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Abstract A number of microorganisms belonging to the
genera of algae, yeast, bacteria, and fungi have ability to
accumulate neutral lipids under specific cultivation condi-
tions. The microbial lipids contain high fractions of poly-
unsaturated fatty acids and have the potential to serve as a
source of significant quantities of transportation fuels. This
paper reviews the current state of the art of this field. It
summarizes the various microorganism used, feed stocks
available, environmental factors that influence growth of
cells and accumulation of lipids, major fatty acid compo-
sition of lipids, and the technology.
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Introduction
Energy outlook and need for alternative energy

Petroleum is the largest source of energy consumed by the
world’s population, exceeding coal, natural gas, nuclear,
hydro, and renewables [21, 95]. Consumer products
derived from petroleum are present everywhere in our
society. But this consumption of petro-products is rapidly
exhausting global crude oil, increasing the concentration
of greenhouse gases in our environment, and creating
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expensive and challenging waste recycling issues. How-
ever, since there is a strong correlation between energy
consumption and standard of living and world population
growth, even higher demand for crude oil and petroleum-
based products is expected in future. Global demand for
petroleum is predicted to increase up to 40% by 2025 [77].
Concerns about energy security, climate change, and
soaring oil prices are driving policymakers and scientists
towards energy alternatives that would allow us to break
our dependence on imported fossilized oil. Fuels derived
from renewable resources are arguably one of the best
options to lead the transition away from petroleum fuels in
the near-term.

Biodiesel produced from vegetable oils, plant oils, or
animal fats by transesterification with low molecular
weight alcohols is an important renewable fuel [115, 202].
Vegetable oils have been used in motor vehicles since the
beginnings of the automobile industry. The German engi-
neer Rudolph Diesel demonstrated his first compression
ignition engine at the 1898 World Exhibition in Paris with
peanut oil as fuel. Diesel engines ran on vegetable oils as
fuel until 1920s when the engines were modified to use
petroleum hydrocarbons as fuel [196].

Biodiesel can be used in diesel engines alone or as a
mixture with petroleum-based diesel fuel. The most com-
mon blend currently used is “B20”, a 1:4 mixture of bio-
diesel and petroleum diesel. “B100” implies pure biodiesel.
The advantages of biodiesel include that it is a renewable
resource, is easy to manufacture, and has a positive fossil
energy imprint (requiring only 0.31-0.39 units of fossil
energy to make a 1 unit of fuel [164, 185], superior emis-
sions characteristics, compatibility with existing engines,
distribution infrastructure, and supports domestic agricul-
ture. Vehicles using biodiesel limit the impact of carbon
dioxide on global warming when compared to petrodiesel,
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although they get slightly fewer miles per gallon. Another
favorable environmental property of biodiesel is its very
low sulfur content [11, 202]; use of biodiesel as fuel would
reduce sulfur and carbon monoxide emissions from our
vehicles by 30 and 10%, respectively. It can decrease air
toxicity by 90% and cancers by 95% compared to petro-
diesel [184]. Finally, biodiesel is better than petrodiesel in
terms of flash point and biodegradability [136].

Global biodiesel production

According to Global Renewable Fuels Alliance [66], Eur-
ope and the USA are the two largest markets for biodiesel.
Europe leads the world in biodiesel production and con-
sumption; production started there in the early 1990s and
grew to over 500 million gallons by 2004 [197]. The 2009
production of biodiesel in Europe stood at 2.6 billion gal-
lons (S&T? [37]). Biodiesel production in the USA started
in earnest in 2000 and grew from 25 million gallons in
2004 to 678 million gallons in 2008 [96]. In 2009, market
conditions dictated a reduction of biodiesel production in
the USA to 440 million gallons, but it is expected to rise
again [148]. Biodiesel production of late has been driven
by mandatory alternative fuel-use legislations [197]. Other
producers are not yet large, but they are increasing their
production capacity rapidly (S&T2 [37]). The total global
production of biodiesel in 2009 was 4.3 billion gallons.
China at 50 million gallons was a small producer of bio-
diesel because it is a big net importer of all the major edible
vegetable oils and lacks the land for crop production for
biodiesel. Currently, most of China’s biodiesel production
is based on animal fat or waste vegetable oil from oil
crushing plants or restaurants [199]. The production in
India in 2009 was 6 million gallons, again from waste oil,
but the Government of India (Gol) has launched a National
Mission on Biofuels with the aim of achieving a target of
20% blending of biodiesel by 2012 [177]. In Brazil, the
targeted biodiesel production in 2010 is 500 million gal-
lons per year [26].

Biodiesel feed stocks

Biodiesels are esters of fatty acids and can be produced
from any vegetable oil, plant oil, or animal fat. At present,
biodiesel is produced mainly from soybean and vegetable
oils [24], palm oil [6], sunflower oil [11], rapeseed oil [163],
Jatropha oil [76], and restaurant waste oil [19, 45]. Oils and
fats are primarily composed of triacylglycerols (TAGs),
three fatty acid molecules attached to a glycerol backbone
by ester bonds. These may contain lesser amounts of dia-
cylglycerols (DAGs) and also monoacylglycerol (MAGs).
The fatty acids in biodiesel can be of varying chain lengths.
Longer chain length of fatty acids results in biodiesel with a
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higher cetane number and reduced NO, emissions in engine
exhausts [11, 115, 202]. Wastes such as used cooking oils
and fats can also be used as raw materials, but these may
contain large amounts of free fatty acids and require addi-
tional processing [44, 72].

Limitations of agricultural feedstocks for biofuels

The rapid expansion in biofuel production has stretched
the potential resources that can be used as raw materials.
There have been growing concerns about the impact of
rising commodity prices on the global food system. World
food prices rose 10% in 2006 because of increases in
corn, wheat, and soybean prices, primarily from demand-
side factors, including rising biofuel demand [40]. The
Chinese government identified many potential non-grain
feedstocks such as cassava and sweet potatoes for biofuel
production to avoid high food prices. Mexico capped
tortilla prices in early 2007 to contain food price inflation
from higher priced corn imports. Real sugar prices hit a
10-year high in 2006, stressing budgets of low-income
people in Brazil and elsewhere. The Indonesian Govern-
ment increased the export duty on crude palm oil, also
used in biodiesel production, in mid-2007 to slow the
rising cost of domestic cooking oil [207]. Prices have
since declined, but these issues brought forth the debates
of food vs. fuel.

Biodiesel derived from oilseeds or animal fat can deliver
only a small fraction of the existing demand for transport
fuels without committing excessively large acreages of
quality agricultural land for cultivation of oilseed crops
targeted away from food production [32]. Therefore, it is
necessary to explore new raw materials that (1) deliver
superior environmental benefits over the fossilized mate-
rials they displace, (2) are economically competitive, (3)
can be produced in quantities sufficient to meet the energy
demands, (4) provide a net energy gain over the energy
sources used to produce it, and (5) also do not compete
with food production [143]. Microbial oils fit these bills if
these can be produced economically and, therefore, have
received much interest in order to resolve the worldwide
crude oil and greenhouse-gas crisis [32]. Microorganisms
have many advantages over plants for production of lipids,
such as short life cycles, less labor required, less demand
on space, venue, season and climate, and ease of scale up.
Photosynthetic microorganisms have 100-fold higher yield
of lipids per hectare than plants [179]. Lipids produced by
oleaginous microorganisms are considered as promising
candidates for biodiesel production because fatty acid
composition is similar to that of vegetable oils [89].
Microbial lipids are rich in specific polyunsaturated fatty
acids also and are often used in dietary supplements and for
infant nutrition [171, 189].
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Microorganisms for lipid production

Microorganisms belonging to several different families,
such as microalgae, bacillus, and fungi (molds and yeasts),
possess the ability to produce and accumulate a large
fraction of their dry mass as lipids [111, 146]. Those with
lipid content in excess of 20% are classified as ‘oleaginous’
[174]. Several microorganisms with potential for microbial
oil production are listed in Table 1.

Micro algae
Microalgae, also called ‘miniature sunlight-driven bio-

chemical factories’ [201], are capable of producing large
amounts of lipids and hydrocarbons in the presence of

Table 1 Oil content of some oleaginous microorganisms [32, 143]

Microorganisms Oil content
(% dry weight)
Microalgae
Botryococcus braunii 25-75
Cylindrotheca sp. 16-37
Chlorella sp. 28-32
Crypthecodinium cohnii 20
Dunaliella primolecta 23
Isochrysis sp. 25-33
Monallanthus salina >20
Nannochloris sp. 20-35
Nannochloropsis sp. 31-68
Neochloris oleoabundans 35-54
Nitzschia sp. 45-47
Phaeodactylum tricornutum 20-30
Schizochytrium sp. 50-77
Tetraselmis sueica 15-23
Bacteria
Arthrobacter sp. >40
Acinetobacter calcoaceticus 27-38
Rhodococcus opacus 24-25
Bacillus alcalophilus 18-24
Yeast
Candida curvata 58
Cryptococcus albidus 65
Lipomyces starkeyi 64
Rhodotorula glutinis 72
Molds
Aspergillus oryzae 57
Mortierella isabellina 86
Humicola lanuginose 75
Mortierella vinacea 66

sunlight and carbon dioxide from flue gases. Microalgae
can be a promising alternative feedstock for the next gen-
eration of biofuels, as they have a relatively high lipid
content, grow fast, and can be harvested daily [69, 219].
Doubling times of algae are on the order of 4-24 h [33] and
as short as 3.5 h [32] during exponential growth. Algae
have a number of advantages over terrestrial energy crops,
such as higher photosynthetic efficiency, surface area
productivity, absence of need for arable land, and low
nutritional needs [32]. Algae can be sources of several
different types of renewable biofuels [39], including bio-
diesel from neutral lipids [63], bio hydrogen [104],
hydrocarbons [14, 112], ethanol [25], and methane [97].
The average lipid content of algal cells varies between 1
and 70% [69, 139, 141, 217], but can reach as high as 90%
of dry weight under specific conditions [144].

The growth of cells and lipid accumulation by algae
under phototrophic conditions is influenced by the intensity
of light, pH, dissolved oxygen concentration, fraction of
carbon dioxide in sparging gas, concentration of nutrients
such as nitrogen, phosphorous, silicon, and iron, and
presence of organic carbon sources.

To enhance the economic feasibility of algal oil pro-
duction, biomass productivity (production per unit volume
per unit time), cellular lipid content, and overall lipid
productivity are the three key parameters that need to be
improved. These requirements are not always compatible,
and in general, conditions favoring a high growth rate of
cells result in a low lipid fraction in the cells and vice versa
[135].

High cellular lipid content in algae is usually achieved
under environmental stress [121]. The stress may be caused
by limitations of nitrogen [50, 94, 121, 123, 125, 180, 182,
186, 204], phosphorous [175, 180, 210], silicon [70],
salinity [167], and iron [131]. Lipid accumulation in
the cells also depends on the growth phase of cells
[34, 181, 193].

Effect of nutrient limitations

Nitrogen and/or phosphorous limitations in the medium
result in increased production of lipids in algal cells as well
as in increased lipid productivity [43, 180]. Illman et al.
[94] studied batch growth of five strains of the green alga
Chlorella in Watanabe medium and in a low-nitrogen
medium in a 2-1 stirred bioreactor. Higher lipid content was
seen for all the five strains in the low-nitrogen medium
when compared to that in Watanabe medium. The greatest
increases were seen in Chlorella vulgaris, for which the
lipid content (percent dry weight) increased from 18% in
Watanabe medium to 40% in low-nitrogen medium; the
lipid fraction in Chlorella emersonii increased from 29 to
63% of dry weight [94].
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Scragg et al. [182] performed further studies with the C.
vulgaris and C. emersonii strains in tubular reactors using
the same Watanabe and low-nitrogen media. The specific
growth rate of C. vulgaris in Watanabe medium was
0.4 day™'. In the low-nitrogen medium, growth was
biphasic with an initial specific growth rate of 0.69 day ™',
and it decreased to 0.12 day ' after day 4. The specific
growth rate for C. emersonii was 0.38 day~' for both the
Watanabe and the low-nitrogen medium. Lipid content
increased for both strains in low-nitrogen medium,
increasing from 28 to 58% dry weight for C. vulgaris and
from 25 to 34% dry weight for C. emersonii [182].

Lipid accumulation in algal cells is not growth associated.
Chiu et al. [34] reported that the lipid contents of N. oculata
cells in nitrogen-limited medium during logarithmic, early
stationary, and late stationary phases were 30.8, 39.7, and
50.4%, respectively, congruently with a decrease in nitrogen
content in the broth. Exhaustion of nitrogen in medium may
cause cessation of cell division, but carbon metabolism
continues, resulting in diversion of carbon to lipid produc-
tion [17]. Total biomass concentration may still increase
mainly due to increase in lipid content of cells. A similar
effect, hampered cell division due to nutrient limitation, was
observed for diatoms in silica-depleted media. However, the
results for lipid accumulation were found to be different for
different strains of diatoms. Some strains showed an
increase in lipid content, particularly neutral lipids. How-
ever, lipid content of other strains remained unchanged
while the growth rate decreased, resulting in much lower
total biomass [186]. Even for heterotrophic algae Chlorella
protothecoides, the lipid production increased under nitro-
gen limitation [187]. However, a higher lipid fraction in cells
does not necessarily translate into higher productivity of
lipids. Weldy and Huesemann [204] studied the combined
effect of light intensity, N deficient and N sufficient condi-
tions on growth of Dunaliella salina. They recorded higher
lipids productivity (66 mg 17! day™') under N-sufficient
conditions and high light intensity than under N-deficient
conditions (12 mg 17! day™").

The nature of nitrogen source can also impact algal cell
growth and lipid productivity [94, 121, 180]. According to
Li et al. [123], the order of specific growth rate of fresh-
water algae Scenedesmus sp. on different nitrogen sources
is NH4-N > urea-N > NO5-N. However, H released from
consumption of NH," ions has the potential of reducing
medium pH to values inhibitory to cell growth. Green algae
Neochloris oleoabundans cultivated in the presence of
5 mM NaNOj; resulted in cells with lipid fraction of 33%
of dry matter, whereas the cells had only 19 and 17.5%
lipids, respectively, in the presence of 5 mM ammonium
bicarbonate and urea [121]. The lipid productivity values
were 133, 33 and 57 mg 17! day ™', respectively, with the
three nitrogen sources. On the other hand, Fidalgo et al.
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[61] reported that total fatty acid content in algal cells is
influenced by the nitrogen source, but the gross biochem-
ical composition is affected more by the growth phase than
by the nitrogen source.

Effect of carbon dioxide

The fraction of carbon dioxide in sparging gas has a pro-
found effect on cell growth and lipid accumulation [29, 34,
83, 84] both due to its effect on medium pH as well as on
the availability of bicarbonates used by the cells as carbon
source. Chiu et al. [34] reported that Nannochloropsis
oculata cells grew faster (0.571 day™' vs. 0.194 day™")
and to a higher maximum cell concentration (1.277 g 17!
vs. 0.268 g 171) as the carbon dioxide fraction in sparging
air was increased from 0.03 to 2%. Further increase in the
CO, fraction decreased cell production with complete
inhibition of cell growth at 5% CO, in inlet air. The tox-
icity of carbon dioxide to microalgal cells above 5% (v/v)
was reported by several other researchers as well [27, 42,
190]. On the other hand, pre-adapting the cells to higher
carbon dioxide fractions in gas phase and use of high
inoculums levels helped the N. oculata cells [34] overcome
the CO, toxicity in a semicontinuous reactor, suggesting
that the observed carbon dioxide toxicity in the batch
system may have been due to an associated phenomenon.
In experiments conducted in our laboratory with cultivation
of Scenedesmus cells (unpublished data), sparging medium
with pure carbon dioxide resulted in unfavorable pH con-
ditions in broth and growth inhibition. This condition could
be reversed by sparging the medium with air and adjust-
ment of pH. Several researchers have been able to cultivate
Botryococcus braunii at high carbon dioxide concentra-
tions [64, 168, 217]. Ge et al. [64] cultivated their cells in a
3-1 photobioreactor illuminated with cool white fluorescent
lights (150 pmol m~2 s~ ") at 25°C and sparged continu-
ously with air containing up to 20% CO, without any pH
adjustment. A maximum cell density of 2.3 g 17" along
with a hydrocarbon content of 24.5% and lipid content of
12.7% was obtained with 20% CO, on the 25th day.

Effect of PAR photon flux (light intensity)

Light (photon intensity) is critical to cell growth and lipid
accumulation under phototrophic conditions. The specific
growth rate of cells increases with increasing photon irra-
diation flux (characterized in pmol photon m~? sfl) in the
photosynthetically active range (PAR 400-700 nm), but
shows a characteristic saturation/inhibition behavior with
irradiation flux beyond an optimum value [16, 71, 117].
The photon flux saturation behavior is manifested as the
photon flux reaches the culture’s capability to process the
energy captured by the cellular photosynthetic machinery
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[67]. Higher values of photon flux result in dissipation of
photonic energy as heat and may cause photo inhibition of
cellular functions [134]. In most algal photobioreactors, the
photonic flux optimum for growth of cells occurs between
345 and 1,125 pmol photon m2s . However, there is
evidence that proper design of bioreactors can help push
this limit to several-fold higher values [67, 71]. It can also
be achieved through use of light-emitting diodes [107,
194], light pulsations [178], mixing in dense cultures [86],
or genetic engineering [147, 166, 195]. The genetic
approaches focus either on decreasing the photosynthetic
antenna size [67] or on enhancing the rate of carbon fixa-
tion (dark) reactions that are characterized by the largest
time constants in photosynthesis [194]. A recent study by
Theodoridou et al. [198] suggests that the same effect may
be obtained by chemical means also. These authors
investigated the enhancement of phototrophic growth of
Scenedesmus obliquus by low concentrations of methanol
and observed a decrease in size of light-harvesting complex
concomitant with increased photosynthesis and respiration
rates. Algae grown at low irradiance had a relatively higher
content of the total lipids compared to those exposed to
high light intensity [108].

Effect of environmental parameters

Cultivation time, initial pH, and medium composition are
the key parameters for enhancement of biomass growth,
lipid content, and fatty acid profile [192, 209]. Concen-
trations of NaCl and nitrogen in the medium significantly
affect the total lipids, unsaponifiables contents, and fatty
acid composition for the algal strain D. salina [135].
A higher yield of total lipids and higher proportion of
polyunsaturated fatty acids (C18 and C16) were obtained
when the NaCl concentration was increased from 8 to 16%
[50]. Since nutrients represent a major cost factor in the
production of microbial oils, Kim et al. [109] explored and
found that supplementation of medium with fermented and
treated swine urine could improve the cost efficiency of
microalgal biodiesel production. The organic acids,
enzymes, and hormones generated by bacteria during the
fermentation of swine urine serve to accelerate the physi-
ological and biochemical activities of the growing cells,
and also cause a delay in the onset of stationary phase of
the cell divisions, despite the shortage of inorganic nutri-
ents within the medium. In Chlorella sp., the production of
fatty acids increased with an increase in sodium thiosul-
phate concentration, but addition of glucose was counter-
productive [59].

Optimum temperatures for cultivation of algae range
from 25 to 35°C. These were reported to be 25-27°C for
Rhodomonas sp., 27-30°C for Prymnesiophyte, Crypto-
monas sp., Chaetoceros sp., and Isochrysis sp., and

33-35°C for Chaetoceros sp. by Renaud et al. [176]. More
biomass was obtained at 30°C than at 35°C with S. plat-
ensis [36]. Increasing temperature from 20 to 25°C
increased the lipid content of N. oculata from 7.90 to
14.92%; but the lipid content of C. vulgaris decreased from
14.71 to 5.90% when the temperature was increased from
25 to 30°C [38]. The optimum temperature range for
Cyclotella cryptica was found to be 22.5 to 25°C [156].

Medium pH is an important parameter in photoauto-
trophic as well as heterotrophic cultivation of algae. The
optimal pH range for Cyclotella cryptical is 7.2-9.0 [98,
156]. The favorable initial pH of the medium for the
growth of Trichosporon fermentans is 6.5 [220] and that
for Chaetoceros sp., Rhodomonas sp., and Cryptomonas sp.
is 8.3 [176].

Some algae strains can grow both autotrophically and
heterotrophically. Heterotrophic cultivation on organic
carbon sources has been used to overcome the issues of
photonic energy delivery to cells in photoautotrophic
growth. Li and coworkers [118, 212] reported cultivation of
C. protothecoides heterotrophically in fed-batch bioreac-
tors. Up to 52 g/l cell density with 50% lipid content in dry
cells was obtained in these systems. High biomass and high
lipid yield have been found when heterotrophic algae are
placed in low light and supplied with organic carbon rather
than carbon dioxide as carbon source [145, 213]. Miao and
Wu [145] reported that autotrophic C. protothecoides
possessed a lipid content of 14.57%, whereas the hetero-
trophically grown cells had 55.2% lipids. Autotrophic and
heterotrophic growth of algal cells has been reported by Oh
et al. [153] and Shen et al. [187]. Oh et al. [153] observed
that cells of marine alga Porphyridium cruentum grew at a
faster pace under 18:6 h light:dark cycle (0.042 h™") than
under 12:12 h cycle (0.031 h™"). However, the lipid frac-
tion in cells was higher (19.3% w/w) in the case of a
12:12 h light:dark cycle. Mixotrophic growth conditions
resulted in the highest and fastest lipid production by the
cells, due perhaps to less loss of cell mass during the dark
cycle [35]. The macro algae strain Oedogonium had higher
algal oil production than Spirogyra, but Spirogyra had a
higher biomass content than Oedogonium after oil extrac-
tion [81]. Both Chojnacka and Noworyta [35] and Andrade
and Costa [8] found that mixotrophic growth can result in a
several fold increase in specific growth rate and maximum
cell density of cells.

Algae can be cultivated heterotrophically on organic
carbon in photobioreactors to produce lipids while treating
organic wastes. A summary of these possibilities has been
presented by Brennan and Owende [21]. In the heterotro-
phic and mixotrophic cultivation of algae, the cost of car-
bohydrates represents a major cost factor towards the cost
of lipids. Use of carbohydrates in wastes for growth of cells
not only reduces this cost, it may even result in credit for
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mitigating wastes and thus improve the economics of lipid
production [60].

Molds

Some oleaginous molds (filamentous fungi) can store up
to 80% of their biomass as lipids [150]. The lipids in
fungi are mainly influenced by the nature of the nitrogen
source, carbon source, C/N ratio, temperature, agitation,
and pH in broth. Molds produce a high concentration of
y-linolenic acid (GLA) and arachidonic acid (AA) and
are, therefore, often cultivated to produce these higher
value products more than other lipids for biofuels. As in
most other microbes, lipid production in cells increases
with increasing C/N ratio [161]. But Rasheva et al. [169]
did not find any influence of C/N ratio and nitrogen
source on the neutral, phospholipid, and glycolipid
composition.

The oleaginous fungus, Mucor rouxii, is known to
accumulate a high level of intracellular lipids and GLA
[138]. Eroshin et al. [52] reported production of as much as
4.5 g 17! AA by Mortierella alpina with a productivity of
19.2 mg 1" h™! with potassium nitrate as nitrogen source.
AA in the cells was more than 18% of dry cell mass and
over 60% of the total lipids in the cells. Aki et al. [2]
succeeded in producing 7.1 g1 arachidonic acid (AA)
using the fungus Mortierella alliacea in a 50-1 jar with a
25-1 working volume; a medium containing 12% glucose
and 3% yeast extract produced 46.1 g 17! cells with 42.3%
lipids in 7 days. When starch was used as carbon source,
the volumetric concentration of AA obtained was 5 g 17",

The production of these polyunsaturated fatty acids in
the cells is related to the age of the mycelia. Fakas et al.
(57, 58) found that their fraction was highest in young
mycelia, and it decreased as the cells grew older. Enhanced
biomass of 28.1 g 17" and a lipid content of 62.4% were
achieved for T. fermentans by Zhu et al. [220] with peptone
as nitrogen source, glucose as carbon source, and a C/N
ratio of 163. Similarly remarkable lipid productions have
been reported also by Andre et al. [9] and Papanikolaou
et al. [158] for Aspergillus niger and Mortierella
isabellina.

Oleaginous molds can also be used for the production of
cocoa butter substitutes. Cocoa butter has a high saturated
fatty acid content of up to 60%; of this 35% is stearic acid
and 25% is palmitic acid [47].

Effect of carbon source and environmental conditions
on lipid production by molds

Carbon sources can strongly influence the production and
composition of fatty acids in lipids of the fungi due to
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differences in their metabolism. Glucose, lactose, starches,
oils, corn steep liquor, and agricultural produce have been
used as carbon sources for production of lipids from fungi
[1, 28,49, 129, 152, 188]. Somashekar et al. [188] reported
that glucose was a better carbon source than lactose for
fungi Mucor rouxii and Mucor sp.1b. The cells grown on
glucose had high lipid (30% by weight) as well as high
GLA content (3—17% of lipids). Although cells cultivated
on sesame oil had a higher lipid content (44%), there was
no GLA production with plant oil as carbon source. With
Cunninghamella echinulata, a maximum GLA production
of 1.35 mg 17! was obtained when using soluble starch as
carbon source [28]. Lipid yield of 0.11 g g~ ' of dry weight
of sweet sorghum was achieved with M. isabellina using
solid-state fermentation [49]. A lipid content of 4.41% was
obtained when orange peel extracts were used as carbon
source for Geotricum candida; the lipids contained mainly
the TGA (24.31%), FFA (16.74%), sterols (12.0%), and
polar lipids [221].

A high GLA content of 18.3% was obtained by Hiruta
et al. [78] with Mortierella ramanniana under the opti-
mized condition of pH (4), inoculum spore concentration
(5 x 10> ml™Y), and agitation (800 rpm). The effect of
medium composition, temperature, pH, culture time, and
substrate concentration was studied by Xian et al. [211] for
the production of y-linolenic acid (GLA) by M. isabellina
on octadecanol, and the maximum production was obtained
using 2% octadecanol, 1% yeast extract, and 25 mmol 17
of Mg”*™ at 23°C for 5 days. Under the optimized condi-
tions of the ratio of steam-exploded wheat straw (SEWS) to
wheat bran (WB) of the dry substrate, initial moisture
content, and incubation temperature, the maximum single-
cell oil production of 8% of dry cells was obtained in
Microsphaeropsis sp. by Peng and Chen [162].

The highest value of GLA of 36% w/w of lipids and
2.7% wiw of cells was produced by M. inaquisporus when
growing exponentially in batch cultures [51]. Sergeeva
et al. [183] studied the synthesis of lipids with the fungal
species P. moreaui, P. caucasica, and P. anomala, and
estimated the fatty acid profiles of each species. The
maximum stearic acid content was 11.8-15.8% in P. mo-
reaui, and 4.1-9.6% in P. anomala and P. caucasica. In all
the species, 0.4-1.4% eicosanoic acid and 0.6-2.7% of
unsaturated fatty acids (palmitoleic and eicosenoic acids)
were found. The cellulolytic fungus, Aspergillus oryzae A-
4, yielded a lipid content of 36.6 mg g~' dry substrate by
direct microbial conversion of wheat straw in suspended
cultures and 62.87 mg g~ dry substrate in solid substrate
fermentation under optimized conditions [91]. With pep-
tone and glucose as C and N sources, M. rouxii and Mucor
sp. resulted in production of 30% lipids with up to 17%
GLA in lipids; the major fatty acids produced were pal-
mitic, stearic, and oleic acids [188]. A C/N molar ratio of
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163, initial pH of 6.5, and 25°C were the optimum con-
ditions for lipid production with 7. fermentans [220].

Some fungal cells (A. niger, A. oryzae) are net producers
of lipids, whereas others (Pleurotus ostreatus) are net
consumers of lipids; the total lipid content of sweet potato
fermented with A. niger, A. oryzae cells in solid-state fer-
mentation increased from 1.93 to 3.17% and 8.71%,
respectively, but decreased from 1.93 to 0.54% when fer-
mented with P. ostreatus [1].

Yeast

Oleaginous yeasts are single-celled fungi having at least
20% of their dry weight made up of lipids [174]. Oleaginous
yeasts have a fast growth rate and high oil content, and their
triacylglycerol (TAG) fraction is similar to that of plant oils.
These organisms can grow on a multitude of carbon sources
(glucose, xylose, arabinose, mannose, glycerol, and other
agricultural and industrial residues). Most oleaginous yeasts
can accumulate lipids at levels of more than 40% of their
dry weight and as much as 70% under nutrient-limiting
conditions [17]. However, the lipid content and fatty acid
profile differ between species [17, 122, 143]. Some of the
yeasts with high oil content are Rhodotorula glutinis,
Cryptococcus albidus, Lipomyces starkeyi, and Candida
curvata [143]. The main requirement for high lipid pro-
duction is a medium with an excess of carbon source and
other limiting nutrients, mostly nitrogen. Hence, production
of lipids is strongly influenced by the C/N ratio, aeration,
inorganic salts, pH, and temperature [159].

Effect of carbon sources

Yeasts are able to utilize several different carbon sources
for the production of cell mass and lipids. These sources
can be glucose, xylose, glycerol, starch, cellulose hydrol-
ysates, and industrial and municipal organic wastes. In all
cases, accumulation of lipids takes place under conditions
of limitations caused by a nutrient other than carbon.
Easterling et al. [48] explored production of lipids by the
yeast R. glutinis on different carbon sources (dextrose,
xylose, glycerol, mixtures of dextrose and xylose, xylose
and glycerol, and dextrose and glycerol). The highest lipid
production of 34% TAG on a dry weight basis was mea-
sured with a mixture of dextrose and glycerol as carbon
source [48]. The fraction of unsaturated fatty acids in the
TAGs was dependent on carbon source, with the highest
value of 53% on glycerol and lowest value of 25% on
xylose. With whey permeate for production of lipids by
different yeast strains, L. starkeyi ATCC 12659 was found
to have the highest potential of accumulating lipids among
Apiotrichwn curvatum ATCC 10567, Cryptococcus albidus

ATCC 56297, L. starkeyi ATCC 12659, and Rhodospo-
ridium toruloides ATCC. The yeast L. starkeyi is unique in
that it is known not to reutilize the lipids produced by it
[80] and it produces extracellular carbohydrolases [103].
Angerbauer et al. [10] explored production of lipids from
sewage sludge using yeast L. starkeyi. While there was
no growth on untreated sludge, pretreatment of sludge
with alkali or acid or heat, or even ultrasound resulted in
cell growth and lipid accumulation. Sludge itself had no
inhibitory effect on cell growth.

Production of microbial lipids from glucose and sweet
potato starch has been studied [161, 206]. These authors
confirmed the earlier reports [10] of the effect of C/N ratio
on production of lipids by L. starkeyi and that the condi-
tions favoring accumulation of lipids result in reduced
growth of cells. The cells could consume liquefied starch in
batch culture and produced cells containing 40% lipids at a
cell yield of 0.41 g dry weight per g starch [206]. The yield
on starch was higher than when glucose was used as carbon
source.

C/N ratio, pH, temperature and other environmental
parameters

Culture temperature and pH influence the total cell number
and lipid content in yeast cells [151, 17]. In minimal
medium with glucose as carbon source, the yeast L. star-
keyi accumulates large fractions of dry weight as lipids
with a high yield in the pH range of 5.0-6.5 [10]. But Patil
[161] found that cell yield on glucose was higher at pH of
5.5 than at 6.

The lipid fraction and fatty acid composition in yeast
C. curvata varied with temperature, pH, and medium
composition, but octadecenoic, stearic, and linoleic acids
remained the principle fatty acids in the yeast cells [116].
In Saccharomyces cerevisiae cells, the degree of unsatu-
ration increased and the chain length in fatty acids
decreased when the cells were cultivated at lower tem-
peratures [15]. At higher temperatures, the cellular lipid
content, the glucose conversion efficiency, and the specific
lipid production rates in L. starkeyi were high, but the
degree of fatty acid unsaturation was low [191]. Fastest
growth of L. starkeyi cells occurred at 28°C (specific
growth rate 0.158 h™'), and the lipid fraction in cells under
these conditions was 55%. However, the fraction of oleic
acid in the lipids increased from 52 to 60% of lipids when
the accumulation phase temperature was reduced from
growth temperature of 28-15°C.

High lipid accumulation in cells of oleaginous yeast is
obtained under limiting nitrogen concentration conditions
[17, 54, 161]. The oleaginous yeast L. starkeyi delivered
lipid content of 68% at a C/N ratio of 150 compared to
40% in the presence of a C/N ratio of 60 while growing on
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digested sewage sludge [10]. Similar results were obtained
by Patil [161] also while using a semi-synthetic medium
for cultivation of L. starkeyi. Patil [161] reported a maxi-
mum specific growth rate of cells at 0.1 h™' and lipid
content of 27% fed-batch fermentation, which is slightly
higher than the specific growth rate of 0.08 h™' and lipid
content of 23% in batch fermentation of L. starkeyi on
glucose in a semi-synthetic medium with C/N molar ratio
of 56.7. The key fatty acids produced were C16:0, C16:1,
C18:0, and C18:1. Accumulation of lipids by Cryptococcus
curvatus cells also required a high C/N ratio of 50 in batch
and fed-batch cultures [75]; the fatty acids produced were
mainly oleic (C18:1), palmitic (C16:0), and stearic (C18:0).
The highest fraction of stearic acid (18:0) in batch cultures
was 14 and 19% in fed-batch culture.

Under optimal fermentation conditions in a batch reactor
(100 g 17" glucose as carbon source, 8 g 17! yeast extract,
and 3 g 1”! peptone as nitrogen sources, initial pH of 5.0,
inoculation volume of 5%, 28°C temperature, and 180 rpm
agitation in a 5-1 bioreactor), Rhodotorula glutinis can
accumulate lipids up to 49% of cell dry weight and
14.7 g 17" lipid [41]. In continuous culture, the cell bio-
mass, lipid content, and lipid yield increase with decreasing
growth rate [4]. Dai et al. [41] obtained 60.7% lipids in
cells and 23.4 g 17 lipid production in a continuous mode
of operation. In R. toruloides cultivated in fed-batch mode,
oleic, palmitic, stearic, and linoleic acids were the main
fatty acids [119]. Also in R. mucilaginosa TIY15a, 85.8%
long-chain fatty acids were composed of palmitic, palmit-
oleic, stearic, oleic, and linolenic acids [124]. Under con-
tinuous culture conditions, Ratledge and Hall [173]
recommend nitrogen-limited medium and a dilution rate of
about one-third of the maximum to achieve the maximum
content of lipids in a microorganism.

Bacteria

Bacteria demonstrate high cell growth rates under simple
cultivation methods [143]. Bacterial species such as
Mycobacterium, Streptomyces, Rhodococcus, and Nocar-
dia can accumulate triacylglycerols (TAG) at high con-
centrations. The compositions and structures of bacterial
TAG vary considerably depending on the microorganism
and on the carbon source [3]. The Actinomycete group of
bacteria are capable of accumulating remarkably high
amounts of intracellular fatty acids as TAGs (up to 70% of
the cell dry weight) from simple carbon sources like glu-
cose under growth-limited conditions [102]. The bacterial
species Rhodococcus and Nocardia corallina accumulate
primarily TAGs with minor amounts of diacylglycerols
(DAGs) and wax esters under nitrogen-limiting conditions
[5]. The accumulation takes place mostly during the
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stationary phase of growth, i.e., after the cessation of net
protein synthesis [154].

Not all bacteria, however, accumulate large quantities of
fatty acids. Bacterial strains Dietzia maris sp. S1, Stappia
sp. AG2, Nocardioides sp. S3, Sphingomonas sp. AGO,
Oceanicaulis alexandrii sp. AG4, O. alexandrii sp. AG7,
and Micrococcus sp. AG10 isolated from marine living
cells, contain a total fatty acid (TFA) content from 0.3 to
4% dry weight [218]. Bacterial growth in batch operations
is affected by two variables: micro- and macro-nutrient
limitations. Excess micronutrients support very high bio-
mass concentrations. However, macronutrients are con-
sumed progressively, and consequently they cause a
slowing down of and finally halt in growth [113].

Bio-resources available for lipid production

Commercial production of lipids is hampered by the high
cost of the substrates. Hence, various low-cost and effec-
tive alternative feedstocks have been explored. These
include carpet mill effluents [30, 31], sweet sorghum juice
[49, 62, 126], sweet potato waste [1, 205, 206], tomato
waste [56], dairy farm and municipal wastewater [74, 99,
106, 114, 140, 155, 203, 208], biodiesel-derived glycerol
[9, 12, 53, 127, 128, 137, 149, 160], fertilizer effluent [7],
sewage sludge [10], urea [82], lignocellulosic materials
[88], waste molasses [105, 220], beet molasses [55, 65,
116], soluble starch [28, 161], sugar cane molasses [4, 68],
orange peel extracts [221, 68], industrial glycerol [157],
power plant flue gas [100, 217], prickly pear juice [74],
agro industrial byproducts [68, 152], corn steep liquor
[129], cassava starch [124], wheat straw mixed with wheat
bran [162], waste rice straw [89], and starch wastewater
[215]. Most of these substrates are locally available and
thus are expected to support mainly small production
facilities. The exceptions are the sewage sludge and power
plant flue gas, both of which have potential for very
widespread usage. Given carbon dioxide production of
452-920 kg per MWh [93] and algae yield of 0.55 kg per
kg CO,, each power plant has a potential for producing
1,900—4,000 tons of algae (or 1-2 kton algae assuming a
50% CO, capture efficiency) per MW capacity per year.
With 30-35% extractable lipids in algae, this potential
translates into 0.1-0.2 million gallons of lipids along with
0.7-1.4 kton algal cake per year for each MW power plant
capacity while reducing carbon dioxide emissions in half.

Modes of cultivation for microbial lipid production

Batch, repeated batch, fed-batch, and continuous cultiva-
tions all have been used to produce microbial oils in the
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laboratory. Agitation systems are critical in the bioreactors
as was shown by Hiruta et al. [79]. These authors compared
the Maxblend impeller to turbine impeller in agitated fer-
menters and showed that the mixing capacity of the Max-
blend impeller was higher. Consequently, the mixing time
was less than 50% of the turbine impeller, and a higher
GLA content in the lipid was achieved.

Batch operation

Most studies on microbial lipid accumulation have been
conducted using batch cultivation. The cell growth and the
production of neutral lipids, carbohydrates, and proteins by
the alga Botryococcus sudeticus was studied by Duhalt and
Greppin [46] in batch culture for a period of 18 weeks, and
a maximum production of 4.5% protein, 7.5% carbohy-
drate, and 22.0% neutral lipid on a dry weight basis was
obtained during the stationary phase. During the expo-
nential growth phase of the batch operation, most of the
metabolic energy is used for synthesis of cell constituents;
in the stationary phase, the energy is predominantly used
for the synthesis of extracellular compounds [46]. The
fungal strain M. inaquisporus has been used for production
of lipids in batch reactors. The degree of unsaturation and
GLA content of the lipid increased with increasing lipid
content in M. inaquisporus during the logarithmic growth
phase and decreased during the stationary growth phase
while the lipid content in the biomass remained constant
[51]. At bench scale, the maximum GLA content obtained
was 2% (w/w) dry biomass. Some commercial strains can
accumulate up to 4% GLA during batch processing [170].

Fed-batch and repeated batch operation

Fed-batch culture has proved effective in increasing
both the cell density and lipid contents of oleaginous
yeasts. Microbial lipid production by the oleaginous yeast
Rhorosporidium toruloides was studied in batch, flask
fed-batch, and pilot-scale fed-batch (15-1 stirred-tank
fermenter) mode using glucose as carbon source [118-120].
Flask fed-batch mode resulted in a cell concentration of
151.5 g 17" with a cellular lipid content of 48.0% w/w in
25 days. Lipid yield in this case was 0.26 g per g glucose,
and volumetric lipid productivity was 2.91 g 17! day ™.
Flask fed-batch was conducted in shake flask with inter-
mittent feeding of sugar to keep the glucose concentration
above 20 g 17'. When the same cells were cultivated in a
15-1 stirred bioreactor with controlled agitation, pH, and
aeration with the same sugar feeding scheme, the cells
grew to a concentration of 106.5 g 17! within 134 h. The
lipid content in the cells in the bioreactor was 67.5%,
resulting in lipid productivity of 0.54 g 17" h™' [118-120].
Xue et al. [214] obtained a similar trend for batch and fed-

batch mode with Rhodotorula glutinis and monosodium
glutamate (MSG) wastewater. Both authors found that fed-
batch mode is a better option than batch mode for higher
productivity. Meesters et al. [142] and Yamauchi et al
[216] also reported higher lipid productivity with Zyg-
omycets, C. curvatus, and L. starkeyi in fed-batch cultiva-
tion, respectively. Hsieh and Wu [82] compared biomass
production and lipid productivity for a Chlorella sp. in
intermittent fed-batch and in a repeated batch mode of
operation. These authors achieved higher productivity with
the repeated batch mode of operation. Repeated batch
operation was investigated also by Chiu et al. [34] with
Nannochloropsis oculata, Veloso et al. [200] with Phaeo-
dactylum tricornuturn, and Feng et al. [60] with C. vul-
garis. Feng et al. [60] reported that lipid productivity
increases with increased volumes of daily withdrawals
even though cell density goes down.

Continuous operation

In general, high cell yields occur when the cells are culti-
vated under steady-state conditions and when carbon is
used with the same efficiency at each stage of the growth
cycle [172]. Brown et al. [22] studied growth and lipid
accumulation with the yeast C. curvata D in both batch and
continuous mode and indicated that the specific lipid
accumulation rate increases during the course of batch
fermentation and as dilution rate is increased in continuous
cultivation. But the rate of non-nitrogenous non-lipid bio-
mass production undergoes a decrease under the same
conditions. Papanikolaou and Aggelis [157] reported that
the microorganism Y. lipolytica is capable of producing
huge quantities of lipid during growth on raw glycerol in
nitrogen-limited continuous cultures. In highly aerated
continuous cultures, lipid production was favored at low
dilution rates, and the highest lipid productivity achieved
was 0.12 g 17" h™' at the lowest studied dilution rate of
0.03 h™'. Increasing dilution rates resulted in increased cell
mass yield but with a decreasing lipid fraction. Fatty acid
composition of the lipids was not affected by dilution rate.
R. glutinis was investigated for its ability to accumulate
lipids in continuous culture with molasses under nitrogen-
limiting conditions [4]. The maximum lipid content of 39%
(w/w) of dry cell biomass was obtained at a dilution rate of
0.04 h™'. Banerjee et al. [13] reported that only continuous
systems are realistically feasible systems for cultivation of
the fungus B. Braunii for microalgal biomass.

Composition of fatty acids in microbial lipids

Oils and fats are primarily composed of triacylglycerols
(TAGs). TAGs serve as a primary storage form of carbon
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and energy in microorganisms [87]; their fatty acid com-
position is also superior to that of other cellular lipids
(phospholipids and glycolipids) for biodiesel production
[165]. Fatty acid composition impacts on the saponification
number, iodine value of the particular lipids [101], and
influences the quality of biodiesel, such as cetane number,
heat of combustion, oxidative stability, cloud point, and
lubricity [110]. Although fatty acids in microbial lipids
range from lauric acid (C12:0) to docosahexaenoic acid
(C22:6), palmitic (C16:0), stearic (C18:0), oleic (C18:1),
and linoleic (C18:2) acids constitute the largest fraction. Of
these, palmitic and oleic acids are most abundant. Con-
sidering the saturated and unsaturated acid components,
approximately 25-45% are saturated fatty acids, and
50-55% are unsaturated. Thus, the ratio of unsaturated to
saturated fatty acids in microbial oils ranges between 1 and
2, which is somewhat similar to that in plant oils (such as
palm). As a result, the quality of biodiesel produced from
microbial oils can be expected to be similar to that pro-
duced from palm oil.

When cultivated under appropriately optimized condi-
tions, microorganisms are capable of producing significant
quantities of y-linoleic (C18:2) and arachidonic (C20:4)
acids. These fatty acids have high nutraceutical value, and
microbial oils are generally marketed as extracted oils as
health food. Technologically, the production of these high-
value compounds is accompanied by production of sig-
nificant quantities of other neutral lipids. Hence, separation
of non-neutraceutical fatty acids from the PUFA needs to
be explored.

The fatty acid composition of algal lipids is mainly
influenced by the medium composition [20, 50, 1, 59, 61,
85, 132, 133]. Liu et al. [132, [133] cultivated the micro-
algae Chlorella zofingiensis with glucose, and they found
that C16:0, C16:2, C18:1, C18:2, and C18:3 (n-3) were the
major fatty acids produced, out of which oleic acid con-
tributes 35.7% of the total fatty acids. Polyunsaturated fatty
acids C18:3w3, C16:4w3 were produced with the algae
D. salina by manipulating the NaCl concentration of the
medium [50]. The nitrogen content present in the medium
significantly altered the saturated and unsaturated fatty acid
compositions [20]. Hu and Gao [85] also found that the
fatty acid composition was influenced by the concentra-
tions of nitrate and phosphate in the medium and reported
that the key fatty acids produced with Nannochloropsis sp.
were C16:0, C16:1, and C18:1. Cultivation temperature can
also alter the fatty acid composition significantly [73].
They found that at temperatures below 20°C, a higher
production of eicosapentaenoic acid (EPA), GLA, and
dihomo-GLA was obtained at the expense of AA and
o-linoleic acid. Renaud et al. [176] also found that tem-
perature affects fatty acid composition. C16:0, C18:0, and
C18:1 fatty acids constituted 95% of all the fatty acids
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produced with the oleaginous microalgae Pseudochloro-
coccum sp. growing on starch [123—125], out of which 42%
was oleic acid (C18:1) alone. C16:0, C16:2, C18:1, C18:2,
and C18:3 (n-3) were the major fatty acids in C. zofingi-
ensis cultured with glucose as the carbon source, and here
too C18:1 accounted for 35.7% of the total fatty acids
produced.

Fakas et al. [57, 58] reported that the fugal strains
Cunninghamella echinulata and M. isabellina have the
same fatty acid composition, and the composition is inde-
pendent of the carbon source. Linoleic acid (18:2) and
GLA are the key fatty acids produced during the initial
stages of growth. But when the lipid accumulation excee-
ded 20%, oleic and palmitic acids were predominant [57,
57, 58]. Fatty acid composition of lipids in M. isabellina
was 24-35% palmitic acid, 49-54% oleic acid, 2-11%
linoleic acid, 0.4-2% GLA, 1-2% palmitoleic acid, and
3.5-8.0% stearic acid [49]. Palmitic acid (27.3%), palmi-
tolic acid (3.5%), stearic acid (3.0%), oleic acid (46.1), and
linoleic acid (20.0) were present in Microsphaeropsis sp.
Huang et al. [89] and Zhu et al. [220] have reported lipid
production by fungi T. fermentans CICC1368 with glucose
and/or xylose as carbon source. With peptone as nitrogen
source, glucose as carbon source, C:N ratio of 163, pH 6.5,
and 25°C temperature, Zhu et al. [220] found that these
cells could produce as much as 62.4% of their dry weight
as lipids after 7 days of fermentation. With a cell density of
28 g 17!, this amounted to 17.5 g lipid per liter of broth.

Mpyristic acid, palmitic acid, stearic acid, oleic acid,
linoleic acid, and linolenic acid are the main fatty acids in
lipids from yeasts [118-120, 120, 130]. Patil [161] inves-
tigated the effect of the C/N ratio on lipid production and
on fatty acid composition of lipids in L. starkeyi cultivated
under different operating conditions. In batch shaken
flasks, the percent lipids in cells increased from 19 to 30%
as the C/N ratio was changed from 20 to 61. But the cell
mass yield decreased from 0.44 ¢ DW per g glucose to
0.29 g DW per g glucose. C16:0 (38.7-44.8%) and C18:1
(40.7-50.2%) were the main fatty acids in the lipids,
although small amounts (5.9-14.5%) of C16:1 were also
produced. As the C/N ratio was increased, there was a
perceptible shift in fatty acids from C16 to C18 fatty acids.
Lipid profiles in L. starkeyi and other yeast cells have been
reported by a number of researchers [10, 216]. Angerbauer
et al. [10] reported lipid composition in L. starkeyi cells
grown on sewage sludge. Here, too, the main fatty acids
were C16:0 (56%), C16:1 (2%), C18:0 (14%), and C18:1
(26%). Small amounts of C14:0 (myristic acid), C18:3
(linolenic acid), C20:0 (arachidic acid), C20:1 (gadoleic
acid), and C22:0 (behenic acid) were also present; these
were all under 1% by weight and mostly under 0.5% by
weight. Yamauchi et al. [216] reported the fatty acid profile
of lipids produced by L. starkeyi cells grown on ethanol in
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a fed-batch culture. These authors found that fatty acid
composition in the cells undergoes change with time during
fed-batch cultivation; the fractions of C16:0 and C18:1
fatty acids in the intracellular lipids increase as time
increases up to 90 h. The fractions of C18:0 and C18:2
went down with time, while that of C16:1 remained
unchanged. C16:0 accounted for 28-32% of all the fatty
acids and C18:1 for 50-54%.

The nature of substrate affects the composition of fatty
acids in yeast lipids. Patil [161] noticed that cultivation of
L. starkeyi on starch as substrate resulted not only in a
higher fraction of lipids in cells, but also in more oleic acid
in cellular lipids than when the cells were cultivated on
glucose as carbon source.

Economics of microbial lipid production

Economically viable biofuels should be cost competitive
with petroleum fuels. The single-cell oil production cost
depends mainly upon the species chosen for cultivation
[18], lipid concentration within cells, and the concentration
of cells produced [21]. The cost of feed stock or carbon
source required for the production of microbial lipids
accounts for 60 to 75% of the total costs of the biodiesel
[90]. Hence, the economics of single-cell oil production can
be improved by using carbon in wastes such as wastewater,
municipal, and other carbonaceous industrial wastes and
CO; in flue gases from boilers and power plants [57, 58].
Patil [161] conducted economic analysis of biodiesel pro-
duction with L.starkeyi and starchy waste from the sweet
potato processing industry as carbon source and determined
that microbial lipids could be produced at a factory gate
price of $2.30 per gallon and that it would support a bio-
diesel price of $3.00 per gallon with a continued subsidy of
$1.00 per gallon of biodiesel. The cost of lipid production
was influenced strongly by the cost of medium nutrients
(50%) needed for cultivation of cells and the cost of solvent
(25%) for the extraction of lipids from biomass.
Utilization of algae for commercial production of lipids
depends on use of efficient cultivation systems. Huntley
and Redalje [92] suggested that microalgal biodiesel pro-
duction is economically feasible using a two-stage open
pond system and estimated the price of oil derived from
microalgae was at US$2.00 per gallon. Kadam [100]
reported that the unextracted algal lipid can be produced at
a cost of US$ 1.4 per gallon using power plant flue gases.
The production cost of algal biodiesel can be reduced by
using economical photobioreactors that have advantages
like high productivity, low contamination, efficient CO,
capture, continuous operation, and controlled growth con-
ditions. Unfortunately, the capital and operating costs of
photobioreactors are very high [23]. Hence, Feng et al. [60]

evaluated utilization of heterotrophic cultivation and
reported that the algal biofuels can be competitive with
crude oil at US$ 63.97 per barrel with C. vulgaris from
artificial wastewater after accounting for the wastewater
treatment cost of US$ 0.4 m ™ and energy costs of $0.22/
KWh. Similarly, the biodiesel production cost with algae
C. zofingienesis growing heterotrophically on glucose as
sole carbon source was estimated by Liu et al. [132] at US$
0.9 17" or $3.40 per US gallon. These authors considered a
bulk glucose price of $100/ton and lipid yield of 0.21 g g~*
glucose and suggested that the production price of algae
can be reduced considerably if a lower cost carbon source
can be used for cultivation of cells [132].

Conclusion

Microbial lipids offer potential for sufficient production of
renewable fuels to impact consumption of fossil fuels. In
order to succeed in this endeavor, a suit of autotrophic,
heterotrophic, and mixotrophic microbial systems utilizing
diverse substrates is available. These have been described
in this review. In order to be cost effective, it will be
necessary to use innovative combinations of cultivation
systems involving all the carbonaceous materials including
wastes. Several recent efforts in this area use domestic and
industrial wastes. Economic analyses have indicated the
need to minimize costs of medium components and for
further research dealing with microbial systems capable of
producing lipids at relatively high productivities in mini-
mal media.

References

1. Abu OA, Tewe OO, Losel DM, Onifade AA (2000) Changes in
lipid, fatty acids and protein composition of sweet potato (Ip-
omoea batatas) after solid-state fungal fermentation. Bioresour
Technol 72:189-192

2. Aki T, Nagahata Y, Ishihara K, Tanaka Y, Morinaga T, Hig-
ashiyama K, Akimoto K, Fugikawa S, Kawamoto S, Shigeta S,
Ono K, Suzuki O (2001) Production of arachidonic acid by
filamentous fungus, Mortierella alliacia strain YN-15. J Am Oil
Chemists Soc 78(6):599-604

3. Alvarez HM, Steinbuchel A (2002) Triacylglycerols in pro-
karyotic microorganisms. Appl Microbiol Biotechnol 60:367—
376

4. Alvarez RM, Rodriguez B, Romano JM, Diaz AO, Gomez E,
Miro D, Navarro L, Saura G, Garcia JL (1992) Lipid accumu-
lation in Rhodotorula glutinis on sugar cane molasses in single-
stage continuous culture. World J Microbiol Biotechnol
8:214-215

5. Alvarez HM, Kalscheuer R, Steinbuchel A (1997) Accumulation
of storage lipids in species of Rhodococcus and Nocardia and
effect of inhibitors and polyethylene glycol. Fett/Lipid
99:239-246

@ Springer



1282

J Ind Microbiol Biotechnol (2010) 37:1271-1287

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21

22.

23.

24.

25.

Al-Widyan MI, Al-Shyoukh AO (2002) Experimental evalua-
tion of the transesterification of waste palm oil into biodiesel.
Bioresour Technol 85:253-256

. Anaga A, Abu GO (1996) A laboratory-scale cultivation of

Chlorella and Spirulina using waste effluent a fertilizer com-
pany in Nigeria. Bioresour Technol 58:93-95

. Andrade MR, Costa JAV (2007) Mixotrophic cultivation of

microalga Spirulina platensis using molasses as organic sub-
strate. Aquaculture 264(1-4):130-134

. Andre A, Diamantopoulou P, Philippoussis A, Sarris D,

Komaitis M, Papanikolaou S (2010) Biotechnological conver-
sions of bio-diesel derived waste glycerol into added-value
compounds by higher fungi: production of biomass, single cell
oil and oxalic acid. Indus Crops and Products 31:407-416
Angerbauer C, Siebenhofer M, Mittelbach M, Guebitz GM (2008)
Conversion of sewage sludge into lipids by Lipomyces starkeyi for
biodiesel production. Bioresour Technol 99:3051-3056

Antolin G, Tinaut FV, Briceno Y, Castano V, Perez C, Ramirez
Al (2002) Optimization of biodiesel production by sunflower oil
transesterification. Bioresour Technol 83:111-114

Athalye SK, Garcia RA, Wen Z (2009) Use of biodiesel-derived
crude glycerol for producing eicosapentaenoic acid (EPA)
by the fungus Pythium irregulare. J Agric Food Chem
57:2739-2744

Banerjee A, Sharma R, Chisti Y, Banerjee UC (2002) Botryo-
coccus braunii: a renewable source of hydrocarbons and other
chemicals. Crit Rev Biotechnol 22(3):245-279

Barupal DK, Kind T, Kothari SL, Lee DY, Fiehn O (2010)
Hydrocarbon phenotyping of algal species using pyrolysis
gas chromatography mass spectrometry. BMC Biotechnology
10:40-48

Beltran G, Novo M, Guillamén JM, Mas A, Rozes N (2008)
Effect of fermentation temperature and culture media on the
yeast lipid composition and wine volatile compounds. Int J Food
Microbiol 121:169-177

Benson BC, Rusch KA (2006) Investigation of the light
dynamics and their impact on algal growth rate in a hydrauli-
cally integrated serial turbidostat algal reactor (HISTAR).
Aquacultural Eng 35:122-134

Beopoulos A, Cescut J, Haddouche R, Uribelarrea JL, Jouve
CM, Nicaud JM (2009) Yarrowia lipolytica as a model for bio-
oil production. Prog Lipid Res 48:375-387

Borowitzka MA (1997) Microalgae for aquaculture: opportuni-
ties and constraints. J Appl Phycol 9:393-401

. Bouaid A, Martinez M, Aracil J (2007) Long storage stability of

biodiesel from vegetable and used frying oils. Fuel 86:2596—
2602

Boussiba S, Vonshak A, Cohen Z, Avissar Y, Richmond A
(1987) Lipid and biomass production by the halotolerant mi-
croalga nannochloropsis salina. Biomass 12:37-47

. Brennan L, Owende P (2010) Biofuels from microalgae—a

review of technologies for production, processing, and extrac-
tions of biofuels and co-products. Renew Sustain Energy Rev
14:557-577

Brown BD, Hsu KH, Hammond EG, Glatz BA (1989) A rela-
tionship between growth and lipid accumulation in Candida
curvata D. J Ferment Bioeng 68(5):344-352

Bruton T, Lyons H, Lerat Y, Stanley M, BoRasmussen M (2009)
A review of the potential of marine algae as a source of biofuel
in Ireland. Sustainable Energy Ireland

Bunyakiat K, Makmee S, Sawangkeaw R, Ngamprasertsith S
(2006) Continuous production of biodiesel via transesterification
from vegetable oil supercritical methanol. Energy Fuels
20:812-817

Bush RA, Hall KM (2009) Process for the production of ethanol
from algae. US Patent No. 7507554 B2, Issued March 24

@ Springer

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Cesar ADS, Batalha MO (2010) Biodiesel production from
castor oil in Brazil: a difficult reality. Energy Policy
38:4031-4039

Chang EH, Yang SS (2003) Some characteristics of microalgae
isolated in Taiwan for biofixation of carbon dioxide. Bot Bul
Acad Sin 44:43-52

Chen HC, Liu TM (1997) Inoculum effects on the production of
y-linolenic acid by the shake culture of Cunninghamella echi-
nulata CCRC 31840. Enzym Microbiol Technol 21:137-142
Cheng L, Zhang L, Chen H, Gao C (2006) Carbon dioxide
removal from air by microalgae cultured in a membrane-pho-
tobioreactor. Sep Pur Technol 50(3):324-329

Chinnasamy S, Bhatnagar A, Claxton R, Das KC (2010) Biomass
and bioenergy production potential of microalgae consortium in
open and closed bioreactors using untreated carpet industry
effluent as growth medium. Bioresour Technol 101:6751-6760
Chinnasamy S, Bhatnagar A, Hunt RW, Das KC (2010) Mic-
roalgae cultivation in a wastewater dominated by carpet mill
effluents for biofuel applications. Bioresour Technol
101:3097-3105

Chisti Y (2007) Biodiesel from microalgae. Biotechnol Adv
25:294-306

Chisti 'Y (2008) Biodiesel from microalgae beats bioethanol.
Trends Biotechnol 26:126-131

Chiu SY, Kao CY, Tsai MT, Ong SC, Chen CH, Lin CS (2009)
Lipid accumulation and CO, utilization of Nannochloropsis
oculata in response to CO, aeration. Biroesour Technol
100:833-838

Chojnacka K, Noworyta A (2004) Evaluation of Spirulina sp.
growth in photoautotrophic, heterotrophic and mixotrophic
cultures. Enzyme Microb Technol 34(5):461-465

Colla LM, Reinehr CO, Reichert C, Costa JAV (2007) Pro-
duction of biomass and nutraceutical compounds by Spirulina
platensis under different temperature and nitrogen regimes. Bi-
oresour Technol 98:1489-1493

S&T? Consultants (2009) GHG emission reductions from world
biofuel production and use. Prepared for Global Renewable
Fuels Alliance

Converti A, Casazza AA, Ortiz EY, Perego P, Borghi MD
(2009) Effect of temperature and nitrogen concentration on the
growth and lipid content of Nannochloropsis oculata and
Chlorella vulgaris for biodiesel production. Chem Eng Proc
48:1146-1151

Costa JAV, de Morais MG (2010) The role of biochemical
engineering in the production of biofuels from microalgae.
Bioresour Technol (in press)

Coyle W (2007) The future of biofuels: a global perspective
economic research service USDA. www.ers.usda.gov/
amberwaves

Dai C, Tao J, Xie F, Dai Y, Zhao M (2007) Biodiesel generation
from oleaginous yeast Rhodotorula glutinis with xylose assim-
ilating capacity. Afr J Biotechnol 6(18):2130-2134

de Morais MG, Costa JAV (2007) Biofixation of carbon dioxide
by Spirulina sp. and Scenedesmus obliquus cultivated in a three-
stage serial tubular photobioreactor. J Biotechnol 129:439-445
Dean AP, Sigee DC, Estrada B, Pittman JK (2010) Using FTIR
spectroscopy for rapid determination of lipid accumulation in
response to nitrogen limitation in freshwater microalgae. Bior-
esour Technol 101:4499-4507

Demirbas A (2003) Biodiesel fuels from vegetable oils via
catalytic and non-catalytic supercritical alcohol transesterifica-
tions and other methods: a survey. Energy Conv Management
44:2093-2109

Demirbas A (2009) Biodiesel from waste cooking oil via base-
catalytic and supercritical methanol transesterification. Energy
Conv Management 50:923-927


http://www.ers.usda.gov/amberwaves
http://www.ers.usda.gov/amberwaves

J Ind Microbiol Biotechnol (2010) 37:1271-1287

1283

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Duhalt RV, Greppin H (1987) Growth and production of cell
constituents in batch cultures of Botryococcus sudeticus. Phy-
tochemistry 26(4):885-889

Dyal SD, Narine SS (2005) Implications for the use of Morti-
erella fungi in the industrial production of essential fatty acids.
Food Res Int 38:445-467

Easterling ER, French WT, Hernandez R, Licha M (2009) The
effect of glycerol as a sole and secondary substrate on the
growth and fatty acid composition of Rhodotorula glutinis. Bi-
oresour Technol 100:356-361

Economou CN, Makri A, Aggelis G, Pavlou S, Vayenas DV
(2010) Semi-solid state fermentation of sweet sorghum for the
biotechnological production of single cell oil. Bioresour Technol
101:1385-1388

El-Baky HHA, El-Baz FK, El-Baroty GS (2004) Production of
lipids rich in omega 3 fatty acids from the halotolerant alga
Dunaliella salina. Biotechnology 3(1):102-108

Emelyanova E (1997) Lipid and y-linolenic acid production by
Mucor inaquisporus. Process Biochem. 32(3):173-177

Eroshin VK, Satroutdinov AD, Dedyukhina EG, Chistyakova TI
(2000) Arachidonic acid production by Mortierella alpine with
growth-coupled lipid synthesis. Proc Chem 35:1171-1175
Ethier S, Woisard K, Vaughan D, Wen Z (2010) Continuous
culture of the microalgae Schizochytrium limacinum on biodie-
sel-derived crude glycerol for producing docosahexaenoic acid.
Bioresour Technol (in press)

Evans CT, Ratledge C (1984) Influence of nitrogen metabolism
on lipid accumulation by Rhodosporidium toruloides CBS 14.
J Gen Microbiol 130:1705-1710

Fadaly HAE, Naggar NEAE, Marwan ESM (2009) Single cell
oil production by an oleaginous yeast strain in a low cost cul-
tivation medium. Res J Microbiol 4(8):301-313

Fakas S, Panayotou MG, Papanikolaou S, Komaitis M, Aggelis
G (2007) Compositional shifts in lipid fractions during lipid
turnover in Cunninghamella echinulata. Enzym Microb Technol
40(5):1321-1327

Fakas S, Makri A, Mavromati M, Tselepi M, Aggelis G (2009)
Fatty acid composition in lipid fractions lengthwise the myce-
lium of Mortierella isabellina and lipid production by solid state
fermentation. Bioresour Technol 100:6118-6120

Fakas S, Papanikolaou S, Batsos A, Panayotou MG, Malloucho A,
Aggelis G (2009) Evaluating renewable carbon sources as sub-
strates for single cell oil production by Cunninghamella echinulata
and Mortierella isabellina. Biomass Bioenergy 33:573-580
Feng FY, Yang W, Jiang GZ, Xu YN, Kuang TY (2005)
Enhancement of fatty acid production of Chlorella sp. (Chlo-
rophyceae) by addition of glucose and sodium thiosulphate to
culture medium. Process Biochem 40:1315-1318

Feng Y, Li C, Zhang D (2010) Lipid production of Chlorella
vulgaris cultured in artificial wastewater medium. Bioresour
Technol (in press)

Fidalgo JP, Cid A, Torres E, Sukenik A, Herrero C (1998)
Effects of nitrogen source and growth phase on proximate bio-
chemical composition, lipids classes and fatty acid profile of the
marine microalga Isochrysis galbana. Aquaculture 166:105-116
Gao C, Zhai Y, Ding Y, Wu Q (2010) Application of sweet
sorghum for biodiesel production by heterotrophic Chlorella
protothecoides. Appl Energy 87:756-761

Gavrilescu M, Chisti Y (2005) Biotechnology—a sustainable
alternative for chemical industry. Biotechnol Adv 23:471-499
Ge Y, Liu J, Tian G (2010) Growth characteristics of Botryo-
coccus braunii 765 under high CO, concentrations in photobi-
oreactor. Bioresour Technol (in press)

Ghanem K, Sabry SA, Yusef HH (1990) Some physiological
factors influencing lipid production by Rhodotorula glutinis
from Egyptian beet molasses. J Islamic Acad Sci 3(4):305-309

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Global Renewable Fuels Alliance (2009) http://www.globalrfa.
org/pr_120909.php

Gordon JM, Polle JEW (2007) Ultrahigh bioproductivity from
algae. Appl Microbiol Biotechnol 76:969-975

Gouda MK, Omar SH, Aouad LM (2008) Single cell oil pro-
duction by Gordonia sp. DG using agro-industrial wastes. World
J Microbiol Biotechnol 24:1703-1711

Gouveia L, Oliveira AC (2009) Microalgae as a raw material for
biofuel production. J Ind Microbiol Biotechnol 36(2):269-274
Griffiths MJ, Harrison STL (2009) Lipid productivity as a key
characteristic for choosing algal species for biodiesel produc-
tion. J Appl Phycol 21:493-507

Grima ME, Seville FJ, Perez MSJ, Camacho AGF (1996) A
study on simultaneous photo limitation and photoinhibition in
dense microalgal cultures taking into account incident and
averaged irradiance. J Biotechnol 45:59-69

Haas MJ (2005) Improving the economics of biodiesel produc-
tion through the use of low value lipids as feedstocks: vegetable
oil soap stock. Fuel Process Technol 86:1087-1096

Hansen CE, Rossi P (1991) Effects of culture conditions on
accumulation of arachidonic and eicosapentaenoic acids in
cultured cells of Rhytidzadelphus squarrosus and Eurhynchzum
strzatum. Phytochemistry 30(6):1837-1841

Hassan M, Blanc PJ, Pareilleux A, Goma G (1995) Production
of cocoa butter equivalents from prickly-pear fermentation by an
unsaturated fatty acid auxotroph of Crytococcus curvatus grown
in batch culture. Process Biochem 30:629-634

Hassan M, Blanc PJ, Granger LM, Pareilleux A, Goma G (1996)
Influence of nitrogen and iron limitations on lipid production by
Crytococcus curvatus grown in batch and fed-batch culture.
Process Biochem 31(4):355-361

Hawash S, Kamal N, Zaher F, Kenawi O, Diwani GE (2009)
Biodiesel fuel from Jatropha oil via non-catalytic supercritical
methanol transesterification. Fuel 88:579-582

Hirsch RL (2005) Peaking of world oil production: impacts,
mitigation & risk management. National energy technology
laboratory. http://www.netl.doe.gov

Hiruta O, Futumura T, Takebe H, Satoh A, Kamisaka Y, Yo-
kochi T, Nakahara T, Suzuki O (1996) Optimization and scale-
up of y-linolenic acid production by Mortierella ramanniana
MM 15-1, a high y-linolenic acid producing mutant. J Ferment
Bioeng 82(4):366-370

Hiruta O, Yamamura K, Takebe H, Futamura T, Iinuma K,
Tanaka H (1997) Application of Maxblend fermentor for
microbial processes. J Ferment Bioeng 83(1):79-86
Holdsworth JE, Veenhuis M, Ratledge C (1988) Enzyme activ-
ities in oleaginous yeasts accumulating and utilizing exogenous
or endogenous lipids. J Gen Microbiol 134:2907-2915

Hossain ABMS, Salleh A (2008) Biodiesel fuel production from
algae as renewable energy. Am J Biochem Biotechnol 4(3):250-
254

Hsieh HC, Wu WT (2009) Cultivation of microalgae for oil
production with a cultivation strategy of urea limitation. Bior-
esour Technol 100:3921-3926

Hsueh HT, Li WJ, Chen HH, Chu H (2009) Carbon bio-fixation
by photosynthesis of Thermosynechococcus sp. CL-1 and Nan-
nochloropsis oculata. J Photochem Photobiol B: Biol 95:33-39
Hu HH, Gao KS (2003) Optimization of growth and fatty acid
composition of a unicellular marine picoplankton Nannochlorop-
sis sp. with enriched carbon sources. Biotechnol Lett 25:421-425
Hu H, Gao K (2006) Response of growth and fatty acid com-
positions of Nannochloropsis sp. to environmental factors under
elevated CO, concentration Biotechnol Lett 28:987-992

Hu Q, Zarmi Y, Richmond A (1998) Combined effects of light
intensity, light path and culture density on output rate of Spi-
rulina platensis (cyanobacteria). Eur J Phycol 33:165-171

@ Springer


http://www.globalrfa.org/pr_120909.php
http://www.globalrfa.org/pr_120909.php
http://www.netl.doe.gov

1284

J Ind Microbiol Biotechnol (2010) 37:1271-1287

87.

88.

89.

90.

91.

92.

93.
94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Hu Q, Sommerfeld M, Jarvis E, Ghirardi M, Posewitz M, Seibert
M, Darzins A (2008) Microalgal triacylglycerols as feedstocks
for biofuel production: perspectives and advances. Plant J
54:621-639

Hu C, Zhao X, Zhao J, Wu S, Zhao ZK (2009) Effects of bio-
mass hydrolysis by-products on oleaginous yeast Rhodospori-
dium toruloides. Bioresour Technol 100:4843—-4847

Huang C, Zong M, Wu H, Liu Q (2009) Microbial oil produc-
tion from rice straw hydrolysate by Trichosporon fermentans.
Bioresour Technol 100:4535-4538

Hughes E, Benemann J (1997) Biological fossil CO2 mitigation.
Energy Convers Manag 38:5S467-S473

Hui L, Wan C, Hai-tao D, Xue-jiao C Qi-fa Z, Yu-hua Z (2010)
Direct microbial conversion of wheat straw into lipid by a cel-
lulolytic fungus of Aspergillus oryzae A-4 in solid-state fer-
mentation. Bioresour Technol (in press)

Huntley ME, Redalje DG (2006) CO2 mitigation and renewable
oil from photosynthetic microbes: a new appraisal, mitigation
and adaption strategies for global change. http://www.hrbp.com/
PDF/Huntley%20& %20Redalje %202006.pdf

IEA/OECD (1999) CO2 emissions from fuel combustion
Illman AM, Scragg AH, Shales SW (2000) Increase in Chlorella
strains calorific values when grown in low nitrogen medium.
Enzym Microb Technol 27:631-635

International Energy Outlook (2005) http://tonto.eia.doe.gov/
ftproot/forecasting/0484%282005%?29.pdf

International Energy Outlook (2010) Appendix G: projections of
liquid fuels and other petroleum production in five cases.
http://www.eia.doe.gov/oiaf/ieo/pdf/ieopol.pdf

Ishida M, Haga R, Odawara Y (1982) Anaerobic digestion
process. US Patent 4354936. Issued October 19 1982

Jiang Y, Chen F (2000) Effect of medium glucose concentration
and pH on docosahexaenoic acid content of heterotrophic
Crypthecodinium cohnii. Process Biochem 35:1205-1209
Johnson MB, Wen ZY (2010) Development of an attached
microalgal growth system for biofuel production. Appl Micro-
biol Biotechnol 85:525-534

Kadam KL (1997) Power plant flue gas as a source of CO, for
microalgae cultivation: economic impact of different process
options. Energy Convers Mgmt 38:505-510

Kalayasiri P, Jayashke N, Krisnangkura K (1996) Survey of seed
oils for use as diesel fuels. J Am Oil Chem Soc 73:471-474
Kalscheuer R, Torsten Stolting T, Steinbuchel A (2006) Mi-
crodiesel: Escherichia coli engineered for fuel production.
Microbiology 152:2529-2536

Kang HK, Lee JH, Kim D, Day DF, Robyt JF, Park KH, Moon
TW (2004) Cloning and expression of Lipomyces starkeyi o-
amylase in Escherichia coli and determination of some of its
properties. FEMS Microbiol Lett 233:53-64

Kapdan IK, Kargi F (2006) Bio-hydrogen production from waste
materials. Enzym Microb Technol 38:569-582

Karatay SE, Donmez G (2010) Improving the lipid accumula-
tion properties of the yeast cells for biodiesel production using
molasses. Bioresour Technol 101:7988-7990

Kargbo DM (2010) Biodiesel production from municipal sew-
age sludges. Energy fuels 24:2791-2794

Katsuda T, Shimahara K, Shiraishi H, Yamagami K, Ranjbar R,
Katoh S (2006) Effect of flashing light from blue light emitting
diodes on cell growth and astaxanthin production of Haemato-
coccus pluvialis. J Biosci Bioeng 102(5):442—446
Khotimchencho SV, Yakovleva IM (2005) Lipid composition of
the red alga Tichocarpus crinitus exposed to different levels of
photon irradiance. Phytochemistry 66:73-79

Kim MK, Park JW, Park CS, Kim SJ, Jeune KH, Chang MU,
Acreman J (2007) Enhanced production of Scenedesmus spp.

@ Springer

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

(green microalgae) using a new medium containing fermented
swine wastewater. Bioresour Technol 98:2220-2228

Knothe G (2009) Improving biodiesel fuel properties by
modifying fatty ester composition. Energy Environ Sci
2:759-766

Knothe G, Krahl J, Van Gerpen J (2005) The biodiesel hand-
book. Champaign, IL, USA

Kojima E, Zhang K (1999) Growth and hydrocarbon production
from microalga Botryococcus braunii in bubble column photo-
bioreactors. J Biosci Bioeng 87:811-815

Koku H, Eroglu I, Gunduz U, Yucel M, Turker L (2003)
Kinetics of biological hydrogen production by the photosyn-
thetic bacterium Rhodobacter sphaeroides O.U. 001. Int J
Hydrogen Energy 28:381-388

Kong QX, Li L, Martinez B, Chen P, Ruan R (2010) Culture of
microalgae Chlamydomonas reinhardtii in wastewater for bio-
mass feedstock production. Appl Biochem Biotechnol 160:9-18
Lang X, Dalai AK, Bakhshi NN, Reaney MJ, Hertz PB (2001)
Preparation and characterization of biodiesels from various bio-
oils. Bioresour Technol 80:53-62

Leman J, Bednarski W, Tomasik J (1990) Influence of cultiva-
tion conditions on the composition of oil produced by Candida
curvata D. Biol Wastes 31:1-15

Lester WW, Adams MS, Farmer AM (1988) Effects of light and
temperature on photosynthesis of the nuisance alga Cladophora
glomerata (L.) Kutz from Green Bay, Michigan. New Phytol
109:53

Li W, Du W, Li YH, Liu DH, Zhao ZB (2007) Enzymatic
transesterification of yeast oil for biodiesel fuel production. Chin
J Process Eng 7(1):137-140

Li X, Xu H, Wu Q (2007) Large-scale biodiesel production from
microalga Chlorella protothecoides through heterotrophic cul-
tivation in bioreactors. Biotechnol Bioeng 98(4):764-771

Li Y, Zhaob Z, Bai F (2007) High-density cultivation of ole-
aginous yeast Rhodosporidium toruloides Y4 in fed-batch cul-
ture. Enzym Microbiol Technol 41:312-317

Li Q, Du W, Liu D (2008) Perspectives of microbial oils for
biodiesel production. Appl Microbiol Biotechnol 80:749-756
Li Y, Horsman M, Wang B, Wu N, Lan CQ (2008) Effects of
nitrogen sources on cell growth and lipid accumulation of green
alga Neochloris oleoabundans. Appl Microbiol Biotechnol
81(4):629-636

Li M, Liu GL, Chi Z, Chi ZM (2010) Single cell oil production
from hydrolysate of cassava starch by marine-derived yeast
Rohodotorula  mucilaginosa TJY15a. Biomass Bioenergy
34:101-107

Li X, Hu HY, Gan K, Yang J (2010) Growth and nutrient
removal properties of a freshwater microalga Scenedesmus sp.
LX1 under different kinds of nitrogen sources. Ecol Eng
36:379-381

Li Y, Han D, Sommerfeld M, Hu Q (2010c) Photosynthetic
carbon partitioning and lipid production in the oleaginous mi-
croalga Pseudochlorococcum sp. (Chlorophyceae) under nitro-
gen-limited conditions. Bioresour Technol (in press)

Liang Y, Cui Y, Trushenski J, Blackburn JW (2010) Converting
crude glycerol derived from yellow grease to lipids through
yeast fermentation. Bioresour Technol 101:7581-7586

Liang Y, Sarkany N, Cui Y, Blackburn JW (2010) Batch stage
study of lipid production from crude glycerol derived from
yellow grease or animal fats through microalgal fermentation.
Bioresour Technol 101:6745-6750

Liang Y, Sarkany N, Cui Y, Yesuf J, Trushenski J, Blackburn
JW (2010) Use of sweet sorghum juice for lipid production by
Schizochytrium  limacinum  SR21.  Bioresour  Technol
101:3626-3627


http://www.hrbp.com/PDF/Huntley%20&%20Redalje%202006.pdf
http://www.hrbp.com/PDF/Huntley%20&%20Redalje%202006.pdf
http://tonto.eia.doe.gov/ftproot/forecasting/0484%282005%29.pdf
http://tonto.eia.doe.gov/ftproot/forecasting/0484%282005%29.pdf
http://www.eia.doe.gov/oiaf/ieo/pdf/ieopol.pdf

J Ind Microbiol Biotechnol (2010) 37:1271-1287

1285

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Liu GQ, Jin XC (2008) Screening and optimization of microbial
lipid production by Thannidium sp., a novel oleaginous fungus
isolated from forest soil. J Biotechnol 136:402—459

Liu B, Zhao ZB (2007) Biodiesel production by direct meth-
anolysis of oleaginous microbial biomass. J Chem Technol
Biotechnol 82:775-780

Liu ZY, Wang GC, Zhou BC (2008) Effect of iron on growth
and lipid accumulation in Chlorella vulgaris. Bioresour Technol
99:4717-4722

Liu J, Haung J, Fan KW, Jiang Y, Zhong Y, Sun Z, Chen F
(2010) Production potential of Chlorella zofingienesis as a
feedstock for biodiesel. Bioresour Technol 101:8658-8663

Liu J, Haung J, Sun Z, Zhong Y, Jiang Y, Chen F (2010b)
Differential lipid and fatty acid profiles of photoautotrophic and
heterotrophic Chlorella zofingiensis: assessment of algal oils for
biodiesel production. Bioresour Technol (in press)

Luo HP, Al-Dahlan MH (2004) Analyzing and modeling of
photobioreactors by combining first principles of physiology and
hydrodynamics. Biotechnol Bioeng 85:382-393

Lv JM, Cheng LH, Xu XH, Zhang L, Chen HL (2010) Enhanced
lipid production of Chlorella vulgaris by adjustment of culti-
vation conditions. Bioresour Technol 101:6797-6804

Ma F, Hanna MA (1999) Biodiesel production: a review.
Bioresour Technol 70:1-15

Makri A, Fakas S, Aggelis G (2010) Metabolic activities of bio-
technological interest in Yarrowia lipolytica grown on glycerol in
repeated batch cultures. Bioresour Technol 101:2351-2358
Mamatha SS, Ravi R, Venkateswaran G (2009) Medium opti-
mization of gamma linolenic acid production in Mucor rouxii
CFR-G15 using RSM. Food Bioprocess Technol 1:405-409
Mandal S, Mallick N (2009) Microalga Scenedesmus obliquus as
a potential source for biodiesel production. Appl Microbiol
Biotechnol 84(2):281-291

Marin RA, Espinosa MLG, Stephenson T (2010) Growth and
nutrient removal in free and immobilized green algae in batch
and semi-continuous cultures treating real wastewater. Biore-
sour Technol 101:58-64

Matsunaga T, Matsumoto M, Maeda Y, Sugiyama H, Sato R,
Tanaka T (2009) Characterization of marine microalga, Scene-
desmus sp strain JPCC GA0024 toward biofuel production.
Biotechnol Lett 31(9):1367-1372

Meesters P, Huijberts GNM, Eggink G (1996) High-cell-density
cultivation of the lipid accumulating yeast Cryptococcus
curvatus using glycerol as a carbon source. Appl Microbiol
Biotechnol 45:575-579

Meng X, Yang J, Xu X, Zhang L, Nie Q, Xian M (2009) Bio-
diesel production from oleaginous microorganisms. Renew
Energy 34:1-5

Metting FB (1996) Biodiversity and application of microalgae.
J Ind Microbiol Biotechnol 17:477-489

Miao X, Wu Q (2004) High yield bio-oil production from fast
pyrolysis by metabolic controlling of Chlorella protothecoides.
J Biotechnol 110:85-93

Mittelbach M, Remschmidt C (2004) Biodiesel—the compre-
hensive handbook. Graz, Austria

Miyao M (2003) Molecular evolution and genetic engineering of
C4 photosynthetic enzymes. J Exp Bot 54:179-189

Monthly Biodiesel Production Report (2009) U.S. energy
information administration. http://www.eia.doe.gov/cneaf/solar.
renewables/page/biodiesel/biodiesel.pdf

Morita T, Konishi M, Fukuoka T, Imura T, Kitamoto D (2007)
Microbial conversion of glycerol into glycolipid biosurfactants,
mannosylerythritol lipids, by a basidiomycete yeast, Pseud-
ozyma antarctica JCM 10317. J Biosci Bioeng 104(1):78-81
Murphy D (1991) Storage lipid bodies in plants and other
organisms. Prog Lipid Res 29:299-324

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Naganuma T, Uzuka Y, Tanaka K (1985) Physiological factors
affecting total cell number and lipid content of the yeast,
Lipomyces starkeyi. J Gen Appl Microbiol 31:29-37

Naim N, Saad RR, Naim MS (1985) Production of lipids and
sterols by Fusarium oxysporum (Schlecht). Utilization of some
agro-industrial by-products as additives and basal medium.
Agric Wastes 14:207-220

Oh SH, Han JG, Kim Y, Ha JH, Kim SS, Jeong MH, Jeong HS,
Kim NY, Cho JS, Yoon WB, Lee SY, Kang DH, Lee HY (2009)
Lipid production in Porphyridium cruentum grown under dif-
ferent culture conditions. J Biosci Bioeng 108(5):429-434
Olukoshi ER, Packter NM (1994) Importance of stored triacyl-
glycerols in Streptomyces: possible carbon source for antibiot-
ics. Microbiol 140:931-943

Orpez R, Martinez ME, Hodaifa G, El Yousfi F, Jbari N, Sanchez
S (2009) Growth of the microalga Botryococcus braunii in
secondarily treated sewage. Desalination 246:625-630

Pahl SL, Lewis DM, Chen F, King D (2009) Heterotrophic
growth and nutritional aspects of the diatom Cyclotella cryptica
(Bacillariphyceae): effect of some environmental factors. J Bio-
sci Bioeng (in press)

Papanikolaou S, Aggelis G (2002) Lipid production by Yarrowia
lipolytica growing on industrial glycerol in a single-stage con-
tinuous culture. Bioresour Technol 82:43-49

Papanikolaou S, Komaitis M, Aggelis G (2004) Single cell oil
(SCO) production by Mortierella isabellina grown on high-
sugar content media. Bioresour Technol 95:287-291
Papanikolaou S, Galiotou-Panayotou M, Chevalot I, Komaitis
M, Marc I, Aggelis G (2006) Influence of glucose and saturated
free-fatty acid mixtures on citric acid and lipid production by
Yarrowia lipolytica. Curr Microbiol 52:134—142

Papanikolaou S, Fakas S, Fick M, Chevalot I, Panayotou MG,
Komaitis M, Marc M, Aggelis G (2008) Biotechnological val-
orisation of raw glycerol discharged after bio-diesel (fatty acid
methyl esters) manufacturing process: production of 1, 3-pro-
pendiol, citric acid and single cell oil. Biomass Bioenergy
32:60-71

Patil S (2010) Lipid production from glucose and starch using
Lipomyces starkeyi. M.S. thesis submitted to the Graduate
School, UL Lafayette, Chemical Engineering Department,
Lafayette, LA, USA

Peng X, Chen H (2008) Single cell oil production in solid-state
fermentation by Microsphaeropsis sp. from steam-exploded wheat
straw mixed with wheat bran. Bioresour Technol 99:3885-3889
Peterson CL, Reece DL, Thompson JC, Beck SM, Chase C
(1996) Ethyl ester of rapeseed used as a biodiesel fuel—a case
study. Biomass Bioenergy 10:331-336

Pradhan A, Shrestha DS, van Gerpen J, Duffield J (2008) The
energy balance of soybean oil biodiesel production: a review of
past studies. Trans Am Soc Agric Biol Engrs 51(1):185-194
Pruvost J, Vooren GV, Cogne G, Legrand J (2009) Investigation
of biomass and lipids production with Neochloris oleoabundans
in photobioreactor. Bioresour Technol 100:5988-5995

Raines CA (2006) Transgenic approaches to manipulate the
environmental responses of the C; carbon fixation cycle. Plant
Cell Environ 29:331-339

Rao AR, Dayananda C, Sarada R, Shamala TR, Ravishankar GA
(2007) Effect of salinity on growth of green alga Botryococcus
braunii and its constituents. Bioresour Technol 98:560-564
Rao AR, Sarada R, Ravishankar GA (2007) Influence of CO, on
growth and hydrocarbon production in Botryococcus braunii.
J Microbiol Biotechnol 17:414-419

Rasheva T, Kujumdzieva A, Hallet JN (1997) Lipid production
by Monascus purpureus albino strain. J Biotechnol 56:217-224
Ratledge C (1993) Single cell oils—have they a biotechnolog-
ical future? Trends Biotechnol 11:278-284

@ Springer


http://www.eia.doe.gov/cneaf/solar.renewables/page/biodiesel/biodiesel.pdf
http://www.eia.doe.gov/cneaf/solar.renewables/page/biodiesel/biodiesel.pdf

1286

J Ind Microbiol Biotechnol (2010) 37:1271-1287

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Ratledge C (2002) Regulation of lipid accumulation in oleagi-
nous microorganisms. Biochem Soc Trans 32:1047-1050
Ratledge C (2008) Microbial lipids in biotechnology. In: Rehm
HIJ, Reed G (ed) vol 7, 2nd edn. VCH, Germany, pp 133-197
Ratledge C, Hall MJ (1977) Oxygen demand by lipid-accumu-
lating yeasts in continuous culture. Appl Environ Microbiol
34(2):230-231

Ratledge C, Wynn JP (2002) The biochemistry and molecular
biology of lipid accumulation in oleaginous microorganisms.
Adv Appl Microbiol 51:1-51

Reitan KI, Rainuzzo JR, Olsen Y (1994) Effect of nutrient
limitation on fatty acid and lipid content of marine microalgae.
J Phycol 30:972-979

Renaud SM, Thinh LV, Lambrinidis G, Parry DL (2002) Effect
of temperature on growth, chemical composition and fatty acid
composition of tropical Australian microalgae grown in batch
cultures. Aquaculture 211:195-214

Report of the Committee on Development of Biofuels,
Planning Commission, Government of India (2003) http:/
planningcommission.nic.in/reports/genrep/cmtt_ bio.pdf
Richmond A, Zhang CW, Zarmi Y (2003) Efficient use of strong
light for high photosynthetic productivity: interrelationships
between the optical path, the optimal population density and
cell-growth inhibition. Biomol Eng 20:229-236

Rittmann BE (2008) Opportunity for renewable bioenergy using
microorganisms. Biotechnol Bioeng 100(2):203-212

Rodolphi L, Zittelli GC, Bassi N, Padovani G, Biondi N, Bonini
G, Tredici MR (2009) Microalgae for oil: strain selection,
induction of lipid synthesis and outdoor mass cultivation in a
low-cost photobioreactor. Biotechnol Bioeng 102:100-112
Roessler PG, Bleibaum JL, Thompson GA, Ohlrogge JB (1994)
Characteristics of the gene that encodes acetyl-CoA carboxylase in
the diatom Cyclotella cryptica. Ann N'Y Acad Sci 721:250-256
Scragg AH, Illman AM, Carden A, Shales SW (2002) Growth of
microalgae with increased calorific values in a tubular bioreac-
tor. Biomass Bioenergy 23:67-73

Sergeeva YE, Konova LV, Galanina LA, Gagarina AB, Evteeva
NM (2006) Biologically active lipids in fungi of the Pilobola-
ceae family. Microbiology 75(1):15-19

Sharp CA (1996) Emissions and lubricity evaluation of rapeseed
derived biodiesel fuels. Final report for Montana Department of
Environmental Quality. Southwest Research Institute

Sheehan J, Camobreco V, Duffield J, Graboski M, Shapouri H
(1998a) Life cycle inventory of biodiesel and petroleum diesel
for use in an urban bus. Final report, National Renewable Energy
Laboratory, NREL/SR-580-24089 UC Category 1503, May 1998
Sheehan J, Dunahay T, Benemann J, Roessler P (1998) A look
back at the U.S. Department of Energy’s Aquatic Species
Program—biodiesel from algae. National Renewable Energy
Laboratory, Golden, CO

Shen Y, Pei Z, Yuan W, Mao E (2009) Effect of nitrogen and
extraction method on algae lipid yield. Int J Agric Biol Eng
2(1):51-57

Somashekar D, Venkateshwaran G, Sambaiah K, Lokesh BR
(2002) Effect of culture conditions on lipid and gamma-linolenic
acid production by mucoraceous fungi. Process Biochem
38:1719-1724

Spolaore P, Cassan CJ, Duran E, Isambert A (2006) Commercial
applications of microalgae. J Biosci Bioeng 101(2):87-96
Sung KD, Lee JS, Shin CS, Park SC, Choi MJ (1999) CO,
fixation by Chlorella sp., KR-1 and its cultural characteristics.
Bioresour Technol 68:269-273

Suutari M, Priha P, Laakso S (1993) Temperature shifts in
regulation of lipids accumulated by Lipomyces starkeyi. JAOCS
70(9):891-894

@ Springer

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

Swaaf MED, Rijk TCD, Meer PV, Eggink G, Sijtsma L (2003)
Analysis of docosahexaenoic acid biosynthesis in Crypthecodi-
nium cohnii by '*C labelling and desaturase inhibitor experi-
ments. J Biotechnol 103:21-29

Takagi M, Watanabe K, Yamaberi K, Yoshida T (2000) Limited
feeding of potassium nitrate for intracellular lipid and triglyc-
eride accumulation of Nannochloris sp. UTEX LB1999. Appl
Microbiol Biotechnol 54:112-117

Tennessen DJ, Bula RJ, Sharkey TD (1995) Efficiency of pho-
tosynthesis in continuous and pulsed light emitting diode irra-
diation. Photosynth Res 44:261-269

Tetali SD, Mitra M, Melis A (2006) Development of the light-
harvesting chlorophyll antenna in the green alga Chlamydo-
monas reinhardtii is regulated by the novel Tlal gene. Planta
225:813-829

The energy report (2008) Chapter 14: biodiesel. http://www.
window.state.tx.us/specialrpt/energy/pdf/14-Biodiesel.pdf

The Worldwatch Institute (2005) Renewables 2005: global sta-
tus report. http://www.worldwatch.org

Theodoridou A, Dornemann D, Kotzabasis K (2002) Light-
dependent induction of strongly increased microalgal growth by
methanol. Biochim Biophys Acta 1573:189-198

U.S. Foreign Agricultural Service, Department of Agriculture
(FAS-USDA) (2006) Peoples Republic of China bio-fuels
annual 2006. Gain Report Number CH7039, Washington, DC
Veloso V, Reis A, Gouveia L, Fernandes HL, Empis JA, Novais
JM (1991) Lipid production by Phaeodactylum tricornuturn.
Bioresour Technol 38:115-119

Verma NM, Mehrotra S, Shukla A, Mishra BN (2010) Pro-
spective of biodiesel production utilizing microalgae as the cell
factories: a comprehensive discussion. Afric J Biotechnol
9(10):1402-1411

Vicente G, Martnez M, Aracil (2004) Integrated biodiesel pro-
duction: a comparison of different homogeneous catalysts sys-
tems. Bioresour Technol 92:297-305

Wang L, Min M, Li Y, Chen P, Chen Y, Liu Y, Wang Y, Ruan R
(2010) Cultivation of green algae Chiorella sp. in different
wastewaters from municipal wastewater treatment plant. Appl
Biochem Biotechnol 162(4):1174-1186

Weldy CS, Huesemann M (2007) Lipid production by Dunali-
ella salina in batch culture: effects of nitrogen limitation and
light intensity. U.S. Department of Energy. J Undergrad Res
7:115-122. http://www.scied.science.doe.gov

Westendorf ML (2000) Food waste to animal feed. Iowa State
University Press, Ames, p 298

Wild R, Patil S, Popovic M, Zappi M, Dufreche S, Bajpai R
(2010) Lipids from Lipomyces starkeyi. Food Technol Bio-
technol 48(3) (in press)

Wise TA (2007) Policy space for Mexican maize: protecting
agro-biodiversity by promoting rural livelihoods. Global devel-
opment and environmental institute working paper No. 07-01.
http://ase.tufts.edu/gdae/Pubs/wp/07-01MexicanMaize.pdf
Woertz 1, Feffer A, Lundquist T, Nelson Y (2009) Algae grown
on dairy and municipal wastewater for simultaneous nutrient
removal and lipid production for biofuel feedstock. J Environ
Eng 135:1115-1122

Wu ST, Yu ST, Lin LP (2005) Effect of culture conditions on
docosahexaenoic acid production by Schizochytrium sp. S31.
Process Biochem 40:3103-3108

Wu S, Hu C, Jin G, Zhao X, Zhao ZK (2010) Phosphate-limi-
tation mediated lipid production by Rhodosporidium toruloides.
Bioresour Technol 101:6124-6129

Xian M, Kang Y, Yan J, Liu J, Bi Y, Zhen K (2002) Production
of linolenic acid by Mortierella isabellina grown on octadeca-
nol. Current Microbiol 44:141-144


http://planningcommission.nic.in/reports/genrep/cmtt_
http://planningcommission.nic.in/reports/genrep/cmtt_
http://www.window.state.tx.us/specialrpt/energy/pdf/14-Biodiesel.pdf
http://www.window.state.tx.us/specialrpt/energy/pdf/14-Biodiesel.pdf
http://www.worldwatch.org
http://www.scied.science.doe.gov
http://ase.tufts.edu/gdae/Pubs/wp/07-01MexicanMaize.pdf

J Ind Microbiol Biotechnol (2010) 37:1271-1287

1287

212.

213.

214.

215.

216.

Xiong W, Li X, Xiang J, Wu Q (2008) High-density fermen-
tation of microalga Chlorella protothecoides in bioreactor
for microbio-diesel production. Appl Microbiol Biotechnol
78(1):29-36

Xu H, Miao X, Wu Q (2006) High quality biodiesel production
from a microalga Chlorella protothecoides by heterotrophic
growth in fermenters. J Biotechnol 126:499-507

Xue F, Miao J, Zhang X, Luo H, Tan T (2008) Studies on lipid
production by Rhodotorula glutinis fermentation using mono-
sodium glutamate wastewater as culture medium. Bioresour
Technol 99:5923-5927

Xue F, Gao B, Zhu Y, Zhang X, Feng W, Tan T (2010) Pilot-
scale production of microbial lipid using starch wastewater as
raw material. Bioresour Technol 101:6092-6095

Yamauchi H, Mori H, Kobayashi T, Shimizu S (1983) Mass
production of lipids by Lipomyces starkeyi in microcomputer-
aided fed-batch culture. J Ferment Technol 61:275-280

217.

218.

219.

220.

221.

Yoo C, Junc SY, Lee JY, Ahn CY, Oh HM (2010) Selection of
microalgae for lipid production under high levels of carbon
dioxide. Bioresour Technol 101:71-74

Zabeti N, Bonin P, Volkman JK, Guasco S, Rontani JF (2010)
Fatty acid composition of bacterial strains associated with living
cells of the haptophyte Emiliania huxleyi. Org Geochem
41:627-636

Zhang XZ, Hu Q, Sommerfeld M, Puruhito E, Chen YS (2010)
Harvesting algal biomass for biofuels using ultra filtration
membranes. Bioresour Technol 101:5279

Zhu LY, Zong MH, Wu H (2008) Efficient lipid production with
Trichosporon fermentans and its use for biodiesel preparation.
Bioresour Technol 99:7881-7885

Ziino M, Lo Curto RB, Salvo F, Signorino D, Chiofalo B,
Giuffrida D (1999) Lipid composition of Geotrichum candidum
single cell protein grown in continuous submerged culture.
Bioresour Technol 67:7-11

@ Springer



	Microbial lipids from renewable resources: production and characterization
	Abstract
	Introduction
	Energy outlook and need for alternative energy
	Global biodiesel production
	Biodiesel feed stocks
	Limitations of agricultural feedstocks for biofuels

	Microorganisms for lipid production
	Micro algae
	Effect of nutrient limitations
	Effect of carbon dioxide
	Effect of PAR photon flux (light intensity)
	Effect of environmental parameters

	Molds
	Effect of carbon source and environmental conditions on lipid production by molds

	Yeast
	Effect of carbon sources
	C/N ratio, pH, temperature and other environmental parameters

	Bacteria
	Bio-resources available for lipid production
	Modes of cultivation for microbial lipid production
	Batch operation
	Fed-batch and repeated batch operation
	Continuous operation

	Composition of fatty acids in microbial lipids
	Economics of microbial lipid production
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


