting the imverse substrate — removal
rate in the Linoarcaver-Burk model. The medmmm reaction
rate decreased with increasing biocatalyst particle diameter,
whereas the tend was contrary with the Michaclis-Manicen
constants. For the smallest particle diameter of 0230 am,
the Limcwcaver-Burk plot & lincar, mdicating that the
immobilized sygtem is reaction hmited (rp = 1) (Fig. 23
As the particle size increases, the plot’s nonlinearity
comespondngly inoreases, indicating the enhanced offoct
of inra-particle diffusional mass tansfer on the owerall
reaction rat.

3.3, Effect of Thick s modualus over the rate of reaction
The mfluence of mrapartick diffusion in mmobilized
porous caabyss on the kinetic behaviors of immaobilized
cells has been theoretically considersd as an effectivencss

4.5 o

& s -
e
x //‘/'d’-;_,.--"""'- P
-~ B e e
LE] i —
.--'/ -~
-2

g2 Ao — o 0oz nna L)

115 Pmaqg]

Fig. 2. Linevesaver Burk plod for dhorosmiwrm femov by s Heoed
.\'.'hrf.ilr.\':p. For varkns bead dres (i 2, i 04—, A 6, and
O hB-em had_\‘,]
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facior Thersfore, we can assess the overall performance of
the SBR by clascical effectivencss factor (1) and Thicle’s
modules (@) approach. The intrinsic kinctic paameoters of
immobilized cclls canmot be ditectly measured by any
analytical parameters, it the observable Thicle moduhs is
one of the significant parameters that can be used to
determine the intemal diffission imatations. Thicle’s moduhas
is a dimensionless factor that depicts the highest degree of
catalyas that could be atmined with the given catalyst It
depends on the offective diffigvity, mdius of the bead and
Michaclis-Menton constants of the biocatalyst. The vahes
of Thiele’s moduliz wene calculted fom the inercept on
the ordmate of the Eadie-Hoftses plot (K F ) fior cach
bead particle diameter, as shown in Fig. 3, and its variation
acconding to the initial Cr{ V1) concentration i= presented in
Fig. 4. Thc same trend was obscrved m the hydmolysis of
rice bran oil uang immaobilized lipase [32]. The diffiusional
limitatiom increases with increasing biocatabyst particlke
diamcter, as evident from the increase in nonlineanty of the
plots for respective diameters.

The mesults roveal that Thick's muodulus morcases with
decreasing Cr(VI) concentration to a maximum value at

o4zs
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—m—Qdem
——QEcm
ad2 —=—0Bcm
E 08
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& o -’"'_'_"\\g\_\
=
0808
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o 05 1 1.5 ]

e i)

Fig. 3. Eahie-Hoflee plot for varous besd sines (9 02-, W 04-,
b (06, and O L8 om b,
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> 15 e
=
L] o4
0.3 | ——gvadp [ OE
= Bt 2.
a %] o4 oh om 1

Fig. 4 Effect of biocataly @ besd e on Thiale's modules (00) and
et veness Bactor (7).
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Evalabon of Sleady State and Unsteady Stale Mass Transler Rale of Cridil) in mmobdimed Baslis sy

wery low CoVI) concentrations. This suggests that the siz
of the catlytic beads significantly affects Thicle’s modulus
and Thicle’s modulus increased with mocasmg  bead
diamcter The reaction is diffusion conrolled for larzer
values of Thicle’s modulus (d, =08 cm), but surtace
reaction controlled for lower values (d, =0.2 am).

3.4 Significance of effectiveness factor

The ecffectivencss factor is fhe main pamamcter that
indicates the modmum odent to which the reaction could
be driven with the given catlyst The effectivencss factor
is calculated using Eqn. (14) and is an inverse function of
Thiele’s modulus. Hence, the values were expecied to offer
contradictary cffects among the various pamamoteTs aganst
i The cifiect of the catalytic bead size on the cffoctivacss
factor of the catabyst could be well mferred from Fig. 4.
The plot sugeests that the cffectivencss factor mocascs
with imcreasmg imitial O V1) comcentratiom, which again
was atiributed to the inoreasing comcentration gradient
facilitating mass transfer. Furthamorne, the cffectivencss
factor decreases with moreazing particle diameter, which
was attributed to the fact that the diffusional resistance to
mass transport and the oruous effects of the catabests ane
mone pronounced in larger particles, These explanations
support the sidy fnding that the 0.20 an bead exhibited
the hichest effectivencs factor.

3.5 Space-time Yield (STY)
The residence time (@) and STY (ngy) ocpressions for
wvarous bead diameters inside the SBR arc given by Egns.
(24) & {25) and arc prsented in Figs. 5 and 6. STY
increases with decreasing biocatabyst particke diameter,
which was atiribuied & the diffiusional limitation trend
exigting with the hincatalyst particlke diameter. STY was
maximized at approcimately 0.4 memin for the 020 cm
bead with a substrae load of 500 megl. STY increased
with increasmg substrate concentration, which was attribuied

ag00

L]
o
L%

0.2
oz
D13

STY [mygiLimin)

] 100 200 ann Ei] 500
Cr(w1) concentratan (mail)
Fig 6. Effec of hiocstalya particle ameter on the sjmace-time
yiekl (5T of the simed heich rescior (SHBE)L (d; 0.2, O 4,
& b, and ®; L5 am beads).

to the morcaszed driving force for mass transfer. The
fractional biocatalyst wolume (@) was maintained below
0.5 for all bead diameters. 5TY can be considerably
mcreased by increasing the fractional biocatalyst volume in
the reactor to within the range of 060 ~ 0.75, but this in
turn will mtroduce undesrable side effects such as elevated
abmasion n the camlysts and increased shear force during
sHiTTimE.

36, nfluence of effectve diffusivity () over the reaction
rate

The reaction dependence on mass tansfer noocssitates
further clucidation of the diffiusion of the reactant into the
immeohilized catalytic bead. The diffusivity of the catlytic
bead reweals the cxtent 0 which the substrate could diffusc.
Mo accurate informeation is given by the effoctive
diffuspeity, which assumes that not all of the area normal to
the concentration fho is available for the molkoulks to
diffuse, that the diffusion path is iortuous and that the pones
ame of varymg cmss sections From Thicles modulus, the
cffective diffiusivity for vanous biocatalya diameters was
determined from Eqn. {13) and the resuls are presented in
Table 2. The cffcctive diffusivity is imverscly comclated
with bead diameter, which reveals the vibramt diffissional
substrate tansfer existng inthe smaller particles. Agam, as
I3 is an inwverse fimction of @ and bead diamecier. This
effect can clearly be explained by the large effectivencss

Table 2 Mem effective diffisivity for various besd siees during
O W e st ko et o, drmarsode Heed. e hes sp

Catulytic bead dismeter Mo effectve diffsivity {00)

P

{om) e )
1 A 3004 = 10
S0} eoncanitatian (mgil) 2 LUE 1} 2047 = "
Fig 5 Effect of intal Cr{VI) concentration on holding time for 3 LE T 1775 = W
Cr{VI) mmoval in the dimad baich resclor (SBR) (4 0.2, & a .80 1.144 = 10~
(hd-, b (b, and BB LR cm besd<)
'a Springsr
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factor for small particles, which indicates the case of
diffusional transfer into them.

7. Dynamics in mas trander rate within the biscatabyst
The ke of mass transfior for cach bead sizc as a fimction
of both bead mdius and time was cakulated using Eqn.
(1% and simulated in MATLAB 7.0. For the bead
diameters, the simulation results mevealed that the mass
transfer ceased beyond 77% madus for te 0.20 om bead
after 62 h, 6%9%; radius for the 0.4 om bead afier 54 h, 54%
radine for the 06-cm bead after 47 h and 43%% radius for
0.5cm bead after 12 h. Hence, the dynamics of the mass
transfer rate within the entite biocatalyst diameters at an
optimum lecation of 60%% biocatalyst radii ({6 r) until an
optimum time period of 20 hours were monitoned so that
the mass transfer rate complately prevailed in the stady
range and the results ane depicted in Fige. 7 and & The mte
of mass transfor exponcentially decayed over time to a
minimum of almost 7eno afier 2 mean tme period of 17 h
for all the catalysts. In addition, the mass transfior raic was
high during the proccss start up. In companson with the
residence time data for all biocatalyst diamceors in the
steady state rcactor, these mass transfer exhaust time data
are promising. To conchide, the unsteady nfinite serics
model for imternal mass tmnsfer satistactorily predicts the
actual biocatabyst conditions.

= an —a—Ed o
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EET
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o 2 4 & ] w1z 14 18 18
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Fig. 7. Effect of time courss on the OnVI) moss transfer nake
within the bio-catalyd (I3 02- and & (4 om beds).
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| ]
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o

] 5 10 15 20

Timein)
Fig. & Fffect of thee on the CrVI) mess rarsler e witddn the
hao-catabyad . (“; - angd O (L8 crm besds)

) springer

4. Conclusion

The wse of mmobilized Socilfus sp. for the biological
remowal of Cr{VI}in an SBR was shoam to be techmical ly
feasibke. Reaction engimcening smdies wore conducted to
assecs the biocatalyst effectivencss, which was chown o be
satwfaciory. The STY of the SBR showed a moderai yicld
of around 04 mgl min for a given factonal biocatalyst
wvolume, Furthemeore, © gain more nsight ino e dynamics
of the mass transfer rate into a specific biocatalyst, the
catalytic system was modeled with an un=eady state,
mfmite scrics, mass transfor model, which well modcled
the time dependence of the mass ransfer me. This model
has a promising potential for the scale-up and comtrol of
bioreactors.
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Abstract We attempted o enhance the growth and total
lipid production of three microalgal species, Isochrysis gal-
bara LB987, Mannochioropsis oculata CCAPB4971, and
Dwnalielia salina, which are capable of accumulating high
content of lipid in cells. Low nitrogen concentration under
photoautotrophic conditions stimulated total lipid produc-
tion, but a decreasing total lipid content and an increasing
biomass were observed with increasing nitrogen concen-
tration. Among the different carbon sources tested for het-
erotrophic cultivation, glucose improved the growth of all
three strains. The optimal glucose concentration for growth
of I palbana LB98T and N. oculata CCAPE4AW] was
.02 M. and that of ). saling was (.03 M. Enhanced growth
occumed when they were cultivaled under heterotrophic or
mixotrophic conditions compared with photoautotrophic
conditions. Meanwhile, high total lipid accumulation in
cells occurred when they were cultivated under photoau-
totrophic or mixotrophic conditions. During mixotrophic
cultivation. biomass production was not affected signifi-
cantly by light intensity; however, both chlorophyll concen-
tration and total lipid content increased dramatically with
increasing light intensity up to 150 }HTLDI:"ITIEIS. The amount
and composition ratio of saturated and unsaturated fatty
acids in cells were different from each other depending on
both species and light intensity. The highest accumulation

1 Si Wouk Kim
swkim @ chosun_ac_kr

Department of Environmental Engineering. Chosan
University, Gwangju 61452, Republic of Korea
Diepartment of Energy Convergence, Chosun University,
Gwangju 61452, Republic of Korea

3 Rio Coatrol Research Institute, Goksung-gun. Jeollanam-do
516-944, Republic of Korea

of total fatty acid (C16—C18} among the three sitrains was
found from cells of N. ocuwlara CCAPB49/1, which indi-
cates that this species can be used as a source for produc-
tion of biodiesel.

Kevwords Microalgae - Biomass - Lipid content - Light
intensity - Chlorophyll - Fatty acid

Introduction

In recent years, many researchers have increased efforts o
find a better alternative renewable fuel because of depletion
of fossil fuels. Microalgae promise o be a suitable energy
resource through the photoautotrophic mechanism that can
convert atmospheric carbon dioxide inle biomass, Faity
acid, and lipids. The total lipid content of microalgas var-
ies from 1 to 70 % of the dry cell weight [ 19, 33, 43]. The
lipids present in microalgae are mainly in the form of esters
of glycerol and fally acids, which are suilable for produc-
ing biodiesel. Microalgae such as Scenedesmus peclinatus
var XJ-1 [42]. Chiorella sp. [6]. and Chiorella valgaris [20]
generally are cultured photoautotrophically. Unfortunately,
the photoautotrophic cultivation of microalgae has many
limitations, such as low biomass and lipid productivity, and
this is mainly because of photolimitation (high cell density
inhibits light penetration). Heterotrophic growth of micro-
algae can be performed in a culture medium supplemented
with external organicfinorganic carbon sources. For het-
erotrophic microalgal cultivation, several carbon sources,
such as glucose [3, 11, 29], fructose [11, 29], sucrose [11,
249]. glycerol [5], and acetate [39], have been used. Hetero-
trophic cultivation offers many advantages, including good
control of cultivation. higher biomass and lipid. and elimi-
nation of the requirement for light. However, mixotrophic
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growth that combines phototrophic and heterotrophic cul-
tivation (i.e., with light and organic sources) is particularly
useful for overcoming the problems imposed by phototro-
phic or heterotrophic growth [11]. One of the most notable
sdvantages is that the OOy released from microalgae during
carbon metabolism is trapped and reused. Recently, many
siudies have focused on the enhanced biomass and lipid pro-
ductivity achieved by mixotrophic cultures of microalgae
such as C. valgaris [17]. Scenedesmus sp. £TY3, and Chio-
rella sp. ZTY4 [37]. Furthermore, it is known thal many
environmental factors influence the growth, lipid content
and fatty acid composition of microalgae. Microalgal cul-
tivation reguires rigorous control of varous factors, such
as carbon sources, salinity, nitrogen. iron. pH, temperature,
Oy, concentration, and light intensity. It is most notewor-
thry that carbon source., light-intensity and -wavelength have
heen reponed to change the lipid metabolism in microalgae
by enhancing the biomass production and lipid content, as
shown for Manrochloropsis sp. [B], Haematocoocus plu-
vialis [16], Scenedesmus sp. [23], and C. vulparis ESP-31
[46]. In addition, a number of nutritional factors, including
phosphate [ 12], sulfur [34], iron [22], and nitrogen [12, 45],
have been reported to influence the growth and lipid con-
tent of algae. Nitrogen starvation especially affects the lipid
asccumulation in microalgal cells [25]. However, to date, the
studies on various modified and enhanced microalgal culi-
vation, lipid production, lipid extraction, and transesterifica-
tion techniques are still in progress.

In this study, three microalgal species lzochrysis gal-
bana LBY9ET, Nannochloropsis oculaia CCAPE4%1, and
Dunaliella salinag, which have relatively higher biomass and
lipid productivity, were cultivated under photoautotrophic,
heterctrophic. and mixotrophic conditions o oblain higher
biomass and total lipid content. Effects of various carbon
sources and light intensity on growth, chiorophyll concen-
tration, total lipid content, and fatty acid composition under
the different culture conditions were investigated.

Materials and methods
Microalgae and media

Three marine microalgag, which accommodate high con-
tent of lipid in cells, were used in this study. I. palbana
LB9E7 (obtained from UTEX Culture Collection of Algae
at The University of Texas at Austin, Austin, TX, USA) and
N. oculata CCAPE4W] (obtained from Culturs Collection
of Algae and Protoroa, UK) were cultured in £2 medium
[14]. with the following composition (per lilter of sea
waler): 753 mg MaMNO;, 5.65 mg NaH-.PO,-2H,0, 4.16 mg
MNay-EDTA, 3.15 mg FeCly-6H,0, 0.01 mg CuS0,.5H,0,
0,02 mg ZnS0,-THO, 0.01 mg CoCl,-6H.0, 018 mg

€1 Springer

MnCl,-4H, 0, 0,006 mg Na,MoDy-2H-0, 0005 mg cyva-
nocobalamin (vitamin By.) 0.1 mg thiamine-HCI (vitamin
B;), and 0.0005 mg biotin. 0. salina (a gift from Han-
yvang University, Seoul, Korea) was cultured in modified
D medium [4], with the following composition (per liter
of distilled watery: 5844 g NaCl, 4.844 g Tris, 0.5055 g
KNO;, 092 g MgCl-6H,0, .12 g MgS0, TH,O,
044 g CaCl,, 0023 g K HPO, 055 mg FeCl,,
245 mg EDTA, 0.31 mg H3BO:, 0.20 mg MnCly-4H0,
0.023 mg ZnS0y-3H,0, 0,01 mg CuS0,-3H,0, 0.048 mg
NaMoO,-2H, 0, 0.005 mg CoCl,-6H,0, 0L0ZT mg NaviOs,
and 2.1 g NaHC O,

Microalgal culture conditions

Photoautotrophic batch cultivation of the three marine
microalgag was performed in 1-L Erlenmever flask con-
taining a working volume of 0.3 L medium at pH 8.0
with cotion plugs that allow exchange with the atmos-
phere. Cells were cultivated at 25 “C. Cultures were illu-
minated with cool-white fAuorescent lamps, which were
fixed on the wall, and light intensity was attenuated by
adjusting distance from lamps and was measured with an
illuminance meter (LT Lutron LM-BILX: Lutron Elec-
tronic Enterprise, Co., Taipei. Taiwan). From our previous
results of optimal growth conditions, light intensity was
maintained at B0 pmchmz."s for I. gaibana LBYBT and N.
oculata CCAPB49/1 and at 100 pmolim%s for D salina,
and the photoperiods were 12/12-h light/dark in all three
microalgae. Their photoautotrophic cultivation period was
10 days. To determine the optimal nitrogen concentration
for maximal biomass and lipid productivity, each of I gai-
bana LB9ET and N. oculata CCAPE49 ] was cultivated in
a modified 2 medium containing different NaN{; con-
centrations ranging from 0.75 0 1.0 mM; D. saling was
cultivated in a modified [} medium containing varous
KNC; concentrations ranging from 1 to 10 mM. For heter-
otrophic cultivation, the above two different culture media
were supplemented with six different carbon sources: glu-
cose, xylose, rhamnose, fructose, sucrose, and galactose
(0,01 M). The influence of initial glucose concentration on
microalgal growth was performed within a range of 0.01—
0.05 M. Mixotrophic cultivation was evaluated with an ini-
tial glucose concentration of 0L02 M for [ galbana LBY9ET
and N. oculata CCAPE4%1 and 0.05 M for D salina. The
effect of light intensity on algal cell growth and total lipid
content under mixotrophic cultivation was tested with dif-
ferent light intensities ranging from O to 200 |.lm0b‘m3fs_

Determination of biomass production

Dy biomass was determined with 1083 mL of microalgal
culture, which was collecied and fltered through a 0.8 pum
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glass membrane (Pall Corporation, Port Washington, NY,
USA). The filtrate was dried at 105 "C for 8 h in an elec-
tric oven (Advantec FUW243PA; Advantec, Ehime, Japan)
and then weighed by using an electronic balance (Ohaus
Explorer EX623; Ohaus Corporation. Newark, NI All of
the experiments were conducted in triplicate.

Measurement of reducing sugar concentration

Reducing sugar was quantitatively analyred by DNS
(3, 5-dinitrosalicvlic acid) assay method suggested by
Miller [27]. DNS reagent was prepared as follows: 0.25 ¢
of DNS and 75 g of sodium potassium tartrate were dis-
solved in 2530 mlL of 0.4 M sodium hydroxide solution.
Glucose with different concentrations, from 1.0 to 10.0 mg/
mL. was used to create the calibration curve. To analyze the
residual glucose concentration in the microalgal medium
according Lo the cell growth, 500 ul. of each medium sam-
ple was mixed with 5.0 mL of DNS reagent and heated at
100 *C for 10 min to develop the red-brown color. 8 mL of
distilled water was added into the samples when [empera-
ture dropped to the room temperature. Then the samples
were detected by UV-—visible spectrophotometer (IDUIS00;
Beckman Coulter, Brea, CA, USA) at 540 nm. All of the
tests were conducted in triplicate.

Determination of chlorophyll content

Chlorophylls in fresh microalgal cells were extracted with
acetone. The concentration of chlorophylls in the extracted
solution was determined by measuring the absorbance
at 645 and 663 nm with a UV-—visible spectrophotometer
{DUEM:; Beckman Coulter, Brea, CA, USA) and then cal-
culating with the following equation [2]: Chlorophylls (mgf
L} =B.02 x Aggy + 20021 » Agys

The chlorophyll contents in the microalgal cells (mil-
ligram per gram) were calculated by dividing the concen-
tration of the chiorophylls (milligram per liter) by the dry
weight (gram per liter) of microalgae.

Estimation of total lipid content

Microalgal cells were harvested by centrifugation al
S0 =g for 30 min. The cell pellets were frozen over-
night at —30 °C and freeze-dried at —30 “C under vac-
wvum (FI> 8508 Bench-Top freeze-dryer; Ilshin BioBase,
Co. Lid., Gyeonggi-do, South Korea). One gram of dried
cell biomass was blended with 200 mL of distilled water,
and the cell mixture was disrupted by a sonicator (Soni-
fier 250; Hranson Ultrasonics., Danbury, CT, USA) at a
resonance of 10 kHz for 5 min. Lipid extraction was per-
formed according to the modified method described by
Folch et al. [10]. Total lipid was extracted with a mixture

of chloroform—methanol (2:1, viv) for 1 h. The chloroform
layer was removed by evaporation with rotary vacuum
(Rotavapor R-205; Buchi Labortechnik. Flawill, Switzer-
land) and weighed.

Analysis of fatty acld composition

The extracted lipid was used to analyze fatry acid compo-
sition by a modified saponification and methylation proce-
dure described by Metcalfe et al. [26]. The composition of
each microalgal strain was determined by gas chromatogra-
phy (GC-2010 Plus; Shimadzu Corporation, Kyoto, lapan),
with an art-2560 capillary column (length 100 m, 0.25 mm
inner diameter, 0.25 pm film thickness) and a fame ioni-
zation detector. Operation conditions were as follows: inlet
temperature 260 “C, initial oven temperature 140 “C held
for 5 min and then ramped by 4 “C per min and held for
15 min, and the detector temperature 260 “C. Fally acids
were identified by a comparison of their relention times
with known standards.

Results

Effect of nitrogen concentration on photoautotrophic
growih and total lipid content

To examine the effect of nitrogen on the biomass and
total lipid production of the three microalgae under pho-
toautotrophic cultivation (light intensity was maintained
at 80 pmolfm?s for I galbana LBY8T and N oculmia
CCAPE4%1, and at 100 pmol/m?/s for . salira), differ-
ent concentrations of nitrogen were supplemented to the
modified culture media. As shown in Fig. 1. a low nitrogen
concentration did not suppori cell growth but stimulated
total lipid accumulation in cells. As nitrogen concentration
increased, biomass production increased. High amounts
of biomass from [ galbana LBYET (058 p biomass per
liter} and &. oculmta CCAPE49/1 (0536 g/f) were obtained
al a concentration of .95 mM NaNO, whereas a bio-
mass of 0.62 g/l. was obtained from [ salina at 7.5 mM
KMNO;. In contrast o biomass production. total lipid con-
tent decreased significanily in all three strains by increas-
ing nitrogen concentration. In particular, total lipid content
decreased =33 % in DU saling as nitrogen concentration
increased from 1.0 o 1000 mML

Effect of carbon source on heterotrophic growth
Figure 2 shows the growth of the three microalgae under
heterotrophic  culture conditions  with  various carbon

sources (0.01 M), such as glucose, galactose, fructose,
xvlose, rhamnose, and sucrose. The three microalgal
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LBY8T: b Naasochloropsis oculata CCAPRAY]; ¢ Duaaliella salinag.
Filled rectangle biomass, filled circle total lipid content

species can use all of the carbon sources tested. However,
among the carbon sources tested. glucose was the best,
with maximal biomass of 0.75 g/l for I galbana LB9E7,
140 g/l for N. oculaia CCAPB49/1, and 0.65 g/L. for D
saling. respectively, during 10 days cultivation. Compared
with photoautotrophic cultivation, heterotrophically cul-
lured biomass increased remarkably: especially, that of N,
oculata CCAPE4Y]  increased approximately threefold.
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Fig. 2 Effect of sixn differemt carbon soorces (001 M) om het-
ic microalgal prowth. a L palbasa LR987: b N. oculama
CCAPRIS ; ond ¢ D saling

from [ galbana LBY98T and D, salina when supplemented
with sucrose and from N, eculgia CCAPE49/]1 with galac-
tose as the sole carbon source. It is obvious from the data
shown in Fig. 2 that the total lipid contents in cells cultured
in heterotrophic conditions were relatively low.

To learn about the effect of initial glucose concentra-
tion on cell growth, all three microalgae were cultured
in different modified media supplemented with various
glucose concentrations (0.01-0.03 M) for 10 days. The
results are illustrated in Fig. 3. When 002 M glocose
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was supplemented. the highest amouni of biomass was
observed in [ galbana LB9ET (0.79 o/L) and N. oculata
CCAPE49] (1.46 g/L). On the other hand, (.90 2/1. bio-
mass was observed in [ saling with 0.05 M glicose. In
addition. glucose consumption rates of three microalgae
in different initial concentration were also determined as
cells grew (Fig. 3). After 10 days incubation with (.02 M
glucose, the consumption rates of [ galbano LRB987 and
N. oculata CCAPE49 1 were found to be B3.8 and 933 %,
respectively. In contrast, no more than 50 % of glucose
was utilized in higher concentrations (>0.04 M). Similarly,
. salina showed the highest consumption rate (97.3 %)
when grown on initial 0.05 M glucose concentration, bat
substrate inhibition was also happened at higher concentra-
tions (data not shown). Moreover, the pH changes in the
medium during cells growth were also monitored. Medium
pH deceased from initial 8.0 to final 6.8-7.2 for 10 days
incubation in all three microalgae, but it did not inhibit cell
erowih significantly.

Biomass, total lipid. and chlorophyll content
under different culture conditions

The effect of culture mode on biomass, chlorophyll, and
total lipid content was investigated. For heterotrophic and
mixotrophic cultivation, 0.02 M glucose for [ galbana
LBY9ET and N. oculata CCAPE4Y] and 0.05 M glucose
for I salina were supplemented to the media, and light
intensity for mixotrophic conditions was the same as that
for photoautotrophic conditions. As shown in Fig. 4, bio-
mass production of all strains improved dramatically when
they were grown under mixotrophic conditions. Biomass
obtained under phototrophic, heterotrophic. and mixo-
trophic culture conditions were as follows: 0.56, 0.3, and
0LEQ g/ for I galbana LBOBT: 0.54, 1.46, and 1.69 /L for
N oculata CCAPE4Y1; and 0.59, 0.90, and 1.16 g/L for £
salina, respectively.

As described above, microalgal cells grown under
heterotrophic condition, which means dark conditions,
maintained low-level chlorophyil and total lipid content.
However, under mixotrophic conditions, light stimulated
the production of chlorophyll and total lipid to the maxi-
mal level. Chlorophyll concentration in cells grown under
photoautotrophic, heterotrophic, and mixotrophic cultiva-
tion were as follows: 32.3, 4.1, and 29.1 mg'g for [ gal-
bana LBY9ET, 41.9, 3.7, and 392 mp/g for N oculala
CCAPE49/1; and 38.5, 2.6, and 35.2 mg/g for . salina,
respectively (Fig. 4). In addition, total lipid contents (%,
wiw} in cells oblained from photoautotrophic. hetero-
trophic, and mixotrophic cultivation were as follows: 26.5,
174, and 30.1 % for L paibana LBY9ET; 26.5, 18.4, and
373 % for N oculata CCAPB49/1: and 246, 15.8, and
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Fig. 4 Biomass, total lipid and chlorophyll content of three green
microalgae  grown  under photoautotrophic,  heterotrophic  and
mixotrophic culture conditions. a [ palbana LB®ET; b N. ocnlaa
CCAPRA9Y: and ¢ . saling. Filled rectangle biomass, filled cincle
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31.3 % for D. salina, respectively. The increase or decrease
patierns for chlorophyll and total lipid production under
different culture conditions were very similar.

It is known that light intensity directly influences micro-
algal cell growth and photosynthesis. Therefore, the effect of
light intensity on biomass, total lipid, and chlorophyll con-
centrations was assessed under mixotrophic cultivation, with
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varying light intensity ranging from O to 2000 ;.umL-’mz.r's and
a constant photoperiod (12712-h light®dark). It is noteworthy
that light intensity did not have a significant impact on cell
growth but stimulated chlorophyll synthesis and lipid pro-
duction in cells remarkably (Fig. 5). Optimal range of light
intensity for maximum total lipid production of all three
strains was found to be from 80 o 150 ;.uml.-’mzfs.
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Fig. 5 Effect of light intensity on cell growth, total lipid and chlo-
rophyll content under mixotrophic cultivation. a I gatbasa LBSET;
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[filled circle total lipid content, and anfilfed cincle chlorophyll content

Effect of light intensity on fatty acid composition

Effect of light intensity on total fatty acid concentration and
composition of total lipid in all three strains was analyred
with different light intensities ranging from 0 to 200 pmol?
m?s. Falty acid composition was determined as palmitic
acid (C16:0), palmitoleic acid (C16:1), stearic acid (C18:00,
oleic acid (C18:1}, linoleic acid (C15:2), and linoclenic
acid (C18:3) from extracted lipid to focus on the quality
improvement of biodiesel. As light intensity increased up o
150 pmol/m?/s, fatty acid concentrations in the three micro-
algae increased slightly (Table 1). N. oculata CCAPE4Y]
produced the highest amount of Cl16-CI8 fatty acids
among the three strains, 67.0 mg/mL with a light intensity
of 150 pmol/m?s. Unlike I. gatbana LBYST and M. ocnlata
CCAPE4AY 1, the concentration of C16-CIB fanty acids of
Iy salina increased remarkably according to the increase
of light intensity up to 150 |.III!IJ].I'I'I'!2.I"S. although its relative
concentration level (approximately 20 mg/mL) was low.
More than 40 mg/mlL fatty acids were involved as forms of
lignoceric acid (C24:0), docosahexaenoic acid (C22:6), and
eicosapentaencic acid (C20:5), in decreasing order.

Meanwhile, light intensity wvariations did not change
Cl6-CIE fatty acids composition significantly in all three
strains (Table 1). Regardless of light intensity, the major
constituents of [ palbara LB9ET were long-chain fatty
acid of palmitic (C16:0) and oleic acid (C18:1), wheraas
those of N. oculata CCAPB491 were palmitic (C16:0) and
palmitoleic acid (C16:1). In the case of D). saling, linolenic
(C18:3) and linoleic acids (C18:2) were found to be domi-
nant in cells. It is noteworthy that all three strains contained
a relatively low concentration of stearic acid (CIB:0). a
commaon fatty acid in microalgae.

Discussion

Nitrogen concentration in the culture mediom is one of
the vital factors that affect lipid synthesis of microalgse. It
has been reported that lipid content in Chlorella could be
doubled or even tripled under N-depletion conditions [7,
31], and a reciprocal relationship between nitrogen con-
centration and lipid content was also observed [41]. Under
nitrogen starvation, the capacity for de novo lipid synthesis
seems a characteristic of some algal species by converting
excess of carbon and energy into triacylglveerols (TAG)
[36]. TAG consisted mainly of saturated and monounsatu-
rated fatty acids can be efficiently stored in the cell and
generate more energy than carbohydrates upon oxidation,
thus forming the efficient carbon sink for rebuilding the cell
after the stress. Although nitrogen starvation is well known
to trigeer a high amount of lipid accumulation, it can
cause poor cell growth as well. Therefore, it is important
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Table 1 Relative fatty acid (C16—C18) composition (%) of lipids in cells grown under mixotrophic condition with different lipht intensities

Microalgas Light intensity (umol/ Falty acid concentrations
mr ) Cl60 Cl6:1 C18:0 CI&:1 C18:2 T Total faity acid
mg/mL {%} mgfml (%) mgfml (%) mg/ml (%) mg/mL (%) maml (%) mz'ml (%)

L galbana LEIST o 17.4(413) 09 2.0 R1(7.3) 109(258) 69(163) 31(7.3) 423 (100}

0 17.6(387) 0920 S9(I30) 1122470 650143 33 (T.3) 454 (100)

40 179(388) 09(20y 60{I30) I16¢5.010 705D 28 (6.1} 462 (100}

] 183 (36.2) 1L0(19 63(125) [20¢237) 7.1¢1400 S9(11L.7) 50.6 (100}

100 19.4(383) O09(18 64126} 124(244) T5(148) 4.1 (B.00 SOUT (100%

150 19.7 (38.5) 1L0(L9 64125 [26(246) 721410 43 (E4) 51.1(100)

200 1723 (36.6) 09(19  61{129) [2T(26E) 6.7(1432) 36(7.6) 47.3 (100}

N. oculata [ 213(419) 208411} 0OS(1Ty 415D 3058  OE(LS5) 507 (100}

CCAP349/1 i) 36 (43F) 215 (39.0) 140250 41(75) 35063  0&(L4) 550 (L00)

&0 I5.8 (44.1) 22.5(38.5) 1A{24  43(7.3) 37631 0.8(L4) 585 (L00)

0 7.3 (42.3) 260 (40.2) LT(26)  &3(2T) 27411 0E(L3Z) &7 (100}

100 6.7 (400)  26.4 (40.7) 15(23) &9(105) ATi56) DS (14) 656 (100}

150 6.4 (39.4) 273 (4006) 15(22)  63(94) 48 (7.1 009 (1.3) &7.0(100)

2040 257 (41.6) 233 (3TH) 1.4(23)  66(106) 41 (6.6 DR (1.2} &1.6 (100}

). salina i} 0.2 (R.5) D2(7.1) 02480p 0146 060256 11458 2.4 (L0

20 04¢11T) 0267 02700 0500 OT(24E  13(446) 30 (L0

40 0.9 (13.2) 04(631 06{84) O03¢41) 12{&67 3I6(51.2) T.O(L0H

a0 1.5 (10.8) 0537y 0969 OTEE) 270196  T4(543) 137 (100

10K} 1.6 (8.5} 0.5 (2.8 1.1(59) 126620 A0¢216) 1003 (5500 8.6 (100)

150 1.6 (7.8} 0.5 (2T) 1.3 (6.5) 12600 43208 11.7(563) 20.8 (100)

200 1.6 (800 06 (3.0 1.4 (6.8) 1.2{5.9) 44217 11.0(54.6) 20.1 (L0

The values in parenthesis indicate the relative compositions of fatty acid of total lipid accomulated in microalgal cells

to establish an appropriate concentration of nitrogen in
culture medium to obtain maximal lipid productivity. This
study shows that the total lipid content in cells decreased
but cell growth improved with increasing nitrogen concen-
tration (Fig. 1).

Some photoautotrophic microalgal cells can grow under
mixotrophic conditions, with the addition of extemnal
organic carbon spurces. This phenomenon exisis in a num-
ber of microalgal genera and species distributed in major
taxonomic divisions [9. 38]. Most of the previous works
have focused on the use of organic carbon as precursor for
cell growth and for the accumulation of macromolecules,
such as lipids. saccharides, proteins, and other active bio-
chemicals wnder heterotrophic cultivation [24]. Hetero-
trophic cultivation has many advantages such as pure and
high cell density culture without photolimitation effect and
ease of harvesting. The use of carbon source is species-spe-
cific. In the present study. among the carbon sources tested,
the supplementation of glucose led to a significant improve-
ment of growth in all three microalgal cells (Fig. 2). In gen-
eral, glucose is the most commonly used carbon source in
the heterotrophic cultivation of many microalgae. Hased
on the finding from Griffiths et al. [13], we found that high

4 Springer

biomass concentmtions were obtained when glucose was
added as the sole carbon source. Liang et al. [20] showed
that the highest biomass and a 14-fold higher lipid produc-
tivity of C. valgaris were obtained under heterotrophic con-
ditions in the presence of glucose. In addition, Lia et al. [21]
stated that glucose is the best carbon source for microalgal
growih and lipid accumulation. This is mainly because the
supplementation of glucose in the culture medium induces
the membrane-bound Ht-glucose symport system [15]
and enhances the driving force of glucose uptake [35]. The
major metabolic pathways of glucose in algal cells are the
glvcolytic and pentose phosphate pathways. The reducing
equivalents (FADH, and NADPH) are produced from glo-
cose metabolism involved in ATP synthesis during oxida-
tive phosphorylation. As a consaquence, all of the produced
ATPs are used for cell growth and lipid accumulation.

In our study, increasing growth trend was observed with
increasing glucose concentrations; however, higher glucose
concentrations provoked a decrease in biomass amount,
which might be attributed to substraie inhibition (Fig. 3.
In this case, excess glucose molecules would compete with
the glucose molecules on the membrane-bound glucose
permease.
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The influence of three different culture modes on
growth, chlorophyll, and total lipid content in three micro-
algae is presented in Fig. 4. Low biomass production
occumed under photoautotrophic cultivation compared with
heterotrophic or mixotrophic cultivation. The major rea-
son for this outcome was that. in phototrophic conditions,
only one factor acts as an energy source (light). Mean-
while, both light energy and organic carbon source were
used for ATP production under mixotrophic conditions. In
mixotrophic conditions, light energy is the major source
for ATP production in the early stage of cell growth. Fur-
thermore, in the presence of an organic carbon source, the
concentration of photosynthetic pigments was low, and the
formation of thylakoids was disturbed within the cell. Yang
et al. [44] stated that total ATPs produced under photoan-
totrophic, heterolrophic, and mixotrophic conditions werne
344, 194, and 274 mmoligh, respectively. However, the
percentages of ATP consumption/production were 536.8,
182, and 36.3 % during photoautotrophic, heterotrophic,
and mixotrophic cultivation, respectively. A low ATP con-
sumption during heterotrophic cultivation was attributed to
the absence of the Calvin cycle (no light energy), and most
of ATF was consumed only for glucose uptake and biomass
synthesis. Among the three different culture mode opera-
tions, the highest total lipid content was observed under
mixotrophic cultivation. This is because mixotrophic culti-
wvation uses both light energy and carbon sources for cell
erowih and lipid accumulation.

The effect of light intensity on microalgal growth and
total lipid content is depicted in Fig. 5. Our previous stud-
ies indicated that cell growth and total lipid production of
freshwater green microalgal cells under mixotrophic condi-
tions are nodably affected by light intensity [11]. Cheirsilp
el al. [6] reported that the number of photosynthetic pig-
ments (chlorophyll @ and light-harvesting pigments such
as chlorophyll ¢, phycobilins, and carotenoids) increases
with increasing light intensity. In the present study, the
total Hpid content increases with increasing light intensity:
this is because excessive light energy was converied inio
fatty acids. Under optimal growth conditions, light energy
absorbed by antenna pigmenis is converled o ATP or
NADPH, and this chemical energy is stored ultimately as
starch andfor lipids by fixing OO, through the Calvin cycle
and lipogenesis. Furthermore, when high light energy was
supplied into the microalgal culiure. the enzymes involved
in fatty acid biosynthesis were very active, particularly
acetyl-CoA carboxylase, desaturnse. acyl-carrier protein
synthase, ATP/citrate lyase, and membrane-bound glucose
permease [1, 11]. In contrast, photo-oxidative cell damage
occumed when microalgal cells were grown under higher
light intensity. Under these conditions. the light-harvesting
chliorophyvll molecules were converied to unstable forms,
which in turn react with dissolved oxypen species. These

reactive oxygen species then react with free fatty acids
to make lipid peroxidase in inactive form, which reduces
the fatty acid concentration. Furthermore, microalgal cells
can accumulate excessive light energy in the form of other
macromolecules such as polysaccharides and proteins.
Instead, low light imensity may increase the light reaction
center pigments and light-harvesting (antenna) pigments to
absorb maximal photons for normal cell growth. Moreover,
a large volume of chloroplasis and a high density of thyla-
koid membranes lead to reduced lipid storage [11].

It has been shown that light intensity influences fatty acid
composition of microalgal cells such as triglyceric acids,
glvcolipids, phospholipids. and polyonsaturated fatty acids
(PUFA) [44]. Fatty acid composition plays an important
role in the evaluation of biodiesel quality. The changes in
fally acid composition attributed to light intensity are highly
species-specific. Furthermore, when the cells were grown
at a higher light intensity, this led to an increased concen-
tration of saturated fatty acids but a decrease in PUFA [3].
In contrast, low light intensity indoces the formation of
membrane polar lipids associated with chloroplasts. In
this situation, more electron receplors were synthesized in
thvlakoids. Under low light intensity. the photosynthetic
pigmenis and PUFA increased [47]. Il is noteworthy that
Solovchenko et al. [32] reponed that the fatty acid composi-
tion of lipids in Desmodesmus sp. were most likely changed
in chloroplasts accompanied by the dismantling of thylakoid
membranes under very high light intensity.

In this study, the effect of light intensity on total amount
and composition of fatty acid (C16-CI18) of total lipid
in three microalgal cells was investigaled. As shown in
Table 1. fatty acid concentration increased slightly with
increasing light intensity up to 150 |.|m|:rl.-'m1fs. and the
order of microalgal species containing high faity acids
(C16-CI18) concentration was N. oculata CCAPE49/] = [
palbana LB9ET > . saling. However, relative fatty acid
compositions of total lipid were not changed by the vari-
ation of light intensity. Regardless of light intensity, I
galbana LB98T contained approximately 40 % palmitic
(Cla:0y and 25 % oleic acids (C18:1) as major fatty acids
but stearic (C18:0) and linoleic acids (C18:2) as minor fatty
acids, whereas N. ocalata CCAPB491 contained =40 %
palmitic (C16:0) and >40 % palmitoleic acids (Cl16:1) as
major fatty acids but oleic acid (C18:1) as minor falty acid.
In the case of D. saling, total fatty acid concentration was
621 mg/mL, however, Cl6—CI& concentration was found
to be only 20 mg/mL. More than 40 mg/mL fatty acid was
involved as forms of lignoceric (C24:0), docosahexaenoic
(C22:6), and eicosapentaencic acids (C2005) in I salina.
From these results, we can expect that the species of V.
ccnlgia CCAPE4Y] and [ palbana LBYET can be used as
sources for biodiesel production, whereas [, saling species
can be used as a source for omega-3 production, which is
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Table 2 Comparison of biomass and total lipid produoctivities of three microalgas with other related marine microalgas

Microalgae Reactor Culture conditions Biomass Lipid References
type (L) r
AP Culture Light Carbon Production Productiv-  Contents Production  Productiv-
mode intensity SOUCES ity ity
{umolf
m3s) iz (mg/lidy (% dry {2 (mg/LSdy
weight)
L palbaba Circular Photoauto- - 3& - 057 249 232 - - Lee et al.
cylindri- wrophic [18]
cal (20
L)
I palbaba Circular Photoauto- 110 - 0.E0 GG 4.0 - - Ra ed al.
cylindri- trophic [28]
cal (5L}
I palbaba Erlenmeyer Mixo- 150 0oz M DED Bo.1 30.1 0zx7 6.8 In thi= study
LB9E7 fask (1 Lrophic glucose
L)
N. oculata Circalar Photoauto- 36 - 057 204 B2 - - Lee et al.
cylimdri- trophic [18]
cal {20
L)
N. oculata Circular Photoawto- 110 - 051 475 17.00 - - Ha et al.
cylindri- trophic [2E]
cal (5L}
N. oculara - Mixo- 70 06 M Gl - - 016 4.0 Wan et al.
CCMP525 trophic glucose [40]
N. pculata Erlenmeyer Mixo- 150 00z M L.e9 1604 3B.5 e3 &63.1 In thiz study
CCAPRLW] flask (1 trosphic elucose
L)
. rertiolecta Circular Photoauto- 110 - 028 44.2 230 - - Raetal.
cylindri- troyphic [2E]
cal (5L}
. saling Circualar Photcauto- 110 - 025 3715 2.0 - - Raetal.
cylindri- trophic [2E]
cal (5L}
. saling - Mixo- 270 008 M 052 - - o5 12.0 ‘Wan et al.
FACHE435 trophic glucose [40]
. salina Erlenmeyer Mixo- 150 0os M L7 1159 324 0.36 363 In this study
fiask (1 trophic ghocose
L}
effective for human health benefits of cancer, cardiac dis- Conclusion

ease, stroke, high blood pressure, and arrhythmia [30, 39].

Table 2 shows the comparative analysis of the biomass
and lipid production in the three marine microalgae species
with other related species under the difTerent culture condi-
tions. From this analysis. it was confirmed that mixotrophic
cultivation is more efficient for lipid production than pho-
toautotrophic culture in the same microalgal species and
glucose can be used for growth as a betler organic source.
Among the microalgal species described in this Table 2.
N. oculata CCAPE49Y] was the best biomass- and lipid-
producing microalga under mixotrophic culiure conditions
with 0.02 M glucose and light intensity of 150 pmol/m®s.
Maximal biomass and lipid productivities of this species
were 1604 and 63.1 mg/L/d, respectively.

€3 Springer

In this study. the improvement of biomass and total lipid
production of three microalgal species under different cul-
re modas was investigated. Nitrogen starvation under
photoautotrophic conditions could increase lipid synthesis
of microalgae. Cells cultivated under mixotrophic condi-
tion with 0.02 M glucose and light intensity of 150 pmol’
m¥s showed the maximal biomass and lipid productivi-
ties. Light intensity stimulated chlorophyll synthesis and
lipid production in cells significantly. but did not increase
cell growth. Meanwhile, light intensity variations did not
change Cl6—-CIE faity acids composition significantly in
all three strains. N. ocalata CCAPE4 1 used in this study
can be applicable for industrial level lipid production.
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