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ABSTRACT

Biodiesel production from microalgae is generally conducted through light dependent
growth. Though promising and technically feasible, it is logistically difficult to produce a highdensity biomass of microalgae due to poor light penetration. Light dependency complicates
cultivation process, increases cost and reduces production of desired products. Heterotrophic
culture is an attractive alternative to this challenge. However, lipid accumulation and total lipid
productivity remain low, increasing downstream processing cost. The current study avoids these
issues by growing microalgae, Chlorella kessleri, in nutrient limited heterotrophic cultures
supplemented with exogenous pure sugars or lignocellulose hydrolysate from Big Blue Stem.
Lignocellulosic material is a readily available renewable source of carbon. Its economic
feasibility makes it an attractive carbon source. In addition, we have explored strategies to
increase lipid content of cells in this research. Growth of microalgae in stressful environment
under low nitrogen conditions causes algal cells to synthesize more lipids. We studied effects of
phosphorus and iron limitation on lipid accumulation. The supplemented sugar promotes
biomass while phosphorus and iron limitation stresses cell altering its metabolism and generating
high lipid densities within cell. Cell counting method and chlorophyll measurements measured
heterotrophic growth of microalgae at different concentrations of phosphorus (0 mM-5 mM) and
iron (0 µM-20 µM) each day until stationary phase was reached. Furthermore, Nile Red staining
measured lipid content of cells at stationary phase. A modified Bligh and Dyer lipid extraction
method was adapted to extract lipids from microalgae. When phosphorus was limited to 95%, it
resulted in 24.07 mg L-1 and 26.93 mg L-1

total lipid concentration in microalgae grown

heterotrophically with sucrose and Big Blue Stem hydrolysate respectively. Therefore, this novel
approach allows for flexible production of renewable fuels within existing infrastructure.
vi

TABLE OF CONTENTS

Chapter
1.

Page

INTRODUCTION ................................................................................................................... 1
1.1. Biofuel .................................................................................................................................. 2
1.2. Biodiesel ............................................................................................................................... 3
1.3. Microalgal Biodiesel ............................................................................................................ 4
1.4. Growth of Microalgae in Heterotrophic Condition: ............................................................. 7
1.5. Chlorella kessleri as an Organism for Biodiesel Production ............................................... 9
1.6. Strategies to Increase Lipid Content in Microalgal cell ..................................................... 10
1.7. Lignocellulose Hydrolysate as a Carbon Source................................................................ 13
1.8. Lipid Extraction.................................................................................................................. 14

2.

RATIONALE AND HYPOTHESIS ..................................................................................... 17

3.

METHODOLOGY ................................................................................................................ 20
3.1. Laboratory Scale Algal Culture.......................................................................................... 20
3.1.1 Pure Culture .................................................................................................................. 20
3.1.2 Growth in nitrogen limited autotrophic condition ........................................................ 21
3.1.3 Growth in nutrient limited heterotrophic condition ...................................................... 22
3.2. Estimation of Growth Curve .............................................................................................. 23
3.2.1. Algal Cell Count .......................................................................................................... 23
3.2.2. Chlorophyll measurement............................................................................................ 24
3.3. Lipid Analysis .................................................................................................................... 24
3.3.1. Staining microalgal cells with Nile Red Fluorescent Dye ........................................... 24
3.3.2. Lipid extraction and analysis ....................................................................................... 24
3.4

Statistics ......................................................................................................................... 25
vii

TABLE OF CONTENTS (continued)

Chapter

Page

4. RESULT ................................................................................................................................... 26
4.1 Preliminary Laboratory Algae Culture ................................................................................ 26
4.2 Growth Curves at Different Growth Condition................................................................... 26
4.2.1. Autotrophic Growth of Chlorella kessleri at Different Nitrogen Concentrations ....... 26
4.2.2. Heterotrophic Growth of Chlorella kessleri in Pure Sugars Supplemented Media at
Different Nitrogen Concentrations ........................................................................................ 27
4.2.3. Heterotrophic Growth of Chlorella kessleri in Sucrose Supplemented Media at
Different Phosphorus and Iron Concentrations ..................................................................... 31
4.2.4. Heterotrophic Growth of Chlorella kessleri in Sucrose Supplemented Media at
Different Phosphorus Concentrations .................................................................................... 32
4.2.5. Heterotrophic Growth of Chlorella kessleri in Sucrose Supplemented Media at
Different Iron Concentrations ................................................................................................ 33
4.2.6. Heterotrophic Growth of Chlorella kessleri in Big Blue Stem Hydrolysate
Supplemented Media ............................................................................................................. 33
4.3 Spectrofluorometric Measurement of Lipid Content in Chlorella kessleri Using Nile Red
Stain........................................................................................................................................... 37
4.3.1 Lipid Contents in Chlorella kessleri Grown Autotrophically at Different Nitrogen
content ................................................................................................................................... 37
4.3.2 Lipid Content in Chlorella kessleri Grown in Heterotrophic Media Supplemented with
Sucrose at Different Nitrogen Concentrations ....................................................................... 37
4.3.3. Lipid Content in Chlorella kessleri Grown in Heterotrophic Media Supplemented with
Sucrose at Different Phosphorus Concentrations .................................................................. 38
4.3.4. Lipid Content in Chlorella kessleri Grown in Heterotrophic Media Supplemented with
Sucrose at Different Iron Concentrations .............................................................................. 38
4.3.5. Lipid Content in Chlorella kessleri Grown in Heterotrophic Media Supplemented with
Sucrose at Different Phosphorus and Iron Concentration ..................................................... 38
viii

TABLE OF CONTENTS (continued)

Chapter

Page

4.3.6. Lipid Content in Chlorella kessleri Grown in Heterotrophic Media Supplemented with
Big Blue Stem Hydrolysate at Different Nitrogen Concentrations ....................................... 39
4.3.7. Lipid Content in Chlorella kessleri Grown in Heterotrophic Media Supplemented with
Big Blue Stem Hydrolysate at Different Phosphorus Concentration .................................... 39
4.3.8. Lipid Content in Chlorella kessleri Grown in Heterotrophic Media Supplemented with
Big Blue Stem Hydrolysate at Different Phosphorus and Iron Concentrations .................... 40

5.

DISCUSSION ........................................................................................................................ 42

6.

CONCLUSION ..................................................................................................................... 51

7.

PROSPECTIVE WORK........................................................................................................ 53

REFERENCES ............................................................................................................................. 54
APPENDICES .............................................................................................................................. 61
APPENDIX A ........................................................................................................................... 62
APPENDIX B ......................................................................................................................... 119

ix

LIST OF FIGURES
Figure

Page

1: Classification of biofuels (Nigam and Singh 2011) ................................................................... 3
2: Transesterification for biodiesel formation................................................................................. 4
3: Various Forms of Biofuel from Microalgal Biomass (Wang, Li et al. 2008) ............................ 5
4: Autotrophic Culture of Chlorella kessleri ................................................................................ 62
5: 40X magnification of Chlorella kessleri cells observed under a light microscope .................. 63
6: Difference in Autotrophic Cell Growth Observed at Different Concentrations of Nitrogen ... 64
7: Difference in Cell Growth Observed in Sucrose Supplemented Heterotrophic Media at
Different Concentrations of Phosphorus ....................................................................................... 65
8: Anthrone Test to Determine Glucose Content in Big Blue Stem Hydrolysate ........................ 66
9: Growth curve of Chlorella kessleri grown in autotrophic media. ............................................ 67
10: Total chlorophyll content in Chlorella kessleri grown in autotrophic media......................... 68
11: Chlorophyll content per mg DCW in Chlorella kessleri grown in autotrophic media........... 69
12: Growth curve of Chlorella kessleri grown in heterotrophic media supplemented with
fructose. ......................................................................................................................................... 70
13: Total chlorophyll content in Chlorella kessleri grown in heterotrophic media supplemented
with fructose.................................................................................................................................. 71
14: Chlorophyll content per mg DCW in Chlorella kessleri grown in heterotrophic media
supplemented with fructose media................................................................................................ 72
15: Growth curve of Chlorella kessleri grown in heterotrophic media supplemented with
glucose. ......................................................................................................................................... 73

x

LIST OF FIGURES (continued)
Figure

Page

16: Total chlorophyll content in Chlorella kessleri grown in heterotrophic media supplemented
with glucose. ................................................................................................................................. 74
17: Chlorophyll content per mg DCW in Chlorella kessleri grown in heterotrophic media
supplemented with glucose. .......................................................................................................... 75
18: Growth curve of Chlorella kessleri grown in heterotrophic media supplemented with sucrose
at different nitrogen concentrations. ............................................................................................. 76
19: Total chlorophyll content in Chlorella kessleri grown in heterotrophic media supplemented
with sucrose at different nitrogen concentrations. ........................................................................ 77
20: Chlorophyll content per mg DCW in Chlorella kessleri grown in heterotrophic media
supplemented with sucrose at different nitrogen concentrations. ................................................. 78
21: Growth curve of Chlorella kessleri grown in heterotrophic media supplemented with sucrose
at different phosphorus and iron concentrations. .......................................................................... 79
22: Total chlorophyll content in Chlorella kessleri grown in heterotrophic media supplemented
with sucrose at different phosphorus and iron concentrations. ..................................................... 80
23: Chlorophyll content per mg DCW in Chlorella kessleri grown in heterotrophic media
supplemented with sucrose at different phosphorus and iron concentrations............................... 81
24: Growth curve of Chlorella kessleri grown in heterotrophic media supplemented with sucrose
at different phosphorus concentrations. ........................................................................................ 82
25: Total chlorophyll content in Chlorella kessleri grown in heterotrophic media supplemented
with sucrose at different phosphorus concentrations. ................................................................... 83
26: Chlorophyll content per mg DCW in Chlorella kessleri grown in heterotrophic media
supplemented with sucrose at different phosphorus concentrations. ............................................ 84
27: Growth curve of Chlorella kessleri grown in heterotrophic media supplemented with sucrose
at different iron concentrations. .................................................................................................... 85

xi

LIST OF FIGURES (continued)
Figure

Page

28: Total chlorophyll content in Chlorella kessleri grown in heterotrophic media supplemented
with sucrose at different iron concentrations. ............................................................................... 86
29: Chlorophyll content per mg DCW in Chlorella kessleri grown in heterotrophic media
supplemented with sucrose at different iron concentrations. ........................................................ 87
30: Growth curve of Chlorella kessleri grown in heterotrophic media supplemented with Big
Blue Stem hydrolysate at different nitrogen concentrations. ........................................................ 88
31: Total chlorophyll content in Chlorella kessleri grown in heterotrophic media supplemented
with Big Blue Stem hydrolysate at different nitrogen concentrations. ......................................... 89
32: Chlorophyll content per mg DCW in Chlorella kessleri grown in heterotrophic media
supplemented with Big Blue Stem hydrolysate at different nitrogen concentrations. .................. 90
33: Growth curve of Chlorella kessleri grown in heterotrophic media supplemented with Big
Blue Stem hydrolysate at different phosphorus and iron concentrations. .................................... 91
34: Total chlorophyll content in Chlorella kessleri grown in heterotrophic media supplemented
with Big Blue Stem hydrolysate at different phosphorus and iron concentrations....................... 92
35: Chlorophyll content per mg DCW in Chlorella kessleri grown in heterotrophic media
supplemented with Big Blue Stem hydrolysate at different phosphorus and iron concentrations.
....................................................................................................................................................... 93
36: Growth of Chlorella kessleri grown in heterotrophic media supplemented with Big Blue
Stem hydrolysate at different phosphorus concentrations. ........................................................... 94
37: Total chlorophyll content in Chlorella kessleri grown in heterotrophic media supplemented
with Big Blue Stem hydrolysate at different phosphorus concentrations. .................................... 95
38: Chlorophyll content per mg DCW in Chlorella kessleri grown in heterotrophic media
supplemented with Big Blue Stem hydrolysate at different phosphorus concentrations.............. 96
39: Total lipid concentration in Chlorella kessleri grown in nitrogen limited autotrophic media.
....................................................................................................................................................... 97

xii

LIST OF FIGURES (continued)
Figure

Page

40: Lipid cell content in Chlorella kessleri grown in nitrogen limited autotrophic media. ......... 98
41: Total lipid concentration in Chlorella kessleri grown in nitrogen limited heterotrophic media
supplemented with sucrose. .......................................................................................................... 99
42: Lipid cell content in Chlorella kessleri grown in nitrogen limited heterotrophic media
supplemented with sucrose. ........................................................................................................ 100
43: Total lipid concentration in Chlorella kessleri grown in phosphorus limited heterotrophic
media supplemented with sucrose media. ................................................................................... 101
44: Lipid cell content in Chlorella kessleri grown in phosphorus limited heterotrophic media
supplemented with sucrose. ........................................................................................................ 102
45: Total lipid concentration in Chlorella kessleri grown in iron limited heterotrophic media
supplemented with sucrose. ........................................................................................................ 103
46: Lipid cell content in Chlorella kessleri grown in iron limited heterotrophic media
supplemented with sucrose. ........................................................................................................ 104
47: Total lipid concentration in Chlorella kessleri grown in phosphorus and iron limited
heterotrophic media supplemented with sucrose. ....................................................................... 105
48: Lipid cell content in Chlorella kessleri grown in phosphorus and iron limited heterotrophic
media supplemented with sucrose. ............................................................................................. 106
49: Total lipid concentration in Chlorella kessleri grown in nitrogen limited heterotrophic media
supplemented with Big Blue Stem Hydrosylate. ........................................................................ 107
50: Lipid cell content in Chlorella kessleri grown in nitrogen limited heterotrophic media
supplemented with Big Blue Stem Hydrosylate. ........................................................................ 108
51: Total lipid concentration in Chlorella kessleri grown in phosphorus limited heterotrophic
media supplemented with Big Blue Stem Hydrosylate. ............................................................. 109

xiii

LIST OF FIGURES (continued)
Figure

Page

52: Lipid cell content in Chlorella kessleri grown in phosphorus limited heterotrophic media
supplemented with Big Blue Stem Hydrosylate. ........................................................................ 110
53: Total lipid concentration in Chlorella kessleri grown in phosphorus and iron limited
heterotrophic media supplemented with Big Blue Stem Hydrolysate. ....................................... 111
54: Lipid cell content in Chlorella kessleri grown in phosphorus and iron limited heterotrophic
media supplemented with Big Blue Stem Hydrolysate. ............................................................. 112
55: Comparison of total lipid content in phosphorus and phosphorus-iron limited heterotrophic
(sucrose) conditions. ................................................................................................................... 113
56: Comparison of total lipid content in phosphorus and phosphorus-iron limited heterotrophic
(Big Blue Stem Hydrolysate) conditions. ................................................................................... 114
57: Comparison of Total Lipid Content in Nitrogen Limited Autotrophic and Heterotrophic
(Sucrose) Conditions ................................................................................................................... 115
58: Comparison of Total Lipid Content in Nitrogen Limited Autotrophic and Heterotrophic (Big
Blue Stem Hydrolysate) Conditions ........................................................................................... 116
59: Comparison of Total Lipid Content in Nitrogen Limited Autotrophic and Phosphorus
Limited Heterotrophic (Sucrose) Conditions .............................................................................. 117
60: Comparison of Total Lipid Content in Nitrogen Limited Autotrophic and Phosphorus
Limited Heterotrophic (Big Blue Stem Hydrolysate) Conditions .............................................. 118

xiv

LIST OF TABLES

Table

Page

1: Oil Content Of Some Micro Algae (Chisti 2007) ....................................................................... 6
2: Protease Media ........................................................................................................................ 120
3: Modified Composition (Weinstein And Beale 1985), Autotrophic Media ............................ 121
4: Heterotrophic Growth Media (Weinstein & Beale, 1985)...................................................... 122
5: Technical Properties Of Biodiesel .......................................................................................... 123

xv

LIST OF ABBREVIATIONS

CO2

Carbon dioxide

Cells mL-1

Cells per milliliter

°C

Degrees Celsius

Δ/mol

Delta per Mole

DCW

Dry Cell Weight

EPSCoR:

Experimental Program to Stimulate Competitive Research

FAME:

Fatty Acid Methyl Esters

FeCl3

Ferric chloride

GC-MS

Gas Chromatography-Mass Spectroscopy

g DW g-1

Gram Dry Weight per Gram

g DW L-1

Gram Dry Weight per Liter

g DW L-1 h-1 Gram Dry Weight per Liter per Hour
g dl-1

Gram per Deciliter

g L-1

Gram per Liter

h-1

per Hour

kg:

Kilogram
xvi

LIST OF ABBREVIATIONS (continued)

kg m-3

Kilogram per Meter cube

KH2PO4

Potassium Phosphate Monobasic

L

Liter

L-1

per Liter

µL

Microliter

µm

Micrometer

µmole m-2 s-1 Micromole per Meter Square per Second
µM

Micromolar

mg L-1

Milligrams per Liter

mg mL-1

Milligrams per Milliliter

mL

Milliliter

mM

Millimolar

min

Minute

nm

Nanometer

Na3C6H5O7

Sodium citrate

NaOH

Sodium hydroxide
xvii

LIST OF ABBREVIATIONS (continued)

NH4+

Ammonium

NO3-

Nitrate

PO4-

Phosphate

Ppm

Parts per Million

PPO

Pure Plant Oil

rpm

Revolutions Per Minute

xviii

CHAPTER 1
1. INTRODUCTION

The majority of global energy requirement is for transportation, domestic heating and
manufacturing. Fossil-based fuels meet 70% of the total global energy while electricity accounts
for only 30% of global energy consumption. Escalation in world population, increase in global
energy demand and continued dependence on fossil fuels for energy generation and
transportation have developed energy crisis in planet earth (Gouveia and Oliveira 2009).
Excessive burning of fossil fuels is depleting natural resources and is resulting in an increase of
carbon dioxide emission. Concentration levels of carbon dioxide in the atmosphere remained
relatively stable at 280 ppm before modern industrialization. Over the years, there has been a
steady rise in emission, with levels now approaching 400 ppm (a forty percent increase) and
rising an average of 2.3 percent per annum. In addition, concentration levels of greenhouse gases
are rising linearly and have peaked now than at any time in the past eight hundred thousand
years. The impact of these high numbers on world climate is a global issue (Coyle and Simmons
2014). The major changes in the environment that bring significant effects on people, industry
and the world economy are inevitable if the numbers are not reversed. Therefore, the search for
sufficient supplies of clean energy for the future is one of society’s most vital demands. Though
a daunting challenge, its discovery is intimately linked with global stability, economic
prosperity, and quality of life (Gouveia and Oliveira 2009).
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1.1. Biofuel
Biofuel is as any form of fuel whose energy is obtained through the process of biological
carbon fixation. It is a hydrocarbon compound made by or from living organisms or produced
from organic material in a shorter period unlike the fossil fuel. The use of petroleum based fuel
or fossil fuel is now being considered as unsustainable due to limited supply source and harmful
effects to the environment by accumulating greenhouse gases that have already exceeded high
threshold of 450 ppm CO2 (Schenk, Thomas-Hall et al. 2008). Biofuel is a potential renewable
clean energy alternative to unsustainable fossil fuel that reduces both world’s dependence on
petroleum oil and CO2 emission into the environment. Biofuel produced from biomass such as
plants and organic matters releases same amount of CO2 that is tied up during photosynthesis,
hence does not increase net CO2 in the atmosphere and mitigates global warming (Naik, Goud et
al. 2010). Food crops produce the first generation biofuel directly. Feedstocks such as corn,
sugarcane, wheat, rapeseed, soybean, sunflower and palm are widely used for production of three
different types of first generation biofuel such as; ethanol, fatty acid methyl esters (FAME) and
pure plant oil (PPO). These biofuels have reached large-scale production and are commercially
available, making a global impact. However, concerns regarding the source of feed stocks,
necessity of large area of land, their impact on biodiversity and competition with food crops have
raised many arguments against the use of these biofuels (Havlík, Schneider et al. 2011). Second
generation biofuel; from lignocellulose feed stocks, provides better flexibility as it utilizes nonfood plant biomass such as forest residues, food processing wastes, agricultural residues and
animal fats. However, second generation biofuel is still at its early stage of development and
many promising studies are yet to be done to make it commercially available (Hamelinck and
Faaij 2006). The biofuel from microalgae, third generation of biofuel, is the most efficient way
2

of generating biofuel that can meet the global demand due to higher potential for fuel production
and higher growth yield. Microalga biofuel is an attractive alternative to agricultural land-based
biofuel which can be easily processed and is also economically competent (Dragone, Fernandes
et al. 2010, Lee and Lavoie 2013).

Figure 1: Classification of biofuels (Nigam and Singh 2011)

1.2. Biodiesel
Triglycerides are the parent oil used in biodiesel production. Triglycerides are reacted
with methanol in a reaction known as transesterification or alcoholysis. The reaction occurs
stepwise: triglycerides to diglycerides, then to monoglycerides and finally to glycerol and esters.
The reaction is termed as transesterification and it produces methyl esters of fatty acids that are
biodiesel. Acid, alkali or lipase enzymes catalyze this reaction. Alkali catalysis, especially via
alkoxide is 4000 times faster than acid catalysis. Temperature and pressure determine the
3

reaction time. The insolubility of biodiesel in methanol facilitates its recovery by washing with
water. Upon doing so, methanol and glycerol get washed away (Fukuda, Kondo et al. 2001).

Figure 2: Transesterification for biodiesel formation

1.3. Microalgal Biodiesel
Microalgae are photosynthetic thallophytes with chlorophyll A as their major
photosynthetic pigment. The mechanism of photosynthesis is similar to higher plants and they
have higher photosynthetic efficiency. In addition, they grow in aqueous medium and have better
access to water, CO2 and nutrients. This enhances their photosynthetic ability (Brennan and
Owende 2010). Microalgae can be exploited to produce many types of renewable biofuels such
as methane from anaerobic digestion of biomass, biodiesel from oil and bi-hydrogen from
photobiology (Belarbi, Molina et al. 2000).
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Figure 3: Various Forms of Biofuel from Microalgal Biomass (Wang, Li et al. 2008)

The advantages of choosing microalgae over higher plants are as follows:
(1) Synthesis and accumulation of neutral lipids in microalgae cells are as high as 20–50%
dry weight of biomass.
(2) Cultivation of microalgae is season independent. Therefore, oil yield per area is higher
than that of oilseed crops.
(3) Microalgae cultivation requires less water, so, reduces burden on freshwater sources.

5

(4) Cultivation of microalgae can be done in non-arable land with non-potable water such as
saline/brackish/coastal seawater, therefore does not displace food crops.
Table 1: Oil content of some micro algae (Chisti 2007)
Oil content (% dry
Microalga

weight)

Botryococcus braunii

25–75

Chlorella sp.

28–32

Crypthecodinium cohnii

20

Cylindrotheca sp.

16–37

Dunaliella primolecta

23

Isochrysis sp.

25–33

Monallanthus salina N

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

6

(5) Microalgae reduce greenhouse effect of harmful gases; sequester CO2 and other flue
gases emitted from fossil fuel (1 kg of dry algal biomass utilize about 1.83 kg of CO2).
(6) Microalgae remove NH4 +, NO3-, PO4- from a variety of wastewater sources.
(7) Compounds such as polyunsaturated fatty acids, natural dyes, polysaccharides, pigments,
antioxidants, high-value bioactive compounds, and proteins can also be extracted from
microalgae species (Um and Kim 2009, Brennan and Owende 2010, Mata, Martins et al.
2010).

Microalgae biodiesel is rich in polyunsaturated fatty acids with four or more double bonds
such as eicosapentaenoic acid (5 double bonds) and docosahexaenoic acid (six double bonds)
unlike vegetable oils (Belarbi, Molina et al. 2000). In general, physical and fuel properties of
biodiesel from microalgae such as density, acid value and heating value are comparable to those
of conventional fuel diesel (Rana and Spada 2007).

1.4. Growth of Microalgae in Heterotrophic Condition:
Microalgae are a heterogeneous group of organisms that are unicellular (can be colonial
with no cell differentiation), microscopic, colorful (due to photosynthetic and accessory
pigments) and mostly photoautotrophic. They are enormously diverse organism with promising
physiological potential for both food and pharmaceutical industries. The autotrophic algal
biomass production for animal feed, health food, immune modulator, bio fertilizers,
polyunsaturated fatty acids and antioxidants have been commercialized (Olaizola 2003). Though
promising and technically feasible, it is difficult to reach a high density biomass of microalgae
due to poor light penetration (Liang, Sarkany et al. 2009). Dependency on light reduces the
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production of potentially useful products, complicates cultivation process and increases cost. An
appropriate alternative for phototrophic cultures is the use of their heterotrophic growth capacity
in absence of light, replacing fixation of atmospheric CO2 of autotrophic cultures with organic
carbon sources dissolved in culture media (Perez-Garcia, Escalante et al. 2011).
Heterotrophy is defined as the use of organic compounds for growth. The basic culture
medium composition for heterotrophic cultures is addition of organic carbon to autotrophic
culture. CO0.48H1.83N0.11 P0.01 is molecular formula provided by Grobbelaar, to calculate
minimum nutrient required for microalgae (Chisti 2007, Grobbelaar 2007). The major advantage
of heterotrophic growth of algae is it eliminates light dependency of algae to increase biomass.
Furthermore, it decreases the running cost and requires easy technical setup. Numerous species
of microalgae have ability to divide and metabolize carbon source provided in dark. These
species can efficiently adapt to fast changes in the environment and resist hydro mechanical
stresses too (Perez-Garcia, Escalante et al. 2011). In 1970, two species of Chlorella were
cultivated in dark in presence of glucose and acetic acid for the production of health foods.
Heterotrophic process for production of DHA from Crypthecodinium cohnii has been patented in
Japan (De Swaaf, Sijtsma et al. 2003). Galdieria sulphuraria cultured in fed batch and
continuous flow heterotrophic conditions increased the production of phycocycin to 0.5-0.9 g L-1
Day-1. Growth of G. sulphuraria was observed to be 20–287 times higher than phototrophically
cultured Spirulina platensis (Graverholt and Eriksen 2007). Heterotrophic growth of Chlorella
protothecoids with corn powder hydrolysate increased biomass significantly by 3.4 times and its
lipid content by 4.2, when compared to its autotrophic growth (Xu, Miao et al. 2006).
However, intensive bacterial contamination, ability of only few species to grow in dark,
inhibition of growth by soluble substrate at low concentration, increase in cost by organic
8

substrate and inability to produce some light induced products limit the use of heterotrophic
growth of microalgae for commercial use (Chen 1996, Perez-Garcia, Escalante et al. 2011).
More extensive screening of species, maintaining aseptic sterile culture environment, high initial
substrate concentration in either fed –batch or continuous culture, use of cheaper carbon source
like glycerol, acetic acid and mixotrophic growth conditions can be applied to gain better
productivity from heterotrophic culture of microalgae (Yoshida, Yamane et al. 1973, Chen and
Johns 1991, Running, Huss et al. 1994, Chen and Johns 1996, Chen, Zhang et al. 1996).

1.5. Chlorella kessleri as an Organism for Biodiesel Production
Chlorella is a unicellular, spherical, non-motile green alga belonging to the phylum
Chlorophyta. It has a diameter of 2.0 to 10.0 µm and is rich in chlorophyll a and b. Its dry weight
is composed of 20% fat, 20% carbohydrate, 45% protein and 10% vitamins and minerals (Kay
and Barton 1991).Chlorella species is mostly photoautotrophic that requires light and carbon
dioxide for growth. However, it is also capable of surviving in both heterotrophic as well as
mixotrophic conditions metabolizing glucose, glycerol, acetate and other carbon compounds.
This robust organism can grow in carbon rich waste resources and accumulate those carbons as
lipids in cell, hence resulting in zero or negative carbon cost (Li, Chen et al. 2011).
Maximum specific growth rate of about 0.15 h−1 was achieved with Chlorella vulgaris
when grown in fed batch heterotrophically (Doucha and Lívanský 2012). Algal yield of 0.47 g
DW g-1 glucose was observed with Chlorella protothecoides (Shi, Zhang et al. 2000). (Wu, Shi et
al. 2007) obtained highest biomass concentration 116.2 g DW L−1 and reached maximum
productivity 1.02 g DW L−1 h−1 in fed-batch heterotrophic cultivation of Chlorella pyrenoidosa.
Glucose and mannose were found to be the best carbon sources for the growth of Chlorella
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zofingiensis in the dark with specific growth rate 0.03 h−1 and cell density 53 g DW L−1 was
reached (Sun, Wang et al. 2008). Metabolic control of C. protothecoides increased crude lipid
content in the cell to 55.2%. Addition of corn powder hydrolysate instead of glucose resulted in
high cell density of 15.5 g L-1 (Xu, Miao et al. 2006). Another study with sweet sorghum as
carbon source increased lipid yield by 35.7% than using glucose (Gao, Zhai et al. 2010). High
concentrated municipal waste water stream, when used as a substrate to grow Chlorella sp., fatty
acid methyl ester (FAME) content was 11.04% of dry mass providing biodiesel yield of 0.12 g L1

(Li, Chen et al. 2011).
A green alga Parachlorella kessleri, also known as Chlorella kessleri is the chosen

microalga for our study. C. kessleri is competent to grow in heterotrophic conditions and has
been observed to achieve high biomass concentration of 17.60 g L-1 with 47.67% DW total fatty
acid when supplemented with carbon and nitrogen (Wang, Chen et al. 2012). Fatty acid content
of odd and even numbered saturated and unsaturated fatty acids ranging from C12 to C20,
dominant with stearic acid, have been seen in studies conducted by (Diab, Podojil et al. 1976).
Biodiesel rich in 16-C and 18-C FAME has been extracted from C. kessleri biomass cultivated in
wastewater nutrients (Li, Zhou et al. 2012). Mixotrophic growth of C. kessleri in waste water
with nitrogen depletion shows C-16 and C-18 long chains with 1.17∆ mol-1 saturation degree in
its fatty acid profile (Wang, Chen et al. 2013).

1.6. Strategies to Increase Lipid Content in Microalgal cell
Microalga as a source for biodiesel production is applicable. However, its relatively high
cost is a major obstacle for commercial production (USD 0.5 L-1 vs. USD 0.35 L-1 for
conventional diesel (Zhang, Dubé et al. 2003)) . Biomass concentration, increasing lipid content
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and overall lipid productivity are key factors that determine economic feasibility of algal oil for
biodiesel production. Biomass concentration and lipid content affect downstream processing cost
while lipid productivity determines the cost of cultivation process. Therefore, an ideal process
that produces highest algal productivity with enhanced cellular lipid is needed (Yadavalli, Rao et
al. 2012).
Lipid accumulation in a cell is sensitive to change in temperature, light intensity, pH,
salinity and change in nutrient concentration such as nitrogen, phosphorus and iron in the media.
Many microalgae respond to stress in the environment by increasing their lipid content
significantly by 30%-60%. Nitrogen concentration and its source influence algal lipid yield. In
addition, its manipulation is relatively easy and cost effective. Study on C. pyrenoidosa showed
that the growth rate directly proportional to light intensity and nitrogen concentration. However,
a lower nitrogen concentration of 135 µmol m-2 s-1 NaNO3 resulted in maximum lipid
productivity of 0.103 g dl-1 (Yadavalli, Rao et al. 2012). This result is consistent with increase in
intracellular lipid yield by 30% in Nannochloris sp. when cultivated in potassium nitrate limited
feed (Takagi, Watanabe et al. 2000). These values are similar to increase in lipid as reported for
Chlorella vulgaris at 57.9% (Piorreck, Baasch et al. 1984), Scenedesmus at 43% DCW and C.
pyrenoidosa 29.2% (Palma-Guerrero, JA Lopez-Jimenez et al. 2008). Nitrogen starvation
brought a strong increase in arachidonic acid and triglyceride biosynthesis in Parietochloris
incise (Solovchenko, Khozin-Goldberg et al. 2008). Algal lipid content increases in nitrogenlimited situations because all available nitrogen is utilized for synthesis of essential enzymes and
cellular structures (Mandal and Mallick 2009). In addition, lipid-synthesizing enzymes are less
susceptible to disorganization than carbohydrate-synthesizing enzymes, the major proportion of
carbon can be bound in lipids (Becker 1994). However, lack of nitrogen in media inhibits growth
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of microalga, hence reducing biomass concentration (Shen, Pei et al. 2009). Nevertheless,
nitrogen starvation might not always result in an increase in total lipid content in microalgae but
a change in lipid composition. Botryococcus braunii contained high content (28.4–38.4%) of
oleic acid under nitrogen limitation, but the contents of total lipids and triacylglycerol did not
change (Huang, Chen et al. 2010).
Similarly, limitation of other major nutrients such as phosphorus and iron has been shown
to increase lipid content of the cell. Stationary phase of Scenedesmus, when transferred to
phosphorus deficient media for 3 days, lipid production was enhanced to 29.5% DCW (Mandal
and Mallick 2009). Phosphorus limitation resulted in increased lipid content, mainly as TAG, in
P. tricornutum, Chaetoceros sp., Isochrysis galbana and Pavlova lutheri, but decreased lipid
content in Nannochloris atomus and Tetraselmis sp. Due to phosphorus deprivation, production
of C16:0 and C18:1 was increased and production of C18:4ω3, C20:5ω3 and C22:6ω3 was
decreased (Reitan, Rainuzzo et al. 1994, Sharma, Schuhmann et al. 2012). In contrast, for
phosphorus-starved cells of green alga Chlorella kessleri, an elevated level of unsaturated fatty
acids in all identified individual lipids, namely phosphatidylcholine (PC), phosphatidylglycerol
(PG),

digalactosyldiacylglycerol

(DGDG),

monogalactosyldiacylglycerol

(MGDG)

and

sulfoquinovosyl diacylglycerols (SQDG) were found (El-Sheek and Rady 1995) . Furthermore,
total lipid content in Chlorella vulgaris was increased to 56.6% biomass dry weight when the
culture grown in iron deficient media was transferred to iron rich nutrient media (Liu, Wang et
al. 2008). However, biochemical-engineering approach of nutrient starvation in order to increase
lipid production decreases biomass of cells, therefore lowering total lipid yield itself. Studies
related to the novel approach of generating microalga biodiesel with transgenic microalga are
extensive. Alterations in the nucleus, chloroplast as well as organelles such as mitochondria are
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being tested in order to overcome biomass limitation and poor lipid biosynthesis observed so far
with the current techniques (Walker, Collet et al. 2005).

1.7. Lignocellulose Hydrolysate as a Carbon Source
Lignocellulose is a major structural component of plant cell wall and can be used as
renewable source of organic matter. Cellulose, hemicellulose and lignin are three major
polymeric constituents of lignocellulose. Cellulose is a linear homo-polymer of glucose
molecules whereas hemicellulose is a branched hetero-polymer of five different sugars glucose,
galactose, mannose, arabinose and xylose and cross-links the cellulose fibers. Polymers of
aromatic phenol propanol unit compose three dimensional lignin molecules that are responsible
for high rigidity and compactness in the plant cell wall. The enzymatic or thermochemical
treatment of lignocellulose component of plant cell wall releases fibrous polysaccharides of
cellulose and hemicellulose. Further hydrolysis of these long chains breaks down into five or six
carbon monomeric sugar units. These sugars either can ferment into ethanol, another source of
biofuel, or act as source of organic compound in a growth media.
Agricultural and forest related residual lignocellulose biomass can be viewed as an
impending source of carbon. In addition, treating their cell walls to achieve sugar units in
hydrolysate is economically feasible since only residual products can be used that do not
compete with food crops. Plants that convert solar energy through C4 photosynthesis are more
efficient in storing solar energy in the form of chemical energy. Perennial grasses such as
Andropogon gerardii (big blue stem) have high-energy assimilation ability. Furthermore, low
requirement of nutrients, drought tolerance, higher biomass density and easy cultivation make
these grasses more favorable source of lignocellulose carbon.
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1.8. Lipid Extraction
The feasibility of using microalgae for commercial production of biodiesel depends upon
the lipid extraction procedure. However, this continues to prove a significant challenge because
of high energy requirement and extensive cost (Mercer and Armenta 2011).
Oil press, that involves dewatering before lipid extraction, is a conventional method for
lipid extraction. The efficiency of lipid extraction is decreased by the water in wet biomass,
which arises the need of dewatering biomass before extraction procedure (Yang, Xiang et al.
2014). The pressure applied during press breaks cells and compresses oil out (Danquah, Ang et
al. 2009). However, during drying process, 84.9% of total required energy is spent. Therefore,
extracting lipids from wet biomass is a more economic method (Lardon, Hélias et al. 2009).
Solvent extraction process is a successful extraction technique. However, toxicity and
adverse effects of organic solvents have made this procedure unpopular. Therefore, approaches
to develop novel cost effective and eco-friendly extraction techniques are widely being studied.
Solvents such as benzene, cyclo-hexane, acetone and chloroform destroy algal cell wall and
extract oil from cells in a nontoxic manner. The extraction procedure is phase dependent as
extracted oil is more soluble in organic solvents than in water (Harun, Singh et al. 2010). An
ideal solvent for successful extraction of lipids should have following properties: should be
nontoxic for not causing damage to the cell, should have low boiling point for ease of removal,
should preferentially solubilize the product of interest, should be immiscible in water and have
density different than water (Banerjee, Sharma et al. 2002). Hence, hexane is the most suitable
solvent for hydrocarbon extraction from algae (Frenz, Largeau et al. 1989). In addition, use of
solvent with correct polarity increases the yield of extraction. This can be ensured by disrupting
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cells before exposing to solvent (Cooney, Young et al. 2009). At normal condition, 30 min of
contact with hexane releases 70% hydrocarbon. However, recovery yields are influenced by
physiological status of culture and pretreatment of algal cells (Banerjee, Sharma et al. 2002).
This has also been illustrated by (Shen, Pei et al. 2009) in their studies on Scenedesmus
dimorphus and Chlorella protothecoides. When wet milling was followed by hexane extraction,
lipid recovery increased from 6.3% Soxhlet extraction to 25.3%. Similarly, bead beater exposure
of Chlorella protothecoides was more effective in its oil extraction, 18.8% than 5.6% Soxhlet
extraction. Beside hexane, other nontoxic solvents are being explored for extraction process too.
Extraction yield of 33.04% dry weight Picochlorum sp. was achieved with ethanol at room
temperature from, which resulted in high extraction yield (Yang, Xiang et al. 2014). Butanol has
been effective in extracting lysophospholipids. However, its use is limited due to difficulty in
evaporation (Xiou and Xu 2005).
Soxhlet extraction and maceration are two traditional and simplest extraction procedures.
However, they are time consuming, have low mass transfer and low yield (Prommuak, Pavasant
et al. 2012). Folch method of lipid extraction is one of the first recognized classical methods that
used chloroform, methanol and water phase system. However, it employs high ratio of solvent
i.e. 1 part sample to 20 parts 2:1 chloroform: methanol followed by several washings of crude
extract (Folch, Lees et al. 1957). Bligh and Dyer method uses 1 part sample to 3 parts 1:2
chloroform: methanol. Despite solvent reduction, recovery of total lipid is as high as >95%
(Bligh and Dyer 1959).Use of ultrasound, microwave, superficial fluid and simultaneous
distillation and extraction are examples of other techniques that have been applied for extraction
of lipids from wet biomass (Adam, Abert-Vian et al. 2012), (Dejoye Tanzi, Abert Vian et al.
2013), (Yang, Xiang et al. 2014) and (Halim, Gladman et al. 2011). However, they still require
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high temperature, longer time and high energy input (Yang, Xiang et al. 2014). Therefore, the
classical Bligh and Dyer method has now become a ubiquitous technique for extraction of lipids
from microalgae.
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CHAPTER 2
2. RATIONALE AND HYPOTHESIS
Fossil fuels have adverse effects on the environment and their supply is limited. Therefore,
alternatives to fossil fuels have to be explored as soon as possible to overcome fuel crisis. Energy
from biological sources such as methanol, ethanol and FAME from corn, wheat, sugarcane,
soybean or lignocellulose feedstock have been explored as attractive alternatives. However,
concerns regarding use of food crops for fuel and availability of large area have limited the use
of these biological sources of fuel. Ease of growing unicellular organism in varieties of nutrients
and growth conditions without any burden on agricultural land has proven microalgal biodiesel
more promising.
Growth of different species of microalgae on various nutrients and growth conditions have
been researched with the sole purpose of increasing the lipid content in each cell that would
increase the overall yield of biodiesel. Most of the works, with aspiring results, have focused on
autotrophic ability of microalgae at different concentration of nitrogen in growth media. The
assumption that this novel stress inducing technique would cause microalgal cells to synthesize
more lipids provides a basis to explore heterotrophic growth with nutrient starvation as a strategy
to increase total lipid content in algal culture. However, the cost of production, when using pure
sugars as source of carbon during heterotrophic growth, may not be reasonable for commercial
production. Therefore, in this research, we exploit hydrolysates from lignocellulose such as big
blue stem as carbon source. Big Blue Stem is an economically feasible carbon source for
heterotrophic growth. In addition, it is a renewable and clean source of energy. However, the use
of lignocellulose carbon sources limits manipulation of nitrogen content in growth media.
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Conversely, controlling concentration of nutrient factors such as phosphorus and iron is not
difficult. Hence, this study focuses on changing phosphorus and iron content of the media
containing lignocellulose hydrolysate with a presumption that deficiency of nutrients other than
nitrogen will have similar effect on cellular lipid synthesis in microalgae.

Hypothesis
H1.The growth of Chlorella kessleri in stressful condition (nitrogen, phosphorus and iron
limitation) will be lower than in the normal condition. These conditions will induce cells
to store carbon in the form of lipids
Algae are mostly autotrophic organism, which requires light and basic nutrients such as
nitrogen, phosphorus and iron to grow at a desired rate. Limiting these nutrients in the
media, individually or in combination, will lower the growth rate and will force the cells
towards more lipid synthesis.
H2.The growth of Chlorella kessleri in the stressful condition will be lower in heterotrophic
condition than in autotrophic condition.
Algae are photosynthetic organism that utilizes light as a source of energy to multiply.
Though some algae can grow in the heterotrophic condition with carbon supplementation
in their media, autotrophic conditions will still have higher growth than heterotrophic
mode with nutrient starvation.
H3.The heterotrophic growth of Chlorella kessleri in nutrient limited media will offer
increased total lipid content.
Nutrient limitation decreases the growth rate of algae but triggers accumulation of lipids
in the cell. Nitrogen limitation in media has shown to increase the lipid content in
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microalgal cells. Limitation of other nutrients like phosphorus and iron also stress
microalgal cells for higher lipid accumulation when grown in dark.
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CHAPTER 3
3. METHODOLOGY
The effect of various nutrient and growth conditions on growth and lipid synthesis of
microalgae was studied in a sequential manner. In order to test hypothesis 1 (H1), the growth of
microalgae at different concentrations of nitrogen, in presence of light, was monitored. Growth at
each nutrient deficient condition was compared to growth at full nutrient condition. H2
hypothesis was assessed by growing microalgae in dark with different sources of carbon, such as
sucrose and lignocellulose hydrolysate from big blue stem, and at different nitrogen, phosphorus
and iron concentrations. Each nutrient was manipulated individually. The growth at each lower
concentration of nutrient was gauged against respective full nutrient media and nitrogen deficient
autotrophic condition. For both H1 and H2, growth was measured in terms of cell concentration
and chlorophyll measurement.
Lipid analysis for evaluating hypothesis H3 was performed in two levels. Nile Red
fluorescent staining was performed to measure total lipid concentration in the cells grown in
conditions stated for H2. Furthermore, lipid cell content per gram DCW was calculated for each
condition. In addition, Bligh and Dyer (1959) extraction protocol was adapted for analyzing
cellular lipid through gas chromatography and mass spectrometry.

3.1. Laboratory Scale Algal Culture
3.1.1 Pure Culture
University of Texas at Austin, UTEX culture collection center provided pure culture of
microalgae. Microalga Chlorella kessleri, strain number 263 and class chlorophyceae, was
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selected. Pure cultures were grown by inoculating one ml of culture to 100 ml of autoclaved
proteose media (Table 2) in Erlenmeyer shake flasks. The media was autoclaved at 121 oC for 30
minutes on wet cycle before inoculation. Inoculated media was placed on New Brunswick
Scientific rotary platform shaker at 150 rpm for continuous stirring at under artificial cool white
fluorescent light of approximately 50 microEinsteins. The cultures were maintained by
transferring 5 ml of algal culture to 100 ml of new media in every 15 days.
3.1.2 Growth in nitrogen limited autotrophic condition
For nutrient limited autotrophic growth culture study, algal cultures were grown by
transferring 5 ml axenic culture to nutrient- deficient autotrophic media that lacks either nitrogen.
For nitrogen limited-heterotrophic growth culture study, algal cultures were grown by
inoculating 5 ml of axenic culture in heterotrophic media. Both of these cultures were maintained
by sub culturing them in every 15 days in their respective media.
Nitrogen limitation: Growth media with different concentrations of nitrogen (0 mM, 0.3 mM, 0.6
mM, 1.5 mM, 3 mM and 30 mM) was prepared by changing the amount of KNO3 in growth
media respectively. 100 ml of media in Erlenmeyer shake flask was autoclaved on wet cycle at
121 0C for 30 minutes. To the autoclaved media one ml of 10% carbendazim was added to avoid
fungal contamination and one ml of 0.25 kg m-3 ampicillin was added to prevent bacterial
contamination. 100 ml media was inoculated by 5 ml of algal cultures grown in nutrient
deficient-autotrophic growth media as stated in 1.1. The flasks were then placed on New
Brunswick Scientific rotary platform shaker set at 150 rpm under artificial light. In every 24
hours, 3 ml of the samples were transferred to new clean test tubes using sterile pipettes under
laminar flow hood with aseptic techniques to prevent contamination.
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3.1.3 Growth in nutrient limited heterotrophic condition
Heterotrophic conditions were studied on pure sucrose and big blue stem lignocellulose
hydrolysate.
Lignocellulose hydrolysate preparation: Big blue stem collected from field was grinded in a
grinder machine. Four grams of the powdered biomass were pre-treated with 40 ml of NaOH
(1%) and incubated at 50 °C ±1 °C for 12 h. Then, to the pre-treated mass, 0.1 M Na3C6H5O7
(sodium citrate) buffer at pH 4.8 was added together with 100 µL of sodium azide (20 kg m-3).
After 5 mL of water was added to the mixture, it was heated to 50 °C ±1 °C by placing the
solution in water bath. Once the desired temperature was reached, 100 uL of Accelerase 1500
enzyme was added. The mixture with enzyme was incubated for 48 hr in an incubator shaker at
150 rpm and 50 °C ±1 °C temperature for optimal dissociation of monomeric sugars by the
enzyme. The mixture was vacuum filtered to obtain hydrolysate free of any particulate material.
Glucose content in the hydrolysate was measured using Anthrone test.
Nitrogen limitation: Heterotrophic media with different concentrations of nitrogen (0 mM, 0.3
mM, 0.6 mM, 1.5 mM, 3 mM and 30 mM) was prepared by changing the amount of KNO3 and
adding sucrose or hydrolysate at a time in growth media respectively. 100 ml of media in
Erlenmeyer shake flask was autoclaved on wet cycle at 121 0C for 30 minutes. To the autoclaved
media one ml of 10% carbendazim was added to avoid fungal contamination and one ml of 0.25
kg m-3 ampicillin was added to prevent bacterial contamination. One hundred ml media was
inoculated by 5 ml of algal cultures grown in nutrient deficient-heterotrophic growth media as
stated above in 1.1. New Brunswick Scientific rotary platform shaker set at 150 rpm was placed
in a dark room to prevent any light from entering for heterotrophic growth. Aliquots for further
studies were sampled as stated as stated in 3.1.2
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Phosphorous limitation: Heterotrophic growth media with various concentrations of phosphorous
(0% = 0 mM, 1% = 0.05 mM, 2% = 0.1 mM, 5% = 0.25 mM, 10% = 0.5 mM and 100% = 5 mM)
was prepared by changing the amount of KH2PO4 and adding pure sugar or hydrolysate in media
respectively. The procedure that followed was the same as stated above for nitrogen limitation.
Iron limitation: Heterotrophic growth media with various concentrations of iron (0% = 0 µM, 1%
= 0.2 µM, 2% = 0.4 µM, 5% = 1 µM, 10% = 2 µM and 100% = 20 µM) was prepared by
changing the amount of FeCl3 and adding pure sugars or hydrolysate in media respectively. The
procedure that followed was the same as stated above for phosphorus limitation.
Phosphorous and Iron limitation: Heterotrophic growth media with various concentrations of
phosphorous (0 mM, 0.05 mM, 0.1 mM, 0.25 mM, 0.5 mM and 5 mM) and iron (0 µM, 0.2 µM,
0.4 µM, 1 µM, 2 µM and 20 µM) was prepared by changing the amount of KH2PO4 and FeCl3
simultaneously and adding pure sugars or hydrolysate in media respectively. The procedure that
followed was the same as stated above for phosphorus limitation.

3.2. Estimation of Growth Curve
3.2.1. Algal Cell Count
A Neubauer Hemocytometer was used for cell counts. The hemocytometer was washed with
ethanol before and after each reading. Ten microliter of sample was pipetted onto the
hemocytometer and cells that fall within the four corner squares and one central square were
counted. In case of a very high cell number, samples were diluted to give a feasible cell count.
The cell count by hemocytometer will provide cell growth in terms of number of cells per
milliliter. Algal cell count was performed in every 24 hours until stationary phase was reached.
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3.2.2. Chlorophyll measurement
Modified Arnon’s whole cell extraction protocol was used for chlorophyll measurement.
The absorbance of undisrupted algal cell culture was measured with Thermo Scientific Genesis
10S UV-VIS spectrophotometer. Blank for each condition was the respective autoclaved media
without any algal culture. The chlorophyll concentration in terms of milligram per Liter was
calculated from Arnon’s 1949 equation.

3.3. Lipid Analysis
3.3.1. Staining microalgal cells with Nile Red Fluorescent Dye
Nile Red stock solution of concentration 1 mg ml-1 in DMSO was prepared and stored at 20 0C. One µg ml-1 of working solution was prepared in 50% DMSO. Algal samples were diluted
in DMSO solvent at the ratio 1:10. After dilution, samples were heated in microwave for 1
minute. The samples were allowed to cool before adding dye. Equal volume of dye was added to
each sample such that the final volume of dye in sample was 0.5 µg ml-1. Samples were allowed
to stain in dark for 10 mins. Spectrofluorometric measurements were taken at 490 nm/580 nm
excitation/emission wavelengths. Regular vegetable oil was used to generate standard curve
against which concentration of lipid in each sample was calculated.
3.3.2. Lipid extraction and analysis
Modified Bligh & Dyer (1959) protocol was used for lipid analysis. Algal cells were
harvested, after they reached stationary phase, by centrifugation at 12000 rpm for 10 min. The
pellet was dissolved in 10 ml of water and 20 ml of 2:1 chloroform-methanol mixture. The
mixture was vortexed well and centrifuged again at 12000 rpm for 10 min to separate three
layers. Water and methanol was the uppermost layer and junk particles in the bottom most layer.
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The lipid layer was in between water-methanol and junk layer. Lipid layer was transferred
carefully to a clean test tubes using 5 ml pipette. The solvent was evaporated by nitrogen gas.
Then, sample was treated with 5 ml ice-cold acetone to remove any non-polar lipids. The lipids
thus obtained were concentrated with nitrogen gas. The concentrated lipids were suspended in 1
ml of chloroform before gas chromatography and mass spectrometry.

3.4 Statistics
The total lipid contents at each concentration of specific nutrient were compared to using
Bonferroni (Dunn) Multiple Comparison t-test. This analysis of variance was done using SAS
version 9.2 (Institute 2008). In addition, statistical comparison between total lipid contents of
two different media, at same level of nutrient starvation in both media, was performed using
Student’s t-test, α = 0.05.
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CHAPTER 4
4. RESULT

4.1 Preliminary Laboratory Algae Culture
Chlorella kessleri, obtained from University of Texas, Austin, was successfully cultured
in protease media (Table 2) as specified by UTEX. Under ambient light condition, it showed
good growth rate and desirable cell mass. A healthy culture appeared lush green in clear media
and achieved its highest cell mass in a period of 5-7 days. The stock culture was maintained by
performing sub-culture in every 10 days.

4.2 Growth Curves at Different Growth Condition
The growth of microalgae was measured in two ways; cell count and chlorophyll content.
Neubauer Hemocytometer was used to measure number of cells per milliliter of culture and UVVIS spectrophotometer was used to measure milligrams of chlorophyll in each liter of culture. In
addition, chlorophyll content per milligram DCW was calculated for each growth condition.
4.2.1. Autotrophic Growth of Chlorella kessleri at Different Nitrogen Concentrations
Chlorophyll content and cell count were measured over 8 days period. Lag phase of
growth was not distinguishable at any concentration of nitrogen. Extended exponential phase
was observed until 5/6 Day at higher concentration of nitrogen (30 mM) while it was shorter at
lower concentrations (2/3 Day). Stationary growth or decline in cell growth was observed after
6/7 Day at 30 mM nitrogen whereas highest cell densities were achieved more quickly at lower
nitrogen concentrations. Decrease in nitrogen concentration from 30 mM to any lower
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concentration such as 3 mM, 1.5 mM, 0.6 mM and 0.3 mM, decreased growth of cells drastically
in terms of cell count and total chlorophyll content. Additionally, in case of 0 mM nitrogen
concentrations, increase in cell growth was observed during initial few days of culture but
gradual decrease in cell count as well as chlorophyll content occurred at later phase of culture.
When no nitrogen was added to the media cell count increased to 17.65*106 cells mL-1
and total chlorophyll content maximized to 20.84 mg L-1 on 2 Day, followed by gradual decrease
in the numbers in later days of culture. At 3 mM nitrogen concentration, which is only 10% of
required, it showed highest amount of cell count and total chlorophyll content with 46*106 cells
mL-1 and 41.86 mg L-1 at 7 Day. At 30 mM, 202.95 mg L-1 chlorophyll and 20.75*107 cells mL-1
were recorded as highest values. Figure 9 and Figure 10 compares growth of microalgae at
different nitrogen concentrations in autotrophic mode.
As shown in Figure 11, chlorophyll content per milligram dry cell weight (mg mg-1
DCW-1) variedly widely at different concentrations of nitrogen. At higher concentrations such as
0.6 mM, 1.5 mM, 3 mM and 30 mM, chlorophyll content per mg DCW decreased gradually as
culture time progressed from initial day of inoculation. However, at 0 mM nitrogen
concentration, in contrary to other concentrations, it increased progressively.
4.2.2. Heterotrophic Growth of Chlorella kessleri in Pure Sugars Supplemented Media at
Different Nitrogen Concentrations
At each concentration of nutrient and carbon source, cell count and total chlorophyll
content at the stationary phase were compared to the values measured at the first day of
inoculation (0 Day). The fold increments in cell count and total chlorophyll content provided an
easier perspective to analyze growth of microalgae at that particular growth condition.
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4.2.2.1 Heterotrophic Growth of Chlorella kessleri in Fructose Supplemented Media at
Different Nitrogen Concentrations
Chlorella kessleri was cultured heterotrophically in media supplemented with fructose as
source of carbon and at different nitrogen concentrations. When nitrogen concentration was
increased from 0 mM, there was subsequent increase in cell count number and total chlorophyll
content that is, growth in 30 mM nitrogen concentrations was highest and growth at 0 mM was
lowest as shown in Figures 12 and 13. However, no large differences in cell count or total
chlorophyll content were observed among different concentrations as seen in autotrophic
condition. Furthermore, chlorophyll contents per milligram DCW declined at higher
concentrations of nitrogen. In addition, at a given time after inoculation, chlorophyll contents per
milligram DCW at each higher concentration of nitrogen were very close to one another as
shown in Figure 14.
The growth pattern at 0 mM was similar to autotrophic mode. Both cell count and total
chlorophyll content maximized to 21.5*105 cells mL-1 and 23.494 mg L-1 respectively until 2
Day. Then, as the number of days after inoculation increased, a gradual decrease in cell count
and total chlorophyll content were observed. However, subsequent increase in chlorophyll
content per milligram DCW was seen at 0 mM nitrogen. At 3 mM nitrogen concentration, the
highest increment in both cell count and chlorophyll content were observed. The cell density
increased 2.75 times higher than 0 Day to 38*106 cells L-1 and chlorophyll content increased by
1.95 times to 38.5 mg L-1 on 7 Day. At full nitrogen concentration (30 mM), both cell count as
well as total chlorophyll concentration was found to be maximum on 7 Day: 4.73-fold increase
from Day 0 in total chlorophyll to 44.53 mg L-1 and 4.63-fold increase in cell count to 41*106
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cells mL-1. At concentrations below 10%, the numbers of fold increase in cell count and
chlorophyll content were close to those observed at 10%.
4.2.2.2. Heterotrophic Growth of Chlorella kessleri in Glucose Supplemented Media at
Different Nitrogen Concentrations
When glucose was used as a source of carbon in heterotrophic media with different
nitrogen concentrations, Chlorella kessleri showed distinct lag phase that extended for couple of
days after inoculation, followed by short log phase and extended stationary phase. However,
when growth of microalgae at highest nitrogen concentrations; 30 mM is compared to growth at
other concentrations such as 3 mM, 1.5 mM and 0.6 mM, differences were not as discrete as
observed in autotrophic condition. Furthermore, when no nitrogen was added in media, the
culture started to die off gradually. Both of these growth patterns were similar to those seen in
heterotrophic media supplemented with fructose. At highest nitrogen concentration, 30 mM, both
cell count and total chlorophyll content were maximum.
As shown in Figure 15 and Figure 16, at 0 mm nitrogen concentration, total chlorophyll
content declined from 16.46 mg L-1 after first day of inoculation and cell count plummeted from
2.45*107 cells mL-1 on 2 Day. At 3 mM nitrogen concentration, maximum growth was observed
on 7 Day with highest 3.39-fold increase of cell number to 7.85*107 cells mL-1 and largest 3.08fold increase in total chlorophyll content to 49.13 mg L-1. Similarly, at 30 mM nitrogen
concentration, maximum values 76.82 mg L-1 chlorophyll and 1.04*108 cells mL-1 cell count
were measured on 7 Day. These measurements were 4.17 and 4.30-fold increase from 0 Day. At
concentrations below 10% nitrogen, cell density and chlorophyll content did not vary distinctly
from 10% nitrogen condition.
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Chlorophyll content per milligram DCW in glucose supplemented heterotrophic media
was lower than that observed in heterotrophic media supplemented with fructose. At each
nitrogen concentration, there was an increase in chlorophyll content per milligram DCW initially
followed by an abrupt decrease in its value at the later phase. At 0 mM nitrogen concentration, a
gradual increase in this value was noted as shown in Figure 17.
4.2.2.3. Heterotrophic Growth of Chlorella kessleri in Sucrose Supplemented Media at
Different Nitrogen Concentrations
The growth pattern in sucrose-supplemented media at different nitrogen concentrations
except at 0 mM nitrogen was similar. A short log phase followed by a distinct exponential phase
and extended stationary phase were seen at all concentrations of nitrogen except for cultures
grown in absence of nitrogen. Furthermore, higher concentrations of nitrogen provided better
growth than lower concentrations of nitrogen as shown in Figure 18 and Figure 19. The
differences in growth were observed clearly in terms of total chlorophyll content.
Despite no nitrogen in 0 mM nitrogen concentration media, microalgae showed slight
increase in cell count as well as total chlorophyll content until 2 Day and attained maximum
values of 1.55*106 cells mL-1 and 13.99 mg L-1 respectively. Subsequently after 2 Day, the
numbers began to decrease suggesting decline in growth of microalgae. At lower concentrations
of nitrogen such as 0.3 mM, 0.6 mM and 1.5 mM, the total chlorophyll content did not change
discretely. However, the total cell counts increased by 2, 23 and 29 fold respectively. When 10%
of required nitrogen was added, it resulted in highest 30.71 fold increase in cell count (4.3*107
cells mL-1) yet its chlorophyll content was increased by only 2.84 fold (30.71 mg L-1). At full
concentration of nitrogen, 30 mM, maximum cell count 5.25*107 cells mL-1 (40-fold increase
from 0 Day) and maximum chlorophyll 44.53 mg L-1 were obtained at 7 Day.
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In addition, chlorophyll content per milligram DCW declined gradually at all higher
concentrations of nitrogen whereas contrasting result was observed in media with no nitrogen at
all.
The comparison of microalgae growth in three different pure sugars, fructose, glucose
and sucrose illustrated that the highest 40.38-fold increase in cell count from initial inoculum
was observed in sucrose-supplemented media at 30 mM nitrogen concentration. Even at lower
concentrations of nitrogen such as 0.3 mM, there was 21.7-fold increase in cell count in media
with sucrose supplementation. At each concentration of nitrogen, increase in cell counts from
Day 0 was higher in sucrose-supplemented media than glucose or fructose. Therefore, further
studies on growth of microalgae in heterotrophic condition with phosphorus, iron and
phosphorus-iron limitations were performed using sucrose as source of carbon.
4.2.3. Heterotrophic Growth of Chlorella kessleri in Sucrose Supplemented Media at
Different Phosphorus and Iron Concentrations
At 0% phosphorus and iron concentrations, major difference in growth pattern of
Chlorella kessleri was reflected. So far, complete nitrogen limitation (0 mM) in heterotrophic
media containing any of the three pure sugars illustrated gradual decrease in both cell count as
well as chlorophyll content. However, with complete limitation of phosphorus and iron in media,
no such decrement was observed. Rather, there was 2.5-fold increase in cell count reaching to
highest value 1.1*107 cells mL-1 on 7 Day and 1.45-fold increase in total chlorophyll content to
amount 13.69 mg L-1 on the same day.
The growth patterns at other concentrations of phosphorus and iron were similar to that
observed in nitrogen limitation as shown in Figure 21 and Figure 22. However, unlike under
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nitrogen starvation, differences in cell counts among different phosphorus and iron
concentrations were more significant. Higher values of cell count and total chlorophyll content
were observed in media containing higher concentrations of phosphorus and iron. When
compared to 0 Day, media containing only 10% of required phosphorus and iron, 0.5 mM
phosphorus and 2 uM iron, largest values for both cell count (1.45*108 cells mL-1) and
chlorophyll concentration (96.00 mg L-1) were observed on Day 8. These amounts were 34.94
and 10.19 times higher than 0 Day.
Figure 23 portrays gradual decrease in chlorophyll content per milligram DCW at
different concentrations of phosphorus and iron. For higher concentrations of phosphorus and
iron, result pattern was similar to those seen in heterotrophic media supplemented with sucrose
under nitrogen limitation. However, variations in chlorophyll content per milligram DCW
between different concentrations were distinct in this media than in nitrogen-limited media.
Further, when phosphorus and iron were not added in media, chlorophyll content per milligram
DCW declined, in contrast to nitrogen-limited media.
4.2.4. Heterotrophic Growth of Chlorella kessleri in Sucrose Supplemented Media at
Different Phosphorus Concentrations
The growth of microalgae in this condition is similar to their growth in sucrose media at
different phosphorus concentrations. At each concentration of phosphorus, the growth curve
matched to their corresponding concentration of phosphorus and iron containing heterotrophic
media.
When required quantity of phosphorus was added to media (5 mM phosphorus),
maximum cell count increased by 40 folds 7 Day. When no phosphorus and iron were added to
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media, cell count as low as 1.95*107 cells mL-1 (4.4 fold) and total chlorophyll content 22.70 mg
L-1 (2.4 fold) were measured on 7 Day. However, further increase of their concentrations to 10%
(0.5 mM) shot up microalgae growth by 29 fold to 1.195*108 cells mL-1 and total chlorophyll
content by 6 fold to 75.23 mg L-1 respectively (Figures 24, 25).
Figure 26 shows chlorophyll content per milligram DCW at different phosphorus
concentrations throughout the culture period. The changes mark decline in milligram of
chlorophyll per milligram DCW with increase in time after inoculation.
4.2.5. Heterotrophic Growth of Chlorella kessleri in Sucrose Supplemented Media at
Different Iron Concentrations
The growth at different concentrations of iron was similar to the growth pattern observed
at highest concentration of nitrogen or phosphorus or phosphorus and iron, that is, full nutrient
media. Any change in concentration of iron in media did not result in any significant difference
in growth of microalgae in terms of both cell count and total chlorophyll content. Furthermore,
chlorophyll content per milligram DCW decreased with increase in time after inoculation at each
concentration of iron without much variation from one concentration to another (Figures 27, 28)
4.2.6. Heterotrophic Growth of Chlorella kessleri in Big Blue Stem Hydrolysate
Supplemented Media
Chlorella kessleri was grown in heterotrophic media supplemented with hydrolysate from
Big Blue Stem plant. Nitrogen and phosphorus starvations were performed individually. In
addition, phosphorus starvation coupled with iron limitation was studied to confirm the
observations seen in sucrose-supplemented media.
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4.2.6.1. Heterotrophic Growth of Chlorella kessleri in Big Blue Stem Hydrolysate
Supplemented Media at Different Nitrogen Concentrations
The highest growth was observed when heterotrophic media with Big Blue Stem
Hydrolysate had no nutrient limitation at all. Distinct difference in cell count was observed
between higher concentration of nitrogen and lower concentrations. Among lower concentrations
such as 0 mM, 0.3 mM and 0.6 mM, cell count and total chlorophyll content did not vary
significantly.
At 30 mM nitrogen concentration, cell count increased as high as 1.8*108 cells mL-1 on 8
Day and total chlorophyll content increased to 88.97 mg L-1 on 7 Day. These increments were
15.52-fold and 6.78-fold higher than 0 Day. However, at 10% nitrogen concentrations (3 mM),
there was decrease in both cell count and total chlorophyll content. Cell count maximized to
7.4*107 cells mL-1 which is 5.12-fold escalation from 0 Day and total chlorophyll content uplifted
to 64.71 mg L-1 which is 4.78-fold increment.
When no nitrogen was added to the media (0 mM), least growth of Chlorella kessleri was
observed that resulted in only 1.82-fold increase in cell count and 2.59-fold increase in total
chlorophyll content. When nitrogen concentration was increased to 0.3 mM, there was
significant 5.15-fold increase in cell count. However, total chlorophyll content was increased by
only 2.75-fold. Furthermore, when nitrogen concentrations in this media was increased to 0.6
mM and 1.5 mM, microalgae growth plummeted and resulted in only 1.97 and 1.77 fold
increase in cell counts respectively as shown in Figure 30 and Figure 31. This decrease in growth
of microalgae at these concentrations, in comparison to 0.3 mM nitrogen concentrations, was
also supported by lower content of total chlorophyll at these concentrations; that is 29.84 mg L-1
(2.5-fold increase from 0 Day) and 32.79 mg L-1 (2.69-fold increase from 0 Day).
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The chlorophyll content per milligram DCW increased initially at all concentrations of
nitrogen. However, the values decreased at later phase of cultures for concentrations 30 mM, 3
mM, 0.3 mM and 0 mM. At concentrations 0.6 mM and 1.5 mM, chlorophyll content per
milligram DCW varied widely throughout the culture time without particular increment or
decrement as shown in Figure 32.
4.2.6.2. Heterotrophic Growth of Chlorella kessleri in Big Blue Stem Hydrolysate
Supplemented Media at Different Phosphorus and Iron Concentrations
The growth of microalgae at different phosphorus and iron concentrations had a discrete
lag phase that extended 2 to 3 days after inoculation. Exponential increase in cell count was
followed by a stationary phase. Highest concentrations of phosphorus and iron showed highest
growth in terms of both cell count as well as total chlorophyll content. Growth of microalgae in
this condition is similar to the growth in Blue Stem hydrolysate media with 100% nitrogen
concentrations.
When required quantity of phosphorus and iron was added to media, (5 mM phosphorus
and 20 uM iron), maximum cell count of 1.8*108 cells mL-1 was achieved on 7 Day and highest
75.15 mg L-1 total chlorophyll content was measured on Day 8. These largest values were 15.52
and 5.69-fold increments than 0 Day. When concentrations of phosphorus and iron were reduced,
cell density and total chlorophyll content decreased. At 2%, only 53.80 mg L-1 total chlorophyll
content was measured while at 5% 45.05 mg L-1 was measured. Both of these values were lower
than 1% phosphorus and iron, suggesting decline in microalgae growth. However, further
increase of their concentrations to 10% shot up microalgae growth to 1.13*108 cells mL-1 and
68.13 mg L-1 chlorophyll content on Day 8. These maximum values were 10.46 and 5.51 -fold
increment from 0 Day respectively (Figures 33, 34).
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Figure 35 shows changes in chlorophyll content per milligram DCW at different
phosphorus and iron concentrations throughout the culture period. At each concentration, there
was an initial increase in chlorophyll content per milligram DCW until 0 Day after inoculation
followed by gradual decrease at later phase of culture.
4.2.6.3. Heterotrophic Growth of Chlorella kessleri in Big Blue Stem Hydrolysate
Supplemented Media at Different Phosphorus Concentrations
The growth of microalgae in this condition is similar to Big Blue Stem hydrolysate
media at different phosphorus concentrations.
At 5 mM phosphorus concentration, cell count increased as high as 1.85*108 cells mL-1 on Day 8
and total chlorophyll content increased to 74.42 mg L-1 on Day 8. These increments were 15.21 fold and 6.78 -fold higher than Day 0. As seen in media with phosphorus and iron manipulation,
at lower concentrations of phosphorus, cell count and total chlorophyll content were lower too.
For example, at 2% concentration, cell count increased by 6 folds to 7.85*107 and at 5%, it
increased by only 7 fold. However, at 10% phosphorus concentration (0.5 mM), there was
gradual increase in both cell count and total chlorophyll content. Cell count maximized to
1.15*108 cells mL-1 which is 10.55-fold escalation from Day 0 and total chlorophyll content
uplifted to 67.45 mg L-1 which is 5.64-fold increment.
The chlorophyll content per milligram DCW increased initially at all concentrations of
phosphorus. However, the values decreased at later phase of cultures after second day of
inoculation as shown in Figure 38. Furthermore, during the stationary phase, there was slight
increment in chlorophyll content per milligram DCW.
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4.3 Spectrofluorometric Measurement of Lipid Content in Chlorella kessleri Using
Nile Red Stain
The total lipid concentration and lipid cell content per gram DCW at each lower
concentration of nutrient were compared to their respective full media concentration.
4.3.1 Lipid Contents in Chlorella kessleri Grown Autotrophically at Different Nitrogen
content
The autotrophic growth of Chlorella kessleri in full nutrient media resulted in maximum
total lipid concentration of 11.63 mg mL-1. Any concentration below 30 mM did not result in
higher total lipid concentration. Rather, total lipid concentration was found to decline as shown
in Figure 39. Autotrophic media with complete absence of nitrogen grew microalgae with lowest
total lipid concentration; that is 3.96 mg mL-1. However, lipid cell content per gram DCW
showed contrasting results. Higher nitrogen concentration decreased lipid cell content per gram
DCW whereas lower nitrogen concentrations increased it significantly. Highest value of 90.53
mg g-1 DCW lipid was measured in media without nitrogen in it (Figure 40).
4.3.2 Lipid Content in Chlorella kessleri Grown in Heterotrophic Media Supplemented with
Sucrose at Different Nitrogen Concentrations
In heterotrophic media supplemented with sucrose, any concentration below 100% (30
mM) increased total lipid concentration in Chlorella kessleri. Therefore, as seen in Figure 41,
media with full nitrogen concentration (30 mM) grew cultures with lowest total lipid
concentration, 19.14 mg mL-1. Media with only 10% of required nitrogen concentration (3 mM)
showed 30.23 mg mL-1 lipid accumulation. This value was the highest amount measured among
different concentrations. When lipid cell content per gram DCW was compared among different
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concentrations of nitrogen, lower concentrations had higher lipid cell content per gram DCW
than higher concentrations (Figure 42).
4.3.3. Lipid Content in Chlorella kessleri Grown in Heterotrophic Media Supplemented
with Sucrose at Different Phosphorus Concentrations
In Figure 43, total lipid concentration at different concentrations of phosphorus in
heterotrophic media supplemented with sucrose is shown. When compared with 100%
phosphorus media, media with only 0% and 5% of required media resulted in higher total lipid
concentration. At other concentrations, 1%, 2% and 10%, the total lipid concentrations were not
significantly different from 100% (α=0.05). Media with only 5% of required phosphorus
concentration, 0.25 mM, noted highest total lipid concentration 20.42 mg mL-1. Furthermore,
lower phosphorus content increased lipid cell content per gram DCW too, 163.75 mg g-1 DCW
lipid in media with no phosphorus at all (Figure 44).
4.3.4. Lipid Content in Chlorella kessleri Grown in Heterotrophic Media Supplemented
with Sucrose at Different Iron Concentrations
The total lipid concentration as well as lipid cell content per gram DCW at any lower
concentration of iron did not differ significantly from 100% iron containing media as shown in
Figure 45, 46.
4.3.5. Lipid Content in Chlorella kessleri Grown in Heterotrophic Media Supplemented
with Sucrose at Different Phosphorus and Iron Concentration
The total lipid concentration in Chlorella kessleri grown in any concentration of
phosphorus and iron deficient environment, except in 2% concentration, was significantly
different than when grown in complete heterotrophic media supplemented with sucrose. When
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no phosphorus and iron were provided to microalgae, total lipid concentration increased to 22.16
mg mL-1 from 19.14 mg mL-1 at 100% nutrient concentration. When nutrient concentration was
increased to 5%, it maximized to highest amount 24.07 mg mL-1 as shown in Figure 47.
4.3.6. Lipid Content in Chlorella kessleri Grown in Heterotrophic Media Supplemented
with Big Blue Stem Hydrolysate at Different Nitrogen Concentrations
When Big Blue Stem Hydrolysate was used as source of carbon in heterotrophic media
limited with nitrogen, nutrient limitation stressed microalgae to synthesize more lipids in each
cell. As shown in Figure 50, this heterotrophic media with 0.3 mM nitrogen allowed microalgae
to accumulate 95.29 mg g-1 DCW whereas media with 30 mM nitrogen accumulated only 8.80
mg g-1 DCW lipid. Total lipid concentration in any nitrogen concentration (except 5%), though
differ statistically from 100% concentration at significance level 0.05, did not increase distinctly.
Highest total lipid concentration, 19.65 mg mL-1 was obtained with media containing only 0.3
mM nitrogen, which is not a potential increment. Microalgae grown in this heterotrophic media
without nitrogen supplementation resulted in 18.34 mg mL-1 total lipid concentration (Figure 49).
4.3.7. Lipid Content in Chlorella kessleri Grown in Heterotrophic Media Supplemented
with Big Blue Stem Hydrolysate at Different Phosphorus Concentration
Figure 51 illustrates total lipid concentration at different concentrations of phosphorus in
heterotrophic media supplemented with Big Blue Stem hydrolysate. Lower concentrations
resulted in total lipid concentrations that were significantly different from full media
concentration (α=0.05). Media with only 5% of required phosphorus concentration, 0.25 mM,
noted highest total lipid concentration 26.93 mg mL-1. Furthermore, decrease in phosphorus
content increased lipid cell content per gram DCW too, 22.63 mg g-1 DCW lipid in media with
5% phosphorus (Figure 52).
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4.3.8. Lipid Content in Chlorella kessleri Grown in Heterotrophic Media Supplemented
with Big Blue Stem Hydrolysate at Different Phosphorus and Iron Concentrations
Phosphorus and iron limitation in heterotrophic media, supplemented with Big Blue Stem
hydrolysate, stressed cells to synthesize more lipids per gram DCW as seen in nitrogen
limitation.
At only 5% of total phosphorus and iron in media, lipid cell content per gram DCW
increased to 22 mg as compared to 9.54 mg per gram DCW measured with 100% concentration.
Furthermore, total lipid concentration increased at lower nutrient concentrations. Heterotrophic
media without phosphorus and iron limitation grew cultures with 18.34 mg mL-1 total lipid
concentration. Maximum lipid content 26.88 mg mL-1 was measured in microalgae grown with
5% of required phosphorus and iron. Lower concentrations of these nutrients such as 2% and 1%
resulted in 21.52 mg mL-1 and 23.87 mg mL-1 total lipid concentration respectively as shown in
Figure 53. Furthermore, cultures grown in media without phosphorus and iron accumulated total
lipid as high as 24.22 mg mL-1.
The total lipid content at each concentration of phosphorus (condition I) was compared to
its respective concentration in phosphorus and iron manipulated media (condition II) as shown in
Figures 55 and 56. For example, total lipid content at 0% phosphorus media was compared to
respective 0% phosphorus and iron media. For each concentration, mean values between two
total lipid concentrations were not significantly different (t- test, α=0.05).
Similarly, total lipid content at each concentration of nitrogen in autotrophic media was
compared to its respective concentration of nitrogen in heterotrophic media. Both sucrose
supplemented as well as Big Blue Stem hydrolysate supplemented heterotrophic media resulted
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in higher total lipid concentration than their autotrophic counterpart at each nitrogen
concentration (Figures 57, 58).
Furthermore, when autotrophic condition is compared to phosphorus deficient
heterotrophic condition (sucrose or Big Blue Stem hydrolysate), phosphorus limitation at
heterotrophic condition resulted in higher total lipid concentration than nitrogen limited
autotrophic condition. This holds true when 0% nitrogen in autotrophic media was compared to
0% phosphorus in heterotrophic media and likewise for other concentrations (Figures 59, 60).
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CHAPTER 5
5. DISCUSSION
Light supply is an essential factor that affects growth and photosynthesis of photoautotrophic
microalgae. It regulates metabolic pathways occurring inside microalgae cells and determines
cellular composition of those metabolites. Furthermore, productivity and economic efficiency of
algal cultivation is dependent on light supply (Cuaresma, Janssen et al. 2009). However, cell
growth and cellular activities share rather complex relationship with intensity of light. Cell
growth occurs only after critical light intensity is provided to cells and increase in light intensity
above critical intensity increases cell multiplication until saturation intensity is achieved.
Intensity of light higher than saturation point ceases cell growth due to photo-inhibition
(Ogbonna and Tanaka 2000). Therefore, for higher productivity, homogenous supply of
saturation light intensity has to be maintained in the entire photo-bioreactor or open pond system
chosen for autotrophic mode of cultivation. Such uniform distribution of light due to poor light
penetration is practically impossible. In his book, Handbook of Microalgal Cultures, (Richmond
2008) stated heterotrophic growth of microalgae as an effective alternative to produce high
biomass with high cellular concentration of desired products and to overcome problems
associated with supply of light in autotrophic culture. The chosen strain, Chlorella kessleri can
grow in both photoautotrophic as well as heterotrophic modes. Chlorella kessleri grown
heterotrophically resulted in higher cell counts than its photoautotrophic culture, complying with
studies that favored heterotrophic growth for high biomass (Chen 1996, Graverholt and Eriksen
2007). For many Chlorella species grown in dark, respiration rates is equal or exceed theoretical
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minimum biomass synthesis cost. The higher CO2/C values in heterotrophic condition results in
maximum theoretical biomass synthesis efficiency (RAVEN 1976).
Substrates such as crude glycerol, acetate and carboxylic acids (malic acid, fumaric acid,
glycolic acid) have been tested as source of carbon for heterotrophic growth (Bollman and
Robinson 1977). Liang et al, 2009 studied biomass and lipid productivity of Chlorella vulgaris
under three different carbon sources; glucose, glycerol and acetate. Optimal growth rate (2 g L1)
and 54 mg L-1 day-1 lipid productivity was measured with glucose and glycerol when grown in
dark. Similarly, in another experiment conducted by (O’Grady and Morgan 2011), Chlorella
protothecoides grown heterotrophically on only glycerol showed growth rate 0.1 h-1 and final
lipid yield 0.31 g/g substrate. However, precise prediction of specific substrate for a particular
species of microalgae that results in highest growth rate is still difficult (Neilson and Lewin
1974). One of the objectives of our research was to study growth of Chlorella kessleri on three
different sugars, fructose, glucose and sucrose, when cultured in dark. Cell count increased by 40
fold when sucrose was used as source of carbon. However, significant difference in chlorophyll
measurement was not observed among three sugars. This reinforces requirement of light for
production of cellular metabolites such as pigments (chlorophyll) in microalgal cells.
The first hypothesis was based on an assumption that, in absence of nutrients, growth of
microalgae will be compromised. However, stress induced due to nutrient limitation will direct
cellular metabolism of Chlorella kessleri towards lipid synthesis. During autotrophic growth of
Chlorella kessleri at different nitrogen concentrations, lower growths were measured in cultures
with low nitrogen concentration. Parallel results were observed with both cell count and
chlorophyll measurement. In addition, nitrogen starvation increased lipid cell content per gram
DCW. Therefore, the hypothesis 1, H1, holds true. However, limitation of major nutrient such as
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nitrogen compromised algal biomass to such high extent that stress induced higher cellular lipids
could not result in high total lipid concentration.
Nutrient limitation in dark was expected to decrease the overall growth of Chlorella kessleri
due to increase in stress by two factors; lack of nutrition and light deprivation. This led to our
second hypothesis H2. Decrease in nutrients (nitrogen, phosphorus, iron or phosphorus-iron) in
either pure sugars or lignocellulosic hydrolysate decreased growth of Chlorella kessleri in dark,
strengthening the truth held by first part of H1. However, heterotrophic growth of Chlorella
kessleri, supplemented with either pure sugar or lignocellulosic hydrolysate, at each nutrient
concentration was found to be higher than in autotrophic condition. We assumed growth in dark
in absence of required nutrient as a negative stress for microalgal culture. However,
supplementing carbon source compensates for absence of light energy. Moreover, it overcomes
light penetration effect seen in autotrophic growth. This results in higher growth in dark despite
nutrient deficiency. Therefore, our results suggest that H2 is not true.
The second objective of this research was to explore effects of nutrient limitation on lipid
accumulation in Chlorella kessleri grown in dark. Sucrose was chosen as source of carbon for
the initial study due to its promising result in cell growth measurements. Study was performed in
four sets: limitation of nitrogen, limitation of phosphorus, limitation of iron and limitation of
phosphorus and iron. Nitrogen limitation has increased lipid content in microalgal species such
as Nanochloropsis oculata and Chlorella vulgaris. When nitrogen was decreased to 75% , lipid
content doubled to 15% in Nanochloropsis and to 16% in Chlorella (Converti, Casazza et al.
2009). Lipid yield rose to 43% DCW in Scenedesmus obliquus when grown under nitrate
deficient environment (Mandal and Mallick 2009). 30 species of chlorophyceae and diatoms
stored fatty acids during nitrogen starvation in a study performed by (Shifrin and Chisholm
44

1981). The results in our experiment run parallel to these findings. When nitrogen starvation was
maintained in autotrophic growth, lipid cell content per gram DCW increased significantly at
lower concentrations. However, total lipid concentration in autotrophic growth decreased when
nitrogen concentration was lower than 100%. In absence of supplemented sugar, growth of
microalgae was greatly affected at lower nitrogen concentrations. Therefore, despite higher lipid
cell content per gram DCW, total lipid concentration in the culture dropped. When 10% of
required nitrogen was added in heterotrophic media, total lipid content increased from 19.14 mg
mL-1 to 30.23 mg mL-1. The stress induced by nitrogen starvation at lower nitrogen
concentrations caused cells to accumulate more lipids. This was shown by increase in lipid
content per gram DCW. Supplementing growth media with external carbon source increases
biomass. This resulted in higher total lipid content at lower concentration of nitrogen. As stated
by (Richardson, Orcutt et al. 1969), during nitrogen starvation, all of cellular nitrogen is
converted to enzymes and essential cellular structures. Therefore, any carbon fixed is converted
into carbohydrates or fats than into proteins.
The total lipid concentration in microalgae culture grown heterotrophically at each
concentration of nitrogen starvation was higher than autotrophically grown algae starved to same
nitrogen concentration. Low lipid concentration is due to very low biomass achieved during
autotrophic nitrogen starvation. Heterotrophic growth has proved to increase algal biomass and
therefore resulted in higher total lipid concentration.
Phosphate starvation in Mondus subterraneus reduced proportions of PUFA and EPA in lipid
profile by increasing TAG levels (Khozin-Goldberg and Cohen 2006). Additionally, total lipid
content in Chlorella vulgaris was increased to 56.6% biomass dry weight when the culture
grown in iron deficient media was transferred to iron rich nutrient media (Liu, Wang et al. 2008).
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The novel approach of our research studied effects of phosphorus and iron deficiency
individually as well as dual deficiency on total lipid concentration and lipid synthesis per gram
DCW by Chlorella kessleri when grown in dark. Total lipid concentration of 24.07 mg mL-1 of
was measured in Chlorella kessleri grown with only 5% of required phosphorus as compared to
19.25 mg mL-1 lipid concentration in full nutrient media. At other lower concentrations such as
1%, 2% and 10%, it did not increase significantly. However, at lower concentrations of
phosphorus, lipid cell content increased higher than 100% concentration content suggesting
phosphorus limitation to be an effective stressful environment for high lipid synthesis in each
cell. The growth of microalgae is dependent on optimal N: P ratio. In case of phosphorus
limitation, excess nitrogen is stored as proteins such as synthesis of alkaline phosphatase. High
cellular C-content is then directed towards lipid synthesis since growth is restricted due to
phosphate limitation (Rhee 1978).
Additionally, total lipid concentration in microalgae grown heterotrophically in phosphoruslimited media was higher than autotrophically grown nitrogen starved algae. Low lipid
concentration is due to very low biomass achieved during autotrophic nutrient starvation. During
heterotrophic growth, carbon source has proved to increase algal biomass and therefore resulted
in higher lipid content. Furthermore, total lipid concentration as well as lipid cell content in each
concentrations of nitrogen was higher when compared to their counterparts in phosphorus and
iron limited heterotrophic media. This illustrates starvation of nitrogen to be more effective in
stressing Chlorella kessleri to induce higher lipid synthesis.
The total lipid concentration and lipid cell content per gram DCW in microalgae grown in
each concentration of phosphorus limited heterotrophic media was not significantly different
from the values measured in subsequent concentration of phosphorus and iron limited media.
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Moreover, when only iron concentration was manipulated, there were no differences in total lipid
contents as well as lipid cell content values at any concentration of iron. These results suggest
iron limitation could be ineffective in increasing lipid content or we did not starve them to the
amount that would result in significant increase in lipid synthesis. The micro molar concentration
of iron used in the media implies that these microorganisms are efficient in scavenging such
micronutrients and storing them. Therefore, despite our effort to reduce concentration of iron in
media externally, microalgae could have survived on traces of iron contaminating conical flasks,
pipettes and other instruments used in the research or they could have used iron stored in their
cells.
Our third hypothesis H3 was based on assumption that, heterotrophic growth of Chlorella
kessleri with carbon supplementation will compensate for algal biomass and nutrient starvation
will induce those cells to synthesize more lipids. Lipid concentrations per gram DCW were
higher in lower concentrations of nutrients, nitrogen, phosphorus and phosphorus-iron, when
Chlorella kessleri was grown heterotrophically with sucrose as carbon source. The supplemented
sugar increased the biomass that resulted in overall higher total lipid concentrations in
heterotrophic condition. Hence, these results advocate H3 to be true.
Another milestone in our work included study of Big Blue Stem hydrolysate as a potential
carbon source for heterotrophic growth of Chlorella kessleri. Cell count increased by 15 fold
from Day 0 to 6.52*108 cells mL-1 and chlorophyll content by 5-fold from Day 0 to 75.15 mg L-1
in this growth condition. When compared to growth with sucrose, the values were increased by
lower fold. Sugar released in hydrolysate is majorly glucose. Therefore, the lower fold increment
observed in this condition is consistent with our previous finding where heterotrophic growth in
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pure glucose was lower than that in pure sucrose. However, Big Blue Stem hydrolysate can be
considered a good carbon source because of its significant 15-fold raise in cell count.
The effects of nitrogen limitation, phosphorus, iron and phosphorus-iron limitations on
total lipid content as well as lipid cell content per gram DCW were studied in heterotrophic
conditions with Big Blue Stem hydrolysate too. Lipid cell content per gram DCW increased at
lower concentration of nitrogen in this media. However, no significant increase in total lipid
concentration was measured at any concentration of nitrogen starvation. Starvation as low as
99% was needed to generate highest total lipid content 19.65 mg mL-1 from 18.31 mg mL-1 as
calculated without any starvation. This result run parallel to observations made for nitrogen
deficient autotrophic growth of microalgae. Growth of microalgae is compromised at lower
nitrogen concentration, which results in no change total lipid concentration despite higher lipid
cell content per gram DCW.
Phosphorus limitation to any concentration below 100% resulted in higher total lipid
concentration as well as lipid cell content. At 95% starvation, total lipid concentration as high as
26.18 mg mL-1 was calculated. Similarly, lipid cell content per gram DCW was higher at lower
concentrations. This suggests that phosphorus limitation is effective in stressing cells to make
more lipids. This is consistent to the observation made in phosphorus limited sucrose media.
The lipid cellular content per gram DCW is compared between each concentration of
nitrogen and phosphorus limitation in both heterotrophic media. At each concentration, nitrogen
starvation resulted in higher cellular lipid. This suggests that nitrogen starvation is more efficient
in inducing cells to make more lipids. However, deficiency of nutrient in media may not always
result in high total lipid concentration. This was observed in total lipid concentration for cells
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grown in Big Blue Stem hydrolysate at different nitrogen concentrations. Low total lipid
concentration, despite higher cellular lipid is observed since biomass is compromised at low
concentrations of nutrient. Decline in cell growth was illustrated by our observations in cell
growth measurements. Cell count plummeted when nutrient, either nitrogen, phosphorus or
phosphorus-iron was limited in any media, autotrophic and heterotrophic with any carbon source.
The lipid cell contents per gram DCW were compared between sucrose media and Big
Blue Stem hydrolysate. For each concentration of nutrient, lipid cell content per gram DCW was
higher in sucrose-supplemented media. For example, 0 mM nitrogen starvation in sucrose media
had higher lipid cell content than 0 mM nitrogen starvation in Big Blue Stem media. Likewise, 0
mM phosphorus starvation in sucrose media resulted in higher lipid cell content than 0 mM
phosphorus limitation in Big Blue Stem media. These observations suggest Big Blue Stem
hydrolysate could have some amount of nitrogen as well as phosphorus beforehand. Presence of
these intrinsic nutrients compensates for some amount of nutrient deficiency maintained
externally through our protocol. Therefore, such leaky nutrient starvation resulted into poor
stressful environment that could not stress cells to the same extent as shown by nutrient
limitation in pure sugar.
When heterotrophic mode of culture is adopted to increase biomass of microalgae, choice
of sugar and concentration of nutrients determine the cell density achieved in the culture. In
addition, the amount of cellular lipid synthesized during nutrient limitation depends upon the
nutrient chosen. When sucrose was chosen as source of carbon, nitrogen limitation yielded
higher total lipid concentration than phosphorus. However, when Big Blue Stem hydrolysate was
chosen, phosphorus limitation resulted in higher total lipid synthesis. Therefore, it is not rational
to use same nutrient starvation with different carbon source. Rather, each carbon source should
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first be grown by manipulating different nutrients, one at a time, to study the effects on both lipid
cell content and overall lipid concentration.
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CHAPTER 6
6. CONCLUSION
Chlorella kessleri is an autotrophic microalgae found in freshwater. When supplemented
with carbon source, it can achieve desirable biomass even if grown in dark. Heterotrophic growth
of Chlorella kessleri, either in pure sugars such as glucose, fructose or sucrose or in
lignocellulosic hydrolysate from Big Blue Stem was higher than its autotrophic growth.
Heterotrophic culture overcomes limitations imposed by poor light penetration on algal growth.
However, algal biomass as well as cellular composition of various metabolites is dependent on
intensity and duration of light.
The various studies have shown that nitrogen limitation greatly enhances lipid production in
microalgae. However, success of generating commercial amount of lipid is low due to reduced
growth rates in such nutrient deficient media. One major objective of this research was to explore
nutrients other than nitrogen, whose starvation could show similar increase in lipid
concentrations in microalgal cells. Phosphorus limitation showed positive result in stressing cells
to synthesize more lipids whereas iron could not give us any promising result.
From our study, we can conclude that lignocellulosic hydrolysate from Big Blue Stem can be
used as source of carbon for growth of Chlorella kessleri in dark. In addition, nutrient other than
nitrogen can be manipulated to stress cells for higher lipid synthesis. However, macronutrient
limitation provides promising results than micronutrient starvation.
Furthermore, higher lipid cell content per gram DCW does not always result in higher total
lipid content in culture. Total lipid content is determined by both lipid cell content and biomass
attained in the culture. The novel approaches designed to increase overall lipid concentration by
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upscale cultivation of microalgae should consider both of these aspects. Strategies that increase
cellular lipid can compromise biomass, resulting in lower lipid concentration from the culture.
Therefore, a fine balance between cellular lipid content and biomass has to be calculated so that
the overall lipid concentration is increased.
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CHAPTER 7

7. PROSPECTIVE WORK
Biodiesel from microalgae is technically feasible. However, its economic feasibility relies
upon optimized biomass production, harvesting and extraction of lipids. Various factors need to
be considered to upscale lipid synthesis from microalgae such as choice of oleaginous species,
growth conditions; autotrophic, heterotrophic or mixotrophic, source of carbon for heterotrophic
and mixotrophic conditions, choice of nutrient limitation that does not compensate biomass to
higher extent and extraction procedure.
This research studied Big Blue Stem hydrolysate as potential source of carbon for
heterotrophic growth. The growth in this media was desirable. The positive increase in biomass
can helps us explore other native lignocellulosic plants as readily available and easily affordable
sources of carbon in future.
The presence of nutrient compounds in Big Blue Stem hydrosylate such as nitrogen and
phosphorus, as suggested by our findings, can be removed by modern affinity chromatography
and nanotube technology such that hydrolysate is completely deprived of those compounds.
Therefore, nutrient starvation in such hydrolysate would then be absolute, resulting in increased
lipid synthesis in microalgal cells.
Besides nitrogen, our study showed potential results with phosphorus and iron limitation in
lipid synthesis. Similarly, nutrients such as sulphur could be manipulated to study its effects on
growth as well as lipid concentration.
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APPENDIX A

Figure 4: Autotrophic Culture of Chlorella kessleri
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APPENDIX A (continued)

Figure 5: 40X magnification of Chlorella kessleri cells observed under a light microscope

63

APPENDIX A (continued)

Figure 6: Difference in Autotrophic Cell Growth Observed at Different Concentrations of
Nitrogen
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APPENDIX A (continued)

Figure 7: Difference in Cell Growth Observed in Sucrose Supplemented Heterotrophic Media at
Different Concentrations of Phosphorus
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APPENDIX A (continued)

Figure 8: Anthrone Test to Determine Glucose Content in Big Blue Stem Hydrolysate
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Growth of Chlorella kessleri in Autotrophic Media at
Different Nitrogen Concentrations

Culture Density (Cells mL-1)
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Figure 9: Growth curve of Chlorella kessleri grown in autotrophic media.

The growth was measured at 6 different nitrogen concentrations; 0 mM, 0.3 mM, 0.6 mM, 1.5
mM, 3 mM and 30 mM of KNO3. Each experiment was carried out in triplets and cells were
counted using Neubauer Hemocytometer after every 24 hours of inoculation. The values plotted
are mean ± S.D., n = 3.
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Total Chlorophyll Content in Chlorella kessleri
Grown in Autotrophic Media at Different Nitrogen
Concentrations
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Figure 10: Total chlorophyll content in Chlorella kessleri grown in autotrophic media.

The total chlorophyll content was measured at 6 different nitrogen concentrations; 0 mM, 0.3
mM, 0.6 mM, 1.5 mM, 3 mM and 30 mM of KNO3. Each experiment was carried out in triplets
and chlorophyll content was measured using Scientific Genesis 10S UV-VIS spectrophotometer.
The values plotted are mean ± S.D., n = 3.

68

Chlorophyll Content in Chlorella kessleri Grown in
Autotrophic Media at Different Nitrogen
Concentrations
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Figure 11: Chlorophyll content per mg DCW in Chlorella kessleri grown in autotrophic media

The chlorophyll content was measured at 6 different nitrogen concentrations; 0 mM, 0.3 mM, 0.6
mM, 1.5 mM, 3 mM and 30 mM of KNO3. Each experiment was carried out in triplets. The
values plotted are mean ± S.D., n = 3.
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Growth of Chlorella kessleri in Heterotrophic Media
Supplemented with Fructose at Different Nitrogen
Concentrations
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Figure 12: Growth curve of Chlorella kessleri grown in heterotrophic media supplemented with
fructose.

The growth was measured at 6 different nitrogen concentrations; 0 mM, 0.3 mM, 0.6 mM, 1.5
mM, 3 mM and 30 mM of KNO3. Each experiment was carried out in triplets and cells were
counted using Neubauer Hemocytometer after every 24 hours of inoculation. The values plotted
are mean ± S.D., n = 3.
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Total Chlorophyll Content in Chlorella kessleri Grown
in Heterotrophic Media Supplemented with Fructose
at Different Nitrogen Concentrations

Total Chlorophyll Content (mg L-1)

50

0 mM
0.3 mM

25

0.6 mM
1.5 mM
3 mM
30 mM

0
0

1

2

3

4

5

6

7

8

Time After Inoculation (d)

Figure 13: Total chlorophyll content in Chlorella kessleri grown in heterotrophic media
supplemented with fructose.

The total chlorophyll content was measured at 6 different nitrogen concentrations; 0 mM, 0.3
mM, 0.6 mM, 1.5 mM, 3 mM and 30 mM of KNO3. Each experiment was carried out in triplets
and chlorophyll content was measured using Scientific Genesis 10S UV-VIS spectrophotometer.
The values plotted are mean ± S.D., n = 3.
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Chlorophyll Content in Chlorella kessleri Grown in
Heterotrophic Media Supplemented with Fructose at
Different Nitrogen Concentrations
Chlorophyll Content (mg mg-1 DCW)

0.140
0.120
0.100
0 mM
0.080

0.3 mM
0.6 mm

0.060

1.5 mM
0.040

3 mM
30 mM

0.020
0.000
0

1

2

3

4

5

6

7

8

Time After Inoculation (d)

Figure 14: Chlorophyll content per mg DCW in Chlorella kessleri grown in heterotrophic media
supplemented with fructose media.

The chlorophyll content was measured at 6 different nitrogen concentrations; 0 mM, 0.3 mM, 0.6
mM, 1.5 mM, 3 mM and 30 mM of KNO3. Each experiment was carried out in triplets. The
values plotted are mean ± S.D., n = 3.
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Growth of Chlorella kessleri in Heterotrophic Media
Supplemented with Glucose at Different Nitrogen
Concentrations
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Figure 15: Growth curve of Chlorella kessleri grown in heterotrophic media supplemented with
glucose.

The growth was measured at 6 different nitrogen concentrations; 0 mM, 0.3 mM, 0.6 mM, 1.5
mM, 3 mM and 30 mM of KNO3. Each experiment was carried out in triplets and cells were
counted using Neubauer Hemocytometer after every 24 hours of inoculation. The values plotted
are mean ± S.D., n = 3.
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Total Chlorophyll Content in Chlorella kessleri Grown
in Heterotrophic Media Supplemented with Glucose
at Different Nitrogen Concentrations
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Figure 16: Total chlorophyll content in Chlorella kessleri grown in heterotrophic media
supplemented with glucose.

The total chlorophyll content was measured at 6 different nitrogen concentrations; 0 mM, 0.3
mM, 0.6 mM, 1.5 mM, 3 mM and 30 mM of KNO3. Each experiment was carried out in triplets
and chlorophyll content was measured using Scientific Genesis 10S UV-VIS spectrophotometer.
The values plotted are mean ± S.D., n = 3.
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Chlorophyll Content in Chlorella kissleri Grown in
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Figure 17: Chlorophyll content per mg DCW in Chlorella kessleri grown in heterotrophic media
supplemented with glucose.

The chlorophyll content was measured at 6 different nitrogen concentrations; 0 mM, 0.3 mM, 0.6
mM, 1.5 mM, 3 mM and 30 mM of KNO3. Each experiment was carried out in triplets. The
values plotted are mean ± S.D., n = 3.
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Figure 18: Growth curve of Chlorella kessleri grown in heterotrophic media supplemented with
sucrose at different nitrogen concentrations.

The growth was measured at 6 different nitrogen concentrations; 0 mM, 0.3 mM, 0.6 mM, 1.5
mM, 3 mM and 30 mM of KNO3. Each experiment was carried out in triplets and cells were
counted using Neubauer Hemocytometer after every 24 hours of inoculation. The values plotted
are mean ± S.D., n = 3.
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Figure 19: Total chlorophyll content in Chlorella kessleri grown in heterotrophic media
supplemented with sucrose at different nitrogen concentrations.

The total chlorophyll content was measured at 6 different nitrogen concentrations; 0 mM, 0.3
mM, 0.6 mM, 1.5 mM, 3 mM and 30 mM of KNO3. Each experiment was carried out in triplets
and chlorophyll content was measured using Scientific Genesis 10S UV-VIS spectrophotometer.
The values plotted are mean ± S.D., n = 3.
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Figure 20: Chlorophyll content per mg DCW in Chlorella kessleri grown in heterotrophic media
supplemented with sucrose at different nitrogen concentrations.

The chlorophyll content was measured at 6 different nitrogen concentrations; 0 mM, 0.3 mM, 0.6
mM, 1.5 mM, 3 mM and 30 mM of KNO3. Each experiment was carried out in triplets. The
values plotted are mean ± S.D., n = 3.
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Figure 21: Growth curve of Chlorella kessleri grown in heterotrophic media supplemented with
sucrose at different phosphorus and iron concentrations.
The growth was measured at 6 different phosphorus and iron concentrations; 0% = 0 mM
KH2PO4 and 0 mM FeCl3, 1% = 0.05 mM KH2PO4 and 0.2 uM FeCl3, 2% = 0.1 mM KH2PO4 and
0.4 uM FeCl3, 5% = 0.25 mM KH2PO4 and 1 uM FeCl3 and 10% = 0.5 mM KH2PO4 and 2 uM
FeCl3. Each experiment was carried out in triplets and cells were counted using Neubauer
Hemocytometer after every 24 hours of inoculation. The values plotted are mean ± S.D., n = 3.
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Figure 22: Total chlorophyll content in Chlorella kessleri grown in heterotrophic media
supplemented with sucrose at different phosphorus and iron concentrations.

The total chlorophyll content was measured at 6 different nitrogen concentrations; 0% = 0 mM
KH2PO4 and 0 mM FeCl3, 1% = 0.05 mM KH2PO4 and 0.2 uM FeCl3, 2% = 0.1 mM KH2PO4 and
0.4 uM FeCl3, 5% = 0.25 mM KH2PO4 and 1 uM FeCl3 and 10% = 0.5 mM KH2PO4 and 2 uM
FeCl3. Each experiment was carried out in triplets and chlorophyll content was measured using
Scientific Genesis 10S UV-VIS spectrophotometer. The values plotted are mean ± S.D., n = 3.
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Figure 23: Chlorophyll content per mg DCW in Chlorella kessleri grown in heterotrophic media
supplemented with sucrose at different phosphorus and iron concentrations.

The chlorophyll content was measured at 6 different nitrogen concentrations; 0% = 0 mM
KH2PO4 and 0 mM FeCl3, 1% = 0.05 mM KH2PO4 and 0.2 uM FeCl3, 2% = 0.1 mM KH2PO4 and
0.4 uM FeCl3, 5% = 0.25 mM KH2PO4 and 1 uM FeCl3 and 10% = 0.5 mM KH2PO4 and 2 uM
FeCl3. Each experiment was carried out in triplets. The values plotted are mean ± S.D., n = 3.
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Figure 24: Growth curve of Chlorella kessleri grown in heterotrophic media supplemented with
sucrose at different phosphorus concentrations.

The growth was measured at 5 different phosphorus concentrations; 0 mM, 0.05 mM, 0.1 mM,
0.25 mM and 0.5 mM of KH2PO4. Each experiment was carried out in triplets and cells were
counted using Neubauer Hemocytometer after every 24 hours of inoculation. The values plotted
are mean ± S.D., n = 3.

82

Total Chlorophyll Content in Chlorella kessleri
Grown in Heterotrophic Media Supplemented with
Sucrose at Different Phosphorus Concentrations
Total Chlorophyll Content (mg L-1)

100

75
0 mM
0.05 mM

50

0.1 mm
0.25 mM
25

0.5 mM

0
0

1

2

3

4

5

6

7

8

Time After Inoculation (d)

Figure 25: Total chlorophyll content in Chlorella kessleri grown in heterotrophic media
supplemented with sucrose at different phosphorus concentrations.

The total chlorophyll content was measured at 5 different phosphorus concentrations; 0 mM,
0.05 mM, 0.1 mM, 0.25 mM and 0.5 mM of KH2PO4. Each experiment was carried out in triplets
and chlorophyll content was measured using Scientific Genesis 10S UV-VIS spectrophotometer.
The values plotted are mean ± S.D., n = 3.
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Figure 26: Chlorophyll content per mg DCW in Chlorella kessleri grown in heterotrophic media
supplemented with sucrose at different phosphorus concentrations.

The chlorophyll content was measured at 6 different nitrogen concentrations; at 5 different
phosphorus concentrations; 0 mM, 0.05 mM, 0.1 mM, 0.25 mM and 0.5 mM of KH2PO4. Each
experiment was carried out in triplets. The values plotted are mean ± S.D., n = 3.
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Figure 27: Growth curve of Chlorella kessleri grown in heterotrophic media supplemented with
sucrose at different iron concentrations.

The growth was measured at 5 different iron concentrations; 0 mM, 0.2 uM, 0.4 uM, 1 uM and 2
uM of FeCl3. Each experiment was carried out in triplets and cells were counted using Neubauer
Hemocytometer after every 24 hours of inoculation. The values plotted are mean ± S.D., n = 3.
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Figure 28: Total chlorophyll content in Chlorella kessleri grown in heterotrophic media
supplemented with sucrose at different iron concentrations.

The total chlorophyll content was measured at 5 different iron concentrations; 0 mM, 0.2 uM, 0.4
uM, 1 uM and 2 uM of FeCl3. Each experiment was carried out in triplets and chlorophyll
content was measured using Scientific Genesis 10S UV-VIS spectrophotometer. The values
plotted are mean ± S.D., n = 3.
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Figure 29: Chlorophyll content per mg DCW in Chlorella kessleri grown in heterotrophic media
supplemented with sucrose at different iron concentrations.

The chlorophyll content was measured at 5 different iron concentrations; 0 mM, 0.2 uM, 0.4 uM,
1 uM and 2 uM of FeCl3. Each experiment was carried out in triplets. The values plotted are
mean ± S.D., n = 3.
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Figure 30: Growth curve of Chlorella kessleri grown in heterotrophic media supplemented with
Big Blue Stem hydrolysate at different nitrogen concentrations.

The growth was measured at 6 different nitrogen concentrations; 0 mM, 0.3 mM, 0.6 mM, 1.5
mM, 3 mM and 30 mM of KNO3. Each experiment was carried out in triplets and cells were
counted using Neubauer Hemocytometer after every 24 hours of inoculation. The values plotted
are mean ± S.D., n = 3.
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Figure 31: Total chlorophyll content in Chlorella kessleri grown in heterotrophic media
supplemented with Big Blue Stem hydrolysate at different nitrogen concentrations.

The total chlorophyll content was measured at 6 different nitrogen concentrations; 0 mM, 0.3
mM, 0.6 mM, 1.5 mM, 3 mM and 30 mM of KNO3. Each experiment was carried out in triplets
and chlorophyll content was measured using Scientific Genesis 10S UV-VIS spectrophotometer.
The values plotted are mean ± S.D., n = 3.
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Figure 32: Chlorophyll content per mg DCW in Chlorella kessleri grown in heterotrophic media
supplemented with Big Blue Stem hydrolysate at different nitrogen concentrations.

The chlorophyll content was measured at 6 different nitrogen concentrations; 0 mM, 0.3 mM, 0.6
mM, 1.5 mM, 3 mM and 30 mM of KNO3. Each experiment was carried out in triplets. The
values plotted are mean ± S.D., n = 3.

90

Culture Density (Cells mL-1)

Growth of Chlorella kessleri in Heterotrophic Media
Supplemented with Big Blue Stem Hydrolysate at
Different Phosphorus and Iron Concentrations

1.E+08

0%
1%
2%

5%

1.E+07

10%
100%

1.E+06
0

1

2

3

4

5

6

7

8

Time after inoculation (d)

Figure 33: Growth curve of Chlorella kessleri grown in heterotrophic media supplemented with
Big Blue Stem hydrolysate at different phosphorus and iron concentrations.

The growth was measured at 6 different phosphorus and iron concentrations; 0% = 0 mM
KH2PO4 and 0 mM FeCl3, 1% = 0.05 mM KH2PO4 and 0.2 uM FeCl3, 2% = 0.1 mM KH2PO4 and
0.4 uM FeCl3, 5% = 0.25 mM KH2PO4 and 1 uM FeCl3 and 10% = 0.5 mM KH2PO4 and 2 uM
FeCl3. Each experiment was carried out in triplets and cells were counted using Neubauer
Hemocytometer after every 24 hours of inoculation. The values plotted are mean ± S.D., n = 3.
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Figure 34: Total chlorophyll content in Chlorella kessleri grown in heterotrophic media
supplemented with Big Blue Stem hydrolysate at different phosphorus and iron concentrations.

The total chlorophyll content was measured at 6 different nitrogen concentrations; 0% = 0 mM
KH2PO4 and 0 mM FeCl3, 1% = 0.05 mM KH2PO4 and 0.2 uM FeCl3, 2% = 0.1 mM KH2PO4 and
0.4 uM FeCl3, 5% = 0.25 mM KH2PO4 and 1 uM FeCl3 and 10% = 0.5 mM KH2PO4 and 2 uM
FeCl3. Each experiment was carried out in triplets and chlorophyll content was measured using
Scientific Genesis 10S UV-VIS spectrophotometer. The values plotted are mean ± S.D., n = 3.
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Figure 35: Chlorophyll content per mg DCW in Chlorella kessleri grown in heterotrophic media
supplemented with Big Blue Stem hydrolysate at different phosphorus and iron concentrations.

The chlorophyll content was measured at 6 different nitrogen concentrations; 0% = 0 mM
KH2PO4 and 0 mM FeCl3, 1% = 0.05 mM KH2PO4 and 0.2 uM FeCl3, 2% = 0.1 mM KH2PO4 and
0.4 uM FeCl3, 5% = 0.25 mM KH2PO4 and 1 uM FeCl3 and 10% = 0.5 mM KH2PO4 and 2 uM
FeCl3. Each experiment was carried out in triplets. The values plotted are mean ± S.D., n = 3.
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Figure 36: Growth of Chlorella kessleri grown in heterotrophic media supplemented with Big
Blue Stem hydrolysate at different phosphorus concentrations.

The growth was measured 6 different phosphorus concentrations; 0 mM, 0.05 mM, 0.1 mM, 0.25
mM, 0.5 mM and 5 mM of KH2PO4. Each experiment was carried out in triplets and chlorophyll
content was measured using Scientific Genesis 10S UV-VIS spectrophotometer. The values
plotted are mean ± S.D., n = 3.
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Figure 37: Total chlorophyll content in Chlorella kessleri grown in heterotrophic media
supplemented with Big Blue Stem hydrolysate at different phosphorus concentrations.

The total chlorophyll content was measured at 6 different phosphorus concentrations; 0 mM,
0.05 mM, 0.1 mM, 0.25 mM, 0.5 mM and 5 mM of KH2PO4. Each experiment was carried out in
triplets and chlorophyll content was measured using Scientific Genesis 10S UV-VIS
spectrophotometer. The values plotted are mean ± S.D., n = 3.
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Figure 38: Chlorophyll content per mg DCW in Chlorella kessleri grown in heterotrophic media
supplemented with Big Blue Stem hydrolysate at different phosphorus concentrations.

The chlorophyll content was measured at 6 different phosphorus concentrations; 0 mM, 0.05
mM, 0.1 mM, 0.25 mM, 0.5 mM and 5 mM of KH2PO4. Each experiment was carried out in
triplets. The values plotted are mean ± S.D., n = 3.

96

Total Lipid Content in Chlorella kessleri Grown in
Autotrophic Media at Different Nitrogen
Concentrations
Total Lipid Contentration (mg mL-1)

15

b

10

a
5

a

a

a

a, b

0
0 mM

0.3 mM

0.6 mM

1.5 mM

3 mM

30 mM

Concentration of Nitrogen
Total Lipid Content

Figure 39: Total lipid concentration in Chlorella kessleri grown in nitrogen limited autotrophic
media.

The total lipid concentration was measured using Nile Red Stain at 6 different nitrogen
concentrations; 0 mM, 0.3 mM, 0.6 mM, 1.5 mM, 3 mM and 30 mM of KNO3. Each experiment
was carried out in triplets. The values plotted are mean ± S.D., n = 3. The means at each
concentrations were analyzed by Bonferroni (Dunn) Multiple Comparison t-test at α = 0.05.
Means with the same letter are not significantly different.
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Figure 40: Lipid cell content in Chlorella kessleri grown in nitrogen limited autotrophic media.

The lipid cell content was calculated at 6 different nitrogen concentrations; 0 mM, 0.3 mM, 0.6
mM, 1.5 mM, 3 mM and 30 mM of KNO3. Each experiment was carried out in triplets. The
values plotted are mean ± S.D., n = 3.
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Figure 41: Total lipid concentration in Chlorella kessleri grown in nitrogen limited
heterotrophic media supplemented with sucrose.

The total lipid concentration was measured using Nile Red Stain at 6 different nitrogen
concentrations; 0 mM, 0.3 mM, 0.6 mM, 1.5 mM, 3 mM and 30 mM of KNO3. Each experiment
was carried out in triplets. The values plotted are mean ± S.D., n = 3. The means at each
concentrations were analyzed by Bonferroni (Dunn) Multiple Comparison t-test at α = 0.05.
Means with the same letter are not significantly different.
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Figure 42: Lipid cell content in Chlorella kessleri grown in nitrogen limited heterotrophic media
supplemented with sucrose.

The lipid cell content was calculated at 6 different nitrogen concentrations; 0 mM, 0.3 mM, 0.6
mM, 1.5 mM, 3 mM and 30 mM of KNO3. Each experiment was carried out in triplets. The
values plotted are mean ± S.D., n = 3.
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Figure 43: Total lipid concentration in Chlorella kessleri grown in phosphorus limited
heterotrophic media supplemented with sucrose media.

The total lipid concentration was measured using Nile Red Stain at 6 different phosphorus
concentrations; 0 mM, 0.05 mM, 0.1 mM, 0.25 mM, 0.5 mM and 5 mM of KH2PO4. Each
experiment was carried out in triplets. The values plotted are mean ± S.D., n = 3. The means at
each concentrations were analyzed by Bonferroni (Dunn) Multiple Comparison t-test at α = 0.05.
Means with the same letter are not significantly different.
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Figure 44: Lipid cell content in Chlorella kessleri grown in phosphorus limited heterotrophic
media supplemented with sucrose.

The lipid cell content was calculated at 6 different phosphorus concentrations; 0 mM, 0.05 mM,
0.1 mM, 0.25 mM, 0.5 mM and 5 mM of KH2PO4. Each experiment was carried out in triplets.
The values plotted are mean ± S.D., n = 3.

102

Total Lipid Concentration (mg mL-1)

Total Lipid Concentration In Chlorella kessleri
Grown in Sucrose-Heterotrophic Media at Different
Iron Concentrations
20
18

a, b

b

a

a, b

a, b

a

0 μM

0.2 μM

0.4 μM

1 μM

2 μM

20 μM

16
14
12
10
8

6
4
2
0

Concentration of Iron
Total Lipid Concentration

Figure 45: Total lipid concentration in Chlorella kessleri grown in iron limited heterotrophic
media supplemented with sucrose.

The total lipid concentration was measured using Nile Red Stain at 6 different iron
concentrations; 0 uM, 0.2 uM, 0.4 uM, 1 uM, 2 uM and 20 uM of FeCl3. Each experiment was
carried out in triplets. The values plotted are mean ± S.D., n = 3. The means at each
concentrations were analyzed by Bonferroni (Dunn) Multiple Comparison t-test at α = 0.05.
Means with the same letter are not significantly different.

103

Lipid Cell Content in Chlorella kessleri Grown in
Sucrose-Heterotrophic Media at Different Iron
Concentrations
Lipid Cell Content (mg g-1 DCW)

40

20

0
0 μM

0.2 μM

0.4 μM

1 μM

2 μM

20 μM

Concentration of Iron
Lipid Cell Content

Figure 46: Lipid cell content in Chlorella kessleri grown in iron limited heterotrophic media
supplemented with sucrose.

The lipid cell content was calculated at 6 different iron concentrations; 0 uM, 0.2 uM, 0.4 uM, 1
uM, 2 uM and 20 uM of FeCl3. Each experiment was carried out in triplets. The values plotted
are mean ± S.D., n = 3.

104

Total Lipid Concentration in Chlorella kessleri Grown
in Sucrose-Heterotrophic Media at Different
Phosphorus and Iron Concentrations
Total Lipid Concentration (mg mL-1)

30

25

a
b

b,c

20

d, c

d,e

e

15

10

5

0
0%

1%

2%

5%

10%

100%

Concentration of Phosphorus and Iron
Total Lipid Concentration

Figure 47: Total lipid concentration in Chlorella kessleri grown in phosphorus and iron limited
heterotrophic media supplemented with sucrose.

The total lipid concentration was measured using Nile Red Stain at 6 different phosphorus and
iron concentrations; 0% = 0 mM KH2PO4 and 0 mM FeCl3, 1% = 0.05 mM KH2PO4 and 0.2 uM
FeCl3, 2% = 0.1 mM KH2PO4 and 0.4 uM FeCl3, 5% = 0.25 mM KH2PO4 and 1 uM FeCl3 and
10% = 0.5 mM KH2PO4 and 2 uM FeCl3. Each experiment was carried out in triplets. The values
plotted are mean ± S.D., n = 3. The means at each concentrations were analyzed by Bonferroni
(Dunn) Multiple Comparison t-test at α = 0.05. Means with the same letter are not significantly
different.

105

Lipid Cell Content in Chlorella kessleri Grown in
Sucrose-Heterotrophic Media at Different
Phosphorus and Iron Concentrations
Lipid Cell Content (mg g-1 DCW)

180
160
140
120
100
80
60
40
20

0
0%

1%

2%

5%

10%

100%

Concentration of Phosphorus and Iron
Lipid Cell Content

Figure 48: Lipid cell content in Chlorella kessleri grown in phosphorus and iron limited
heterotrophic media supplemented with sucrose.

The lipid cell content was calculated at 6 different phosphorus and iron concentrations different
phosphorus and iron concentrations; 0% = 0 mM KH2PO4 and 0 mM FeCl3, 1% = 0.05 mM
KH2PO4 and 0.2 uM FeCl3, 2% = 0.1 mM KH2PO4 and 0.4 uM FeCl3, 5% = 0.25 mM KH2PO4
and 1 uM FeCl3 and 10% = 0.5 mM KH2PO4 and 2 uM FeCl3. Each experiment was carried out
in triplets. The values plotted are mean ± S.D., n = 3.
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Figure 49: Total lipid concentration in Chlorella kessleri grown in nitrogen limited
heterotrophic media supplemented with Big Blue Stem Hydrosylate.

The total lipid concentration was measured using Nile Red Stain at 6 different nitrogen
concentrations; 0 mM, 0.3 mM, 0.6 mM, 1.5 mM, 3 mM and 30 mM of KNO3. Each experiment
was carried out in triplets. The values plotted are mean ± S.D., n = 3. The means at each
concentrations were analyzed by Bonferroni (Dunn) Multiple Comparison t-test at α = 0.05.
Means with the same letter are not significantly different.
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Figure 50: Lipid cell content in Chlorella kessleri grown in nitrogen limited heterotrophic media
supplemented with Big Blue Stem Hydrosylate.

The lipid cell content was calculated at 6 different nitrogen concentrations; 0 mM, 0.3 mM, 0.6
mM, 1.5 mM, 3 mM and 30 mM of KNO3. Each experiment was carried out in triplets. The
values plotted are mean ± S.D., n = 3.
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Figure 51: Total lipid concentration in Chlorella kessleri grown in phosphorus limited
heterotrophic media supplemented with Big Blue Stem Hydrosylate.

The total lipid concentration was measured using Nile Red Stain at 6 different phosphorus
concentrations; 0 mM, 0.05 mM, 0.1 mM, 0.25 mM, 0.5 mM and 5 mM of KH2PO4. Each
experiment was carried out in triplets. The values plotted are mean ± S.D., n = 3. The means at
each concentrations were analyzed by Bonferroni (Dunn) Multiple Comparison t-test at α = 0.05.
Means with the same letter are not significantly different.
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Figure 52: Lipid cell content in Chlorella kessleri grown in phosphorus limited heterotrophic
media supplemented with Big Blue Stem Hydrosylate.

The lipid cell content was calculated at 6 different phosphorus concentrations; 0 mM, 0.05 mM,
0.1 mM, 0.25 mM, 0.5 mM and 5 mM of KH2PO4. Each experiment was carried out in triplets.
The values plotted are mean ± S.D., n = 3.
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Figure 53: Total lipid concentration in Chlorella kessleri grown in phosphorus and iron limited
heterotrophic media supplemented with Big Blue Stem Hydrolysate.

The total lipid concentration was measured using Nile Red Stain at 6 different phosphorus and
iron concentrations different phosphorus and iron concentrations; 0% = 0 mM KH2PO4 and 0
mM FeCl3, 1% = 0.05 mM KH2PO4 and 0.2 uM FeCl3, 2% = 0.1 mM KH2PO4 and 0.4 uM FeCl3,
5% = 0.25 mM KH2PO4 and 1 uM FeCl3 and 10% = 0.5 mM KH2PO4 and 2 uM FeCl3. Each
experiment was carried out in triplets. The values plotted are mean ± S.D., n = 3. The means at
each concentrations were analyzed by Bonferroni (Dunn) Multiple Comparison t-test at α = 0.05.
Means with the same letter are not significantly different.
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Figure 54: Lipid cell content in Chlorella kessleri grown in phosphorus and iron limited
heterotrophic media supplemented with Big Blue Stem Hydrolysate.

The lipid cell content was calculated at 6 different phosphorus and iron concentrations different
phosphorus and iron concentrations; 0% = 0 mM KH2PO4 and 0 mM FeCl3, 1% = 0.05 mM
KH2PO4 and 0.2 uM FeCl3, 2% = 0.1 mM KH2PO4 and 0.4 uM FeCl3, 5% = 0.25 mM KH2PO4
and 1 uM FeCl3 and 10% = 0.5 mM KH2PO4 and 2 uM FeCl3. Each experiment was carried out
in triplets. The values plotted are mean ± S.D., n = 3.
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Figure 55: Comparison of total lipid content in phosphorus and phosphorus-iron limited
heterotrophic (sucrose) conditions.

Total Lipid Content at each concentration of phosphorus and phosphorus-iron is compared in
sucrose supplemented heterotrophic conditions. The two means at each concentrations did not
differ significantly when compared by t-test, α = 0.05
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Figure 56: Comparison of total lipid content in phosphorus and phosphorus-iron limited
heterotrophic (Big Blue Stem Hydrolysate) conditions.

Total Lipid Content at each concentration of phosphorus and phosphorus-iron is compared in Big
Blue Stem hydrolysate supplemented heterotrophic conditions. The two means at each
concentrations did not differ significantly when compared by t-test, α = 0.05
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Figure 57: Comparison of Total Lipid Content in Nitrogen Limited Autotrophic and
Heterotrophic (Sucrose) Conditions

Total Lipid Content at each concentration of nitrogen is compared between autotrophic and
sucrose supplemented heterotrophic conditions. The two means at each concentrations were
significantly different when compared by t-test, α = 0.05

115

Comparison of Total Lipid Content in Nitrogen
Limited Autotrophic and Heterotrophic (Big Blue
Stem Hydrolysate) Conditions
Total Lipid Content (mg mL-1)

25

20

15

10

5

0
0

0.3

0.6

1.5

3

30

Concentration of Nitrogen (mM)
Autotrophic Nitrogen

Heterotrophic Nitrogen

Figure 58: Comparison of Total Lipid Content in Nitrogen Limited Autotrophic and
Heterotrophic (Big Blue Stem Hydrolysate) Conditions

Total Lipid Content at each concentration of nitrogen is compared between autotrophic and Big
Blue Stem hydrolysate supplemented heterotrophic conditions. The two means at each
concentrations were significantly different when compared by t-test, α = 0.05
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Figure 59: Comparison of Total Lipid Content in Nitrogen Limited Autotrophic and Phosphorus
Limited Heterotrophic (Sucrose) Conditions

Total Lipid Content at each concentration of phosphorus is compared between autotrophic and
sucrose supplemented heterotrophic conditions. The two means at each concentrations were
significantly different when compared by t-test, α = 0.05.
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Figure 60: Comparison of Total Lipid Content in Nitrogen Limited Autotrophic and Phosphorus
Limited Heterotrophic (Big Blue Stem Hydrolysate) Conditions

Total Lipid Content at each concentration of phosphorus is compared between autotrophic and
Big Blue Stem hydrolysate supplemented heterotrophic conditions. The two means at each
concentrations were significantly different when compared by t-test, α = 0.05.
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APPENDIX B
Table 2: Protease Media

Component

Amount

Stock Solution
concentration

Final
Concentration

NaNO3

10 mL/L

10 g/ 400 mL dH2O

2.94 mM

CaCl2. 2H2O

10 mL/L

1 g/400 mL dH2O

0.17 mM

MgSO4 · 7H2O

10 mL/L

3 g/400 mL dH2O

0.3 mM

K2HPO4

10 mL/L

3 g/400 mL dH2O

0.43 mM

KH2PO4

10 mL/L

7 g/400 mL dH2O

1.29 mM

NaCl

10 mL/L

1g/400 mL dH2O

0.43 mM

Add 5 grams proteose peptone to one-liter media
Retrieved from (http://web.biosci.utexas.edu/utex/mediaDetail.aspx?mediaID=65)
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APPENDIX B (continued)

Table 3: Modified composition (Weinstein and Beale 1985), Autotrophic media
Ingredient

Final Concentration (mM)

KNO3

30.0

MgSO4 · 7H2O

5.0

KH2PO4

5.0

CaCl2. 2H2O

0.1

The following ingredients are added from a 1000- fold
concentrate (µm)

Na4EDTA

20.0

Na2EDTA. 2H2O

20.0

FeCl3. 6H2O

20.0

MnCl2. 4H2O

10.0

ZnSO4· 7H2O

10.0

H3BO3

1.0

CuSO4· 5H2O

1.0

Na3VO4

1.0

(NH4)6Mo7O24· 4H2O

1.0 (as Mo)

CoCl2· 6H2O

0.1

All of the ingredients are mixed and autoclaved together. The final pH is approximately 4.4.
pH was adjusted to 7.0 before inoculation
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APPENDIX B (continued)

Table 4: Heterotrophic growth media (Weinstein & Beale, 1985)
Ingredient

Final Concentration (mM)

C6H12O6 (carbon source)

50.0

KNO3

30.0

MgSO4 · 7H2O

5.0

KH2PO4

5.0

CaCl2. 2H2O

0.1

The following ingredients are added from a 1000- fold
concentrate (µm)

Na4EDTA

20.0

Na2EDTA. 2H2O

20.0

FeCl3. 6H2O

20.0

MnCl2. 4H2O

10.0

ZnSO4· 7H2O

10.0

H3BO3

1.0

CuSO4· 5H2O

1.0

Na3VO4

1.0

(NH4)6Mo7O24· 4H2O

1.0 (as Mo)

CoCl2· 6H2O

0.1

All of the ingredients are mixed and autoclaved together. The final pH is approximately 4.4
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APPENDIX B (continued)

Table 5: Technical properties of Biodiesel

Properties of Biodiesel
Common Name

Biodiesel

Chemical Name

Fatty Acid (m)ethyl ester

Chemical formula range

C14-C24 methyl esters or C15-25H28-42O2

Kinematic viscosity (mm2/s,
at 313K)

3.3 – 5.2

Density range (kg/m3 , at
288 K)

860-894

Boiling point range (K)

>475

Flash point range (K)

420-450

Distillation Range (K)

470-600

Vapor pressure (mm Hg, at
295 K)

<5

Solubility in water

Insoluble

Physical appearance

Light to dark yellow, clear liquid

Odor

Light musty/ Soapy odor

Biodegradability

More biodegradable than petroleum diesel

Reactivity

Stable, but avoid strong oxidizing agents
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