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ABSTRACT 

 

 

Microalgae are capable of accumulating high levels of lipids and starch as carbon 

storage compounds.  Investigation into the metabolic activities involved in the synthesis 

of these compounds has escalated since these compounds can be used as precursors for 

food and fuel.  This dissertation represents the summary of work completed to evaluate 

factors that control and stimulate triacylglycerol (TAG) accumulation in microalgae, and 

demonstrate the use of sodium bicarbonate as a chemical additive to induce TAG 

accumulation.  Two Chlorophytes, Scenedesmus sp. WC-1 and Coelastrella sp. PC-3, 

were analyzed in pH buffered systems to determine the effect of pH on growth and TAG 

accumulation, both with and without nitrate deplete conditions.  Medium nitrate and pH 

were found to be independent stress mechanisms and the causal effects of each were 

determined.  Growth and TAG accumulation was optimized on the Chlorophyte 

Scenedesmus sp. WC-1 and the addition of bicarbonate was shown to arrest cellular 

replication and induce an elevated TAG accumulation rate.  Thus, decreasing the total 

culturing time required for TAG production by half.  To ascertain whether the addition of 

bicarbonate would give similar results in other algae, the marine diatom Phaeodactylum 

tricornutum Pt-1 and the model Chlorophyte Chlamydomonas reinhardtii were evaluated 

similar to WC-1.  C. reinhardtii showed a cessation of the cell cycle with bicarbonate 

addition while P. tricornutum Pt-1 did not.  However, the addition of bicarbonate was 

shown to induce lipid accumulation in both organisms.  This demonstrates the broad use 

of bicarbonate as a means of inducing TAG accumulation in microalgae (Chlorophytes 

and diatoms, freshwater or marine).
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CHAPTER 1  

 

 

PROJECT INTRODUCTION 

Problem Description 

The industrialized world’s energy use is primarily composed of two sectors, 

electricity and carbon-containing fuels.  The electrical sector accounts for 33% of total 

global energy, while fuels account for 66% (Schenk et al. 2008).  Historically, alternative 

energy research has focused on the electrical sector with advancements in wind, solar, 

nuclear, and hydroelectric generation among others.  Alternatively, there has been first 

generation research completed for the renewable fuels sector focusing on biological 

ethanol, diesel, methane, and hydrogen production.  However, the primary infrastructure 

for transportation fuels and specialty chemical substrates is still derived from petroleum 

based resources, and it is predicted that the world’s energy use will continue to increase 

1.7% annually to reach a level of 15 billion tons per year oil equivalent by 2030 (Bilgen 

et al. 2004).  Price escalation is unavoidable for this nonrenewable natural resource which 

contributes to global strife over natural petroleum deposits or advocates higher risk 

drilling which can have adverse environmental consequences, as evident by the recent 

gulf oil disaster.   

Additionally, society has become more aware of atmospheric carbon dioxide 

levels due to increased concern with global warming.  In fact, fossil fuels consumed in 

1997 contained 44 x 10
18

 g of carbon which is 400 times the amount of carbon fixed by 

the global biota (Dukes 2003).  Clearly, if current practices and trends continue, energy 



 

 

2 

resources will continue to diminish and environments will be destroyed in an effort to 

supply these sources (Brown 2006).  Therefore, advancement in second generation 

renewable biofuels is of great strategic and environmental importance. 

Overview of a Possible Solution 

Biodiesel, defined as fatty acid methyl esters (FAME) derived from plant, animal, 

or algal lipids, is an attractive option as an alternative for portions of our current 

petroleum dependency.  Hill’s life cycle analysis suggests that biodiesel can yield 90% 

more energy than input requirements verses 25% for ethanol production (Hill et al. 2006).  

Additionally, this life cycle analysis noted less nitrogen, phosphorus, and pesticide 

release, and a 41% reduction in greenhouse gas emission compared to ethanol.  Further, 

in contrast to fuel derived from TAGs, ethanol cannot be used in jet or diesel engines 

(Cunningham 2007).  These benefits are further enhanced when precursor TAG is 

produced by microalgae as compared to plant sources due to microalgae having total oil 

content potentially up to 80% of its dry weight (this is much higher than expected to 

achieve on a large scale, 50% is far more likely), whereas plants have around 5% oil 

content (Banerjee et al. 2002; Benemann and Oswald 1996; Chisti 2007; Chisti 2008; 

Sheehan et al. 1998).  Furthermore, algal derived fuel is near carbon-neutral due to 

photosynthetic CO2 sequestration and typically microalgae exhibit high photon 

conversion efficiency which translates into increased biomass and ultimately, oil yield 

per acre (Greenwell et al. 2010; Schenk et al. 2008). 

An additional criterion mediating feasibility of a renewable fuel source is the 

ability to maintain stability of agricultural crop acreage.  Because microalgae have 
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considerable physiological diversity and can inhabit marine environments as well as 

hypersaline, brackish, and high alkalinity waters (Hu et al. 2008), traditional food crop 

acreage can be avoided for use in biodiesel production.  Of particular interest is the use of 

alkaliphilic algae to circumvent potential limitations in large-scale algal production.  

Specifically tailored high pH systems may decrease microbial contamination, allow for 

use of non-potable water, and should facilitate higher mass transfer of carbon dioxide. 

The feasibility of producing biodiesel from algal derived TAG feedstock was 

original evaluated with the US Department of Energy’s Aquatic Species Program in the 

1980s (Sheehan et al. 1998), and one of the major goals was the identification of the so-

called “lipid trigger”.  This would be a set of circumstances or the production of a 

signaling molecule that controlled lipid synthesis or accumulation. No new definitive 

answers were found (growth medium nitrogen limitation was already known), but there 

were indications that interference of the algal cell cycle by monofluoroacetic acid or 

elevated medium pH were possible candidates, albeit for a single algal species - i.e. 

Chlorella Chlor-1 (Guckert and Cooksey 1990; Thomas 1990).  Research on TAG 

accumulation or inhibiting the cell cycle has continued and has focused on nitrogen in the 

growth medium (Flynn et al. 1992; Flynn et al. 1993; Mandal and Mallick 2009; Shen et 

al. 2009; Shen et al. 2010; Woertz et al. 2009; Yu et al. 2009), phosphate (Yongmanitchai 

and Ward 1991), iron (Allen et al. 2008; Price 2005), and silica limitation (Martin-

Jezequel et al. 2000; Yu et al. 2009), along with coupling pH and nitrogen limitation 

(Gardner et al. 2011).  Additional research has focused on genetic engineering of 

microalgae to enhance lipid accumulation (Greenwell et al. 2010; Li et al. 2010; Martino 
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et al. 2007; Merchant et al. 2011; Roessler et al. 1994; Wang et al. 2009; Work et al. 

2010).  However, a simple non-genetically modified answer to the so-called “lipid 

trigger” has not been realized until this work, which uses sodium bicarbonate to  elevate 

dissolved inorganic carbon concentration, increase pH to stop cell cycling (in 

Chlorophytes) and induce TAG accumulation. 

Aims 

This dissertation is the summary of the work completed to evaluate factors that 

control and stimulate TAG accumulation in microalgae.  The goals of this project were 

the following: 

(i) Screen two Chlorophyta for high pH-induced TAG accumulation and delayed 

cell cycling. 

(ii) Combine high pH and nitrate depletion induced TAG accumulation for two 

Chlorophyta to demonstrate elevated TAG when these conditions are attained 

in concert and to differentiate the effects of each. 

(iii) Optimize growth of Scenedesmus sp. WC-1 and demonstrate TAG 

accumulation following bicarbonate addition. 

(iv) Determine the nitrogen requirements for bicarbonate induced TAG 

accumulation. 

(v) Screen the bicarbonate induced TAG accumulation on the marine diatom 

Phaeodactylum tricornutum, and to confirm nitrogen dependency. 

(vi) Evaluate the use of bicarbonate as an inorganic substrate during TAG and 

starch accumulation on the model Chlorophyte Chlamydomonas reinhardtii. 
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Outline of Technical Content 

The remainder of this dissertation documents work done to demonstrate and 

develop a bicarbonate-induced trigger to shift algae into an elevated TAG accumulation 

state.  Background information and forethought was achieved by analyzing the 

differential effects of pH and nitrate depletion on TAG accumulation in Chlorophytes and 

separates the causal effects of this phenomenon, i.e. nitrogen depletion in the growth 

medium versus pH changes (Chapter 1).  Two different green algae, a Coelastrella sp. 

and a Scenedesmus sp. WC-1, were used to expand on previous work by Guckert and 

Cooksey (1990) concerning pH effects (Gardner et al. 2011).  These algae contrast each 

other in that one was isolated from a near neutral pH source, while the other was isolated 

from an alkaline stream.  Growth rates and TAG accumulation were evaluated at pH 

conditions ranging from 7-11, and combined pH-induced and nitrate deprivation induced 

TAG accumulation was investigated by studying high pH systems under different initial 

nitrate concentrations.  This advanced the current knowledge of nitrate depletion effects 

(Li et al. 2008; Mandal and Mallick 2009; Shen et al. 2009; Shen et al. 2010; Stephenson 

et al. 2010). 

From that work, a control point for TAG accumulation was identified and further 

focus directed at elucidating this control point resulted in the discovery of using 

bicarbonate as a chemical trigger that stops cellular replication in Chlorophytes, and 

induces TAG accumulation (Chapter 2).  Bicarbonate induced TAG accumulation was 

shown to work on Chlorophytes and diatoms, both marine and freshwater, demonstrating 

induction of TAG accumulation across a broad spectrum of algae.  Two different algae, a 
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Chlorophyte Scenedesmus sp. WC-1 and the marine diatom Phaeodactylum tricornutum, 

were used to show the different responses between Chlorphytes and diatoms (Gardner et 

al. 2012a).  As a means of advancing the knowledge of the bicarbonate trigger, the model 

organism Chlamydomonas reinhardtii (Merchant et al. 2011) was chosen for a 

comprehensive evaluation of TAG accumulation under high and low concentrations of 

CO2 and with bicarbonate as the inorganic carbon substrate (Chapter 3). 

Each technical chapter in this dissertation will include an abstract, and 

introductory, methodology, results, discussion, and concluding sections.  Following these 

chapters is a project conclusion chapter, discussing future applications and related work, 

and a reference list of the literature cited in this dissertation.  Ending the dissertation are 

Appendices containing raw data and additional information for further studies using 

bicarbonate to induce TAG accumulation in microalgae. 
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Abstract 

 Algal-derived biodiesel is of particular interest because of factors including: the 

potential for a near carbon-neutral life cycle, the prospective ability for algae to capture 

carbon dioxide generated from coal, and algae’s high per acre yield potential.  Our group 

and others have shown that nitrogen limitation, and for a single species of Chlorella, a 

rise in culture medium pH yields triacylglycerol (TAG) accumulation.  To solidify and 

expand on these triggers, the influence and interaction of pH and nitrogen concentration 

on lipid production was further investigated on Chlorophyceae Scenedesmus sp. and 

Coelastrella sp..  Growth was monitored optically and TAG accumulation was monitored 

by Nile Red fluorescence and confirmed by gas chromatography.  Both organisms grew 

in all treatments and TAG accumulation was observed by two distinct conditions: high 

pH and nitrogen limitation.  The Scenedesmus sp. was shown to grow and produce lipids 

to a larger degree in alkaliphilic conditions (pH > 9) and was used to further investigate 

the interplay between TAG accumulation from high pH and/or nitrate depletion.  Results 

given here indicate that TAG accumulation per cell, monitored by Nile Red fluorescence, 

correlates with pH at the time of nitrate depletion.   

Key words 

Triacylglycerol (TAG), Fatty Acid Methyl Ester (FAME), Nile Red Fluorescence, 

Nile Red Specific Fluorescence, Chlorophyta 
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Introduction 

Advancement in second generation renewable biofuels is of great importance 

environmentally, as well as strategically (Bilgen et al. 2004; Brown 2006; Dukes 2003; 

Schenk et al. 2008).  Biodiesel and biojet fuel defined as fatty acid methyl esters (FAME) 

derived from plant, animal, or algal triacylglycerol (TAG), are attractive options as an 

alternative for portions of our current petroleum dependency.  Hill’s recent life cycle 

analysis suggests that biodiesel can yield 90% more energy than input requirements 

verses 25% for ethanol production (Hill et al. 2006).  Additionally, this life cycle analysis 

noted less nitrogen, phosphorus, and pesticide release, and a 41% reduction in 

greenhouse gas emission compared to ethanol.  Further, ethanol cannot be used in jet or 

diesel engines, whereas fuel derived from TAGs can (Cunningham 2007).  These benefits 

are further enhanced when precursor TAG is produced by microalgae as compared to 

plant sources. Microalgae can potentially have up to 80% of its dry weight as oil (this is 

much higher than we expect to achieve, 50% is far more likely), whereas plants such as 

soybean and oil palm have around 5% oil content (Banerjee et al. 2002; Benemann and 

Oswald 1996; Chisti 2007; Chisti 2008; Sheehan et al. 1998).  Furthermore, algal/plant 

derived fuel is potentially near carbon neutral due to photosynthetic CO2 sequestration 

and typically microalgae exhibit high photon conversion efficiency which translates into 

increased biomass and ultimately, oil yield per acre (Greenwell et al. 2010; Lardon et al. 

2009; Schenk et al. 2008). 

An additional criterion mediating feasibility of a renewable fuel source is the 

ability to maintain stability of agricultural crop acreage.  Because microalgae have 



 

 

11 

considerable physiological diversity and can inhabit marine environments as well as 

hypersaline, brackish, and high alkalinity waters (Hu et al. 2008), traditional food crop 

acreage can be avoided for use in biofuel production.  Of particular interest is the use of 

alkaliphilic algae to circumvent potential limitations in large-scale algal production.  

Specifically tailored high pH systems may decrease microbial contamination, allow for 

use of non-potable water, and should facilitate higher mass transfer of carbon dioxide. 

The work presented here compares growth and TAG accumulation in two 

different green algae, a Coelastrella sp. and a Scenedesmus sp..  These algae differ from 

each other in that one was isolated from a near neutral pH source, while the other was 

isolated from an alkaline stream (pH 8.7).  Growth rates and TAG accumulation were 

evaluated at pH conditions ranging from 7-11.  Guckert and Cooksey originally observed 

elevated pH leading to cellular TAG accumulation.  However, their studies were done on 

a single species of Chlorella and their cultures were not incubated until nitrate depletion 

(Guckert and Cooksey 1990).  Here we expand on that previous work concerning 

apparent pH effects on cellular TAG accumulation, which lends evidence to generalizing 

the pH-induced TAG accumulation across Chlorophyta.  Furthermore, separate and 

independent TAG accumulating factors are identified by incubating the high pH cultures 

until nitrate depletion occurs. 

Combined pH-induced TAG accumulation and nitrate depletion induced TAG 

accumulation was further investigated by studying high pH systems under different initial 

nitrate concentrations, advancing current knowledge of nitrate depletion effects (Li et al. 

2008; Mandal and Mallick 2009; Shen et al. 2009; Shen et al. 2010; Stephenson et al. 
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2010).  Furthermore, the findings reported in this work were possible because media pH, 

nitrate, cellular density, and Nile Red fluorescence were monitored over several weeks.  

This is a more detailed approach to studying growth and TAG accumulation in alga 

cultures and sets this work apart from other studies. 

Materials and Methods 

Organism Isolation and Culture:   

Coelastrella sp. strain PC-3 (PC-3) was isolated from a CHLOR-1 culture 

obtained from the Hawaii Culture Collection (University of Hawaii, Honolulu, Hawaii).  

The CHLOR-1 culture was streaked onto Bold’s basal medium plates and was discovered 

to comprise multiple morphotypes.  Six strains were isolated (PC-2 to PC-7) and 

confirmed unialgal via SSU 18S rDNA gene sequences.  Phenotypic variation was further 

investigated by monitoring growth responses, pH shifts, and lipid accumulation.  

Genotypic variation was determined with repPCR-based genomic fingerprinting with 

random primers (OPA09, OBB04, and OPF07) (Fields and Justin, unpublished results).  

Based on physiological and fingerprinting responses, the six isolated strains were 

differentiated into three distinct groups.  Molecular sequence alignment of PC-3 (18S 

RNA, 1658 bp) showed 99% homology with Coelastrella saipanensis.   

Scenedesmus sp. strain WC-1 (WC-1) was isolated from an alkaline stream in 

Yellowstone National Park (pH 8.7) using agar plates (Bold’s basal Medium) and 

confirmed to be unialgal using SSU 18S RNA gene sequencing.  Molecular sequencing 

of WC-1 revealed 100% alignment (1676 bp) with Scenedesmus obliquus X56103. Both 

organisms were checked for bacterial contamination by inoculation into Bold’s basal 
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Medium supplemented with 0.05% yeast extract and 0.05% glucose and incubated in the 

dark.   

Both PC-3 and WC-1 were grown on Bold’s basal medium with pH adjusted to 

6.8 and 8.7, for PC-3 and WC-1, respectively (Nichols and Bold 1965).  This medium 

was modified using 25 mM biological pH buffers, including HEPES (N-2-

hydroxyethylpiperazine-N’-2-ethane-sulfonic acid, pKa 7.4), CHES (2-[N-

cyclohexylamino]-ethane-sulfonic acid, pKa 9.3), and CAPS (3-[Cyclohexylamino]-1-

propane-sulfonic acid, pKa 10.4) (Sigma-Aldrich Chemical Company), and the initial pH 

was set to the pKa of the buffer.  Biological cultures in triplicate were grown in batch on 

100 mL medium in 250 mL flasks shaken at 100 rpm to keep cells in suspension.  The 

conditions used were 27°C in a lighted incubator (Percival Scientific, 1-36LLVLX) under 

continuous illumination (75 µmoles m
-2 

s
-1

).  The 250 mL flasks were covered with a 

stainless steel solid vent cap (Corning) for PC-3 or a modified vent cap in which the top 

area was bored out and covered with sterile wrap (Kimberly-Clark, 19-029-880) to 

increase gas transport for WC-1.  Additionally, due to the increased gas transport in the 

modified caps, evaporation was shown to affect WC-1 experimental results significantly.  

Therefore, a sacrificial flask containing media was incubated alongside WC-1, which was 

weighed at each sample time to quantify evaporation.   Filter sterilized ultrapure water 

(18 MΩ) was added to the incubated WC-1 samples to offset evaporative losses.  After 

initial findings from the pH dependent experiments described above, WC-1 was grown in 

unbuffered and CAPS buffered Bold’s basal medium with 90 and 360 mg L
-1

 nitrate 

(1.45 mM and 5.8 mM, respectively) to elucidate the individual effects of pH and nitrate 
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depletion on TAG accumulation.  Cell concentrations were counted directly using an 

optical hemacytometer with a minimum of 400 cells counted for statistical reliability.  

Micrographs of cell morphology were taken using a transmitted light microscope (Nikon 

eclipse E800) with an Infinity 2 color camera. 

Analysis of Media Components:   

Medium pH was measured on samples using a standard bench top pH meter.  

Concentrations of phosphate, sulfate, and nitrate were measured by ion chromatography 

(IC) using an IonPac AS9-HC Anion-Exchange Column (Dionix) with a 9.0 mM sodium 

carbonate buffer set at a flow rate of 1.0 mL min
-1

.  Detection was performed using a 

CD20 conductivity detector (Dionix) at 21°C, and IC data were analyzed on Dionix 

PeakNet 5.2 software.  Phosphate and sulfate concentrations were measured by IC to 

confirm they were in excess during experimentation. 

Lipid Analysis: 

Cellular TAG accumulation was estimated using the Nile Red (9-diethylamino-

5H-benzo(α)phenoxazine-5-one) (Kodak) fluorescence method developed by Cooksey et 

al (Cooksey et al. 1987).  TAG accumulation was measured over time by removing 1 mL 

aliquots from cultures and diluting with 4 mL ultrapure H2O before assaying directly with 

Nile Red (20 µL from 250 µL/mL in acetone).  Nile Red fluorescence was quantified on 

a microplate reader (Bio-Tek instruments Inc.) utilizing 480/580 nm excitation/emission 

filters.  A baseline sensitivity setting of 75 was experimentally determined to maximize 

the signal-to-noise ratio while ensuring excess span range to accommodate fluorescent 

level changes over 10,000 units.  Black walled 96-well plates, to minimize fluorescence 
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spillover, were loaded with 200 µL of sample.  Unstained samples were used for 

background medium and cellular autofluorescence correction.  Cooksey (Cooksey et al. 

1987) showed that the Nile Red intensity shifts with time for different algal strains.  This 

was recently reconfirmed by Elsey (2007) (Elsey et al. 2007).  Therefore, PC-3 and WC-

1 Nile Red fluorescence was measured over time to determine that measurement times of 

30 min and 60 min were optimum for PC-3 and WC-1, respectively.  These assay times 

were used for the Nile Red assay throughout the experiments.  Nile Red specific 

fluorescence was calculated by dividing the Nile Red fluorescence signal by the cellular 

density and then scaling with 10,000 to yield numbers ranging from 0 – 100; the scaling 

factor was simply chosen to avoid decimal numbers. 

Cells were harvested at the end of incubation by centrifugation (4000x g for 10 

min) and filtered using 1 µm glass fiber filters (Fischer Scientific) to collect the biomass.  

Algal cells were dried, approximately 18 hours, on the filter in a 60°C oven until the filter 

weight was constant.  Dry cell weight (DCW) yields were calculated prior to lipid 

extraction by subtracting the dry weight of the clean filter from the oven dried weight of 

the filter with biomass.  Algal TAG was extracted using a 1:1:1 

chloroform:hexane:tetrahydrofuran triple solvent extraction technique (Barney, personal 

communication).  Dry cell mass (~100 mg) was loaded into a glass test tube containing 5 

ml of the triple solvent solution.  The biomass/solvent mixture was sonicated three times 

in 10 second increments and was centrifuged (1380x g) for approximately 1 min, after 

which the solvent was collected in an Ichem style bottle (VWR).  Another 5 mL triple 

solvent was added to the biomass, and the sonication, centrifugation, and solvent 
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collection steps were repeated.  After three successive rounds of extraction, the final 

volume in the Ichem bottle was brought to 15 mL with the triple solvent mixture.  From 

the 15 mL extract, 1 mL was dispensed into a 1.5 mL autosampler vial with screw cap 

and a Teflon septum.   To this 1 mL, 10 µL octacosane (10 mg in 1 mL triple solvent) 

was added as an internal standard and 50 µL MSTFA (N-Methyl-N-

(trimethylsilyl)trifluoroacetamide) (Fisher) was added as a silylation agent.  MSTFA is 

trimethylsilyl donor which replaces labile hydrogen atoms on the carboxyl terminus of 

free fatty acids with a –Si(CH3)3 group.  These silylated samples were analyzed on gas 

chromatograph using 1 µL injections (GC), flame ionization detection (GC-2010 

Shimadzu) Column temperature was increased from 60°C to 370°C at a rate of 10°C min
-

1
 with a 60°C initial injection temperature.  Helium was used as the carrier gas and 

column pressure and flow were 33.3 kPa and 2.53 mL min
-1

, respectively.  The column 

used was a 10 m (fused silica) RTX biodiesel (Restek) which has a film thickness of 0.1 

µm.  This GC method allows for quantification of hydrocarbons, free fatty acids, fatty 

acid methyl esters, monoacylglycerol, diacylglycerol, and triacylglycerol in a single 

analysis.  TAG calibration curves were constructed using triolein and tripalmitin such 

that the peak areas, for each respective standard, were combined for quantification, r
2
 > 

0.99.  The resulting chromatograms showed multiple peaks (3 or 4 primary peaks and 

more secondary peaks) in the TAG retention time frame (28 - 34 min). This approach 

incorporated signal from TAG with variable fatty acid composition.  

To identify individual free fatty acids and hydrocarbons of the cultures, 15 mL 

extract was concentrated to 5 mL in an argon stream.  One mL was removed and10 µL 
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octacosane was added as internal standard and analyzed directly with 1 µL injections on a 

GC mass spectrometer (Shimadzu, GCMS-QP20105) where the temperature was ramped 

at 10°C min
-1

 from 60°C to 340°C, the ion source temperature was 200°C. The same 10 

m (fused silica) RTX biodiesel (Restek) as described above was used with a column 

pressure of 149.8 kPa and total flow of 28.5 mL min
-1

.    

To identify the primary fatty acid constituents comprising the TAG molecules, the 

concentrated 5 mL extract was further concentrated until the triple solvent was fully 

volatilized, after which, the residue was resuspended in 1 mL methanol with 18 µL 

concentrated sulfuric acid.  This mixture was treated in a microwave reactor (Discovers 

CEM microwave), 150 W, at 125°C for 20 minutes to transesterify the TAGs to FAMEs.  

One mL chloroform was added to the reaction mixture which was then washed with 2-3 

mL deionized H2O and centrifuged.  The aqueous phase was removed and another 

deionized H2O wash/centrifuge step was performed.  After which, the chloroform layer 

was removed and 10 µL octacosane internal standard was added.  GC with mass 

spectrometry as described above was used for FAME identification. 

Results and Discussion 

Growth Rates and TAG 

Accumulation in Variable pH: 

To investigate the apparent effect of pH on growth and TAG accumulation in PC-

3 and WC-1, growth was initiated in unbuffered (initial pH titrated to 6.8 and 8.7 for PC-

3 and WC-1, respectively), HEPES (pKa 7.4), CHES (pKa 9.3), and CAPS (pKa 10.4) 

buffered Bold’s basal medium.  The experimental protocol was designed to minimize 
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variation between culture treatments, with the exception of pH.  However some variables 

(e.g. light penetration into a growing culture) could not be controlled.  Therefore, our 

results show strong correlations, but may not be exclusive to other effects.  

As shown in Figure 2.1, PC-3 and WC-1 grew in all treatments.  Specifically, PC-3 grew 

over a 26 d incubation period and exhibited the highest stationary phase cell density in 

the pH 7.4 buffered medium.  PC-3 in the pH 10.3 buffered media showed a 4 d lag 

before growth ensued, and reached a lower cell density than in the other buffer 

treatments.  The rates of growth were similar for all medium treatments.  In contrast, cell 

densities for WC-1 followed two trends, the pH 7.4 and pH 9.3 buffered cultures 

exhibited the highest cell densities followed by unbuffered and the pH 10.3 buffered 

media, which produced approximately half as many cells.  Growth rates were similar for 

the different medium conditions.  All cultures were monitored until late stationary growth 

when the green cultures yellowed, corresponding with pH elevation in the medium and/or 

nitrate depletion, and were at peak TAG accumulation times before the onset of cellular 

lipid degradation or utilization. PC-3 was originally collected a from freshwater ditch 

next to a construction site in Boulder, Colorado (SERI 1986).  Here PC-3 exhibited 

optimal growth in near neutral systems which coincides with previous studies (Guckert 

and Cooksey 1990).  Furthermore, growth of PC-3 was inhibited as the medium pH 

increased, especially in systems above pH 10.  In comparison, WC-1 was isolated from 

an alkaline stream (pH 8.7 and temperature of 31.7°C) and is therefore different from 

other Scenedesmus obliquus in that they usually are grown nearer to neutrality (Makulla 

2000; Mandal and Mallick 2009; Yang and Gao 2003).  WC-1 exhibited the highest cell 
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numbers in the pH 7.4 and 9.3 buffered system.  Microscopic inspection of cultures 

revealed morphological changes between the various pH systems (Figure 2.2 

micrographs). During exponential growth under both pH 7.4 and 9.3 buffered treatments, 

WC-1 exhibited a typical Scenedesmus shape.  However the pH 7.4 buffered cultures 

revealed many small four cell clusters where the individual cells were smaller.  In 

contrast, the pH 9.3 buffered cultures exhibited much larger cells with more individual or 

two-cell groupings; however there were also a significant number of four cell-groupings 

(Figure 2.2c). Chemical composition of the growth medium, light characteristics 

(wavelengths), and predator levels has been shown to cause similar morphology changes 

in Scenedesmus species (Cepák et al. 2006; Khlebovich and Degtyarev 2005; Pickett-

Heaps and Staehelin 1975; Trainor et al. 1976).  In addition, the high pH cultures, 

unbuffered and the pH 10.3 buffered (Figure 2.2a and 2.2d, respectively), show much 

larger cells in irregular conformations.  Inspection of these cells indicates delayed 

autospore release as evident by the cell maintaining a partial separation state for an 

extended time.  This is further support of Guckert and Cooksey’s  hypothesis (Guckert 

and Cooksey 1990) that high pH caused a decrease in individual cell release from 

autospore, ultimately leading to TAG accumulation, originally investigated with 

Chlorella CHLOR-1. 
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Figure 2.1: Average cell density and standard deviation of PC-3 (a) and WC-1 (b) over 

the batch culture incubation. Growth was maintained in unbuffered (■), HEPES buffered 

(□) pKa 7.4, CHES buffered (●) pKa 9.3, and CAPS buffered (○) pKa 10.4 Bold’s basal 

medium (n=3). 

a) PC-3 

b) WC-1 
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Figure 2.2: Micrographs detailing morphology changes during growth and pH-induced 

TAG accumulation shown by Nile Red fluorescence of WC-1.  Note the typical 

appearance of a Scenedesmus sp. growth at neutral pH (c) and the larger cellular 

conformation shown at higher pH values (a, b, d, e, and f). Unbuffered (a), Nile Red 

fluorescence of unbuffered culture (b) both had pH 11.1 when micrographed, HEPES 

buffered (c) pH 7.7, CHES buffered (d) pH 9.6, and CAPS buffered (e) with Nile Red 

fluorescence of CAPS buffered (f) pH 10.6 Bold’s basal medium. 

 

Nile Red fluorescence has been correlated to cellular TAG concentrations 

(Cooksey et al. 1987; Elsey et al. 2007; Guckert and Cooksey 1990), and the Nile Red 

fluorescence of PC-3 is shown in Figure 2.3a.  Specifically, the pH 10.3 buffered system, 

which maintained pH around 10 throughout the 26 d experiment, began to show elevated 

fluorescence around 4 d.  This coincides with the lag period observed in Figure 2.1, and 

we correlate this increased fluorescence with the high pH.  After 9 days, the apparent pH-

induced fluorescence response remained approximately constant at an intensity level near 

a) (pH 11.1)  b) (pH 11.1)  c) (pH 7.7)

f) (pH 10.6)e) (pH 10.6)d) (pH 9.6)
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550 units until the experiment concluded.  Similarly, the unbuffered system began to 

exhibit an apparent pH-induced increase in fluorescence around 16 and 18 d after the pH 

of the system reached an elevated level (pH 10) at 12 d, as shown in Figure 2.3b.  

Initially the pH for the unbuffered system was set to pH 6.8, and after inoculation shifted 

to pH 6.4 at 0 d.  However, with culture incubations the pH increases, possibly due to the 

dissolved CO2 being utilized for photosynthesis.  The pH reaches 10 at 12 d, which 

would favor HCO3
- 
as the primary dissolved inorganic carbon species.  This lends 

evidence toward the cultures utilizing HCO3
-
 as a carbon source, and also hints at the 

possibility that lack of dissolved CO2 could be the cause of TAG accumulation.  

However, the exact mechanism of pH-induced TAG accumulation is not known, and may 

not be directly attributed to hydrogen ion concentration.  Herein we refer to the pH-

induced TAG accumulation affect in an apparent manner; future molecular 

experimentation will give insight into the exact mechanism. 

Additionally, as shown in Figure 2.3c, nitrate becomes depleted in the unbuffered 

system at 22 d and after which the elevated fluorescence response in the unbuffered 

system is correlated to both high pH and nitrate depletion.  However, increased 

fluorescence up to and including 22 d is correlated to only pH-induced TAG 

accumulation.  Nitrate depletion was not reached in the pH 10.3 buffered culture until 

after 27 d.    Comparison of Figure 2.3a, 2.3b, and 2.3c show that the pH 7.4 and 9.3 

buffered cultures did not reach elevated pH (pH > 10), and no increase in fluorescence 

was observed before the slight increase observed after the nitrate was depleted at 18 d.  

This response was correlated to nitrate depletion.    
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Figure 2.3: Average and standard deviation of Nile Red fluorescence intensity (a and d), 

nitrate concentration (b and e), and medium pH (c and f) of batch culture PC-3 (a, b, and 

c) and WC-1 (d, e, and f). Growth was maintained in unbuffered (■), HEPES buffered 

(□) pKa 7.4, CHES buffered (●) pKa 9.3, and CAPS buffered (○) pKa 10.4 Bold’s basal 

medium (n=3). 

a) 

b) 

c) 

d) 

e) 

f) 
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The Nile Red fluorescence of WC-1 is shown in Figure 2.3d.  The pH 10.3 

buffered culture begins to exhibit elevated fluorescence response as early as 2 d and 

continued to show elevated Nile Red fluorescence through 14 d.  The pH in the pH 10.3 

buffered medium had a small amount of fluctuation (Figure 2.3e), but maintained pH 

around 10.5 until 8 d.  Therefore, the increase in Nile Red fluorescence until 8 d is 

correlated to pH-induced TAG accumulation.  Furthermore as shown in Figure 2.3f, 

nitrate became depleted for the unbuffered and the pH 10.3 buffered media after 8 d.  

Therefore, the further elevation of fluorescence response after 8 d is correlated to 

combined pH-induced and nitrate depletion induced TAG accumulation in the medium.  

Similarly, the unbuffered system shows increased fluorescence from 8 d through 14 d.  

Here again, increased pH is reached around 5 d and nitrate becomes depleted at 8 d 

(Figure 2.3e and 2.3f).  Therefore, Nile Red fluorescence observed in the unbuffered 

system at 8 d is correlated to pH-induced TAG accumulation and the subsequent increase 

in fluorescence after 8 d is correlated both pH-induced and nitrate deficiency in the 

medium.  Also demonstrated in Figure 2.3e and 2.3f is the constant pH held for the pH 

7.4 and 9.3 buffered media, where nitrate was depleted at 14 d and 9 d for the pH 7.4 and 

9.3 buffered cultures, respectively. The pH 9.3 buffered cultures did not show any 

significant fluorescence response until 11 d, and after which there was an elevated 

fluorescence response until the end of the experiment.  This fluorescence response is 

correlated to nitrate deficiency, as high pH levels (pH > 10) were not attained in this 

system.   Importantly, the pH 7.4 buffered systems did not show an increase in 

fluorescence intensity, even after the system became nitrate depleted at 14 d.  The smaller 
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cells (Figure 2.2b) observed at the lower pH did not accumulate TAG, even when nitrate 

depleted.  18S rRNA gene sequencing in WC-1 prior to inoculation confirmed that the 

culture was unialgal and not comprised of two species that could potentially differentiate 

with respect to pH leading to observed differences in cell morphological characteristics. 

Lipid accumulation has been reported in other nitrogen depletion  studies using 

Scenedesmus obliquus, however pH changes or their effects were usually not reported 

(Gouveia and Oliveira 2009; Mandal and Mallick 2009).  

Medium pH Effect on Nile Red 

Cell Specific Fluorescence: 

The Nile Red fluorescence response for PC-3 and WC-1 was further investigated 

by normalizing to cell density.  This Nile Red specific fluorescence gives insights into the 

TAG accumulation of an average algal cell under the culture conditions.  As shown in 

Figure 2.4, PC-3 shows higher specific fluorescence at higher pH values.  Correlating to 

Figure 2.3a, the unbuffered and the pH 10.3 buffered cultures exhibited increased specific 

fluorescence during high pH and also when high pH and nitrate depletion are combined.  

The pH 10.3 buffered cultures maintained a near constant level from 4 d throughout the 

remainder of the experiment, with no significant difference between points. However, 

there was significant difference between the elevated level the unbuffered and the pH 

10.3 buffered cultures exhibited during pH-induced TAG accumulation and the baseline 

values the other buffered systems were expressing.  The pH 9.3 buffered cultures 

exhibited only a minor increase in specific fluorescence during nitrate depletion.  In 

contrast, the pH 7.4 buffered cultures did not show any increase in specific fluorescence.  

The Nile Red specific fluorescence for WC-1 is shown in the bottom of Figure 2.4. 
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Correlating to Figure 2.3d, the high pH unbuffered and pH 10.3 buffered cultures show 

the highest levels of TAG accumulation.  The pH 9.3 buffered medium shows increased 

specific fluorescence correlated to nitrate depletion, whereas the pH 7.4 buffered cultures 

did not show any increase in specific fluorescence throughout the experiment. 

Table 2.1: Comparison of average cell density and dry cell weight with % TAG and final 

Nile Red specific fluorescence for both PC-3 and WC-1.  Nitrate variation analysis was 

done on WC-1 with unbuffered and CAPS buffered Bold’s basal medium at 90 and 360 

mg L
-1

 nitrate (n=3). 

Organism pH Buffer pH 

Initial 

[NO3]
-
 

(mg L
-

1
) 

Final Cell 

Density 

(x10
7 
cells 

mL
-1

) 

Dry 

Weight 

(g/L) 

(DCW)
a
 

 

% TAG (Gas 

Chromatography) 

Nile Red 

Intensity 

Cell
-1 b

 

WC-1 

Unbuffered 
8.4-

11.1 

90 1.92 0.83 9.3 16.9 ± 2.0 

Unbuffered 180
*
 1.48 0.72 16.8 26.3 ± 4.4 

Unbuffered 360 3.50 1.56 8.6 14.1 ± 0.7 

HEPES 7.5 180
*
 3.66 0.97 0.6 0.3 ± 0.2 

CHES 9.4 180
*
 4.36 1.08 6.2 7.0 ± 1.1 

CAPS 
9.4-

10.5 

90 2.61 1.00 3.1 6.3 ± 0.9 

CAPS 180
*
 1.54 0.54 7.7 16.3 ± 3.5 

CAPS 360 4.23 1.60 7.4 13.5 ± 1.2 

PC-3 

Unbuffered 
6.5-

10.0 
180

*
 0.63 0.71 0.6 2.7 ± 0.4 

HEPES 7.5 180
*
 1.45 0.86 0.1 0.3 ± 0.1 

CHES 9.0 180
*
 0.73 0.96 0.1 0.8 ± 0.1 

CAPS 
9.7-

10.0 
180

*
 0.32 0.71 0.6 4.1 ± 1.1 

a
 Dry cell weight (DCW) determined gravimetrically with filtered samples dried at 60°C 

b
 Calculated by fluorescence signal/cell density x 10,000 (scaling factor) 

* 
Standard concentration in Bold’s basal medium 
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Figure 2.4: Average and standard deviation of Nile Red fluorescence per cell of PC-3 (a) 

and WC-1 (b) over the batch culture incubation. Growth was maintained in unbuffered 

(■), HEPES buffered (□) pKa 7.4, CHES buffered (●) pKa 9.3, and CAPS buffered (○) 

pKa 10.4 Bold’s basal medium. n=3 

 

Table 2.1 compares growth and TAG accumulation characteristics for PC-3 and 

WC-1.    The combined pH and nitrate depletion caused the highest final Nile Red 

specific fluorescence responses in unbuffered and pH 10.3 buffered cultures for both PC-

3 and WC-1.  Furthermore, GC analysis indicates the highest percent TAG (per dry cell 

weight) was also observed in the same unbuffered and pH 10.3 buffered cultures.  These 

a) PC-3 

b) WC-1 
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same trends can be observed between specific fluorescence and % TAG for each pH 

treatment.  Additionally, the PC-3 and WC-1 samples were transesterified to show that 

for both PC-3 and WC-1, the primary fatty acids were 16:0 palmitic acid and 18:1 oleic 

acid.  These are considered to be precursor fatty acids for membrane lipids and storage 

TAG lipids (Guckert and Cooksey 1990).  It should be noted that specific fluorescence is 

reported on a per cell basis while % TAG was calculated on a dry biomass basis.  These 

two correlate very well for the most part, but morphology changes (different sized cells, 

Figure 2.2) can alter the relationship between specific fluorescence and % TAG.   

There has been no widely-recognized standardized method for analyzing lipid 

production in microalgal studies (Griffiths and Harrison 2009).  Historically, lipid 

concentrations have been quantified by extracting with two or three solvents used in 

combination or in series, with or without heat, sonication, or bead beating; after which 

the solvent was volatized.  Percent lipid was calculated by one of two methods, 1) the 

weight of the extract (less solvent) was directly measured or 2) the samples were 

transesterified, so FAMEs could be quantified, and a three-to-one ratio was assumed for 

FAME-to-TAG conversion (Bligh and Dyer 1959; Gouveia and Oliveira 2009; Guckert 

et al. 1988; Lee et al. 2010; Lee et al. 1998; Mandal and Mallick 2009; Wiltshire et al. 

2000).  The gravimetric determination inflates lipid measurements because other 

compounds are extracted (e.g. chlorophyll) that do not actually contribute to a true 

“biofuel potential”.  Furthermore, transesterified FAME-to-TAG conversion fails to 

account for free fatty acids or hydrocarbons that may be in the extract.   Here, we have 

analyzed extracts directly by GC allowing analysis of secondary constituents including 
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free fatty acids, hydrocarbons, mono-glycerol, di-glycerol, and other nutraceuticals (e.g. 

omega-3 fatty acids), as well as quantifying the amount of TAG directly.   Percent TAG 

is a more accurate quantification of the neutral lipids capable of being converted to 

biofuel (biofuel potential), however this percentage is smaller than total extractable lipid 

levels previously reported in literature (Chisti 2007; Griffiths and Harrison 2009).  Thus a 

TAG concentration of 16.8%, as observed in WC-1 when cultivated in unbuffered 

medium (Table 2.1) is a reasonably high lipid concentration and more accurately 

represents the true biofuel potential than a gravimetrically determined total lipids value. 

Our results show PC-3 grows best at neutral pH, while WC-1 prefers alkaline pH.  

Both Chlorophytes exhibit evidence of the previously described pH-induced TAG 

accumulation (Guckert and Cooksey 1990).  Here we build on those findings by 

observing amplified cellular TAG accumulation in the alkaliphilic WC-1 when high pH 

and nitrate depletion are combined.  This was not observed in the original pH dependent 

investigation because experiments were not allowed to proceed until complete nitrate 

utilization (Guckert and Cooksey 1990).  It is noted that TAG accumulation levels are 

lower for high pH conditions alone compared with nitrate depletion induced TAG 

accumulation, however total TAG accumulation is greater when these two triggers 

perform in concert.  In addition, the total experimentation time for growing a culture and 

inducing TAG accumulation was significantly shortened by using both high pH and 

nitrate depletion.  We feel that greater TAG accumulation and shorter culture time is 

industrially relevant and this study offers insight into mass production schemes.   
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Nile Red fluorescence responses and % TAG in both PC-3 and WC-1 indicate 

there was a higher TAG accumulation in WC-1 when compared to PC-3.  However, the 

gas transport was enhanced in the WC-1 cultures due to the use of cloth coverings on the 

culture flasks.  Additional studies have been conducted which show PC-3 grows with a 

shorter generation time and to a greater extent under the cloth caps, but continued to 

exhibit lower Nile Red total and specific fluorescence as compared to WC-1 (unpublished 

data).  In this study we used WC-1 and PC-3 to demonstrate the generality of the pH-

induced TAG accumulation effect, not necessarily to compare the two organisms.  Also 

because alkaliphilic environments have the potential to minimize microbial (especially 

algal) contamination and competition, along with a increasing total inorganic carbon as 

pH is increased (Stumm and Morgan 1996), the alkaliphilic WC-1 Chlorophyte was our 

focus for additional investigations quantifying TAG accumulation in response to 

combined high pH and nitrate depletion.  Furthermore, at pH 8 – 11 the dominant form of 

inorganic carbon is bicarbonate and Scenedesmus has been shown utilize carbon in this 

form (Thielmann et al. 1990). 

Growth and TAG Accumulation in 

High Medium pH with Different 

Initial Nitrate Concentrations: 

Combined pH and nitrate depletion induced TAG accumulation was further 

analyzed by observing growth and % TAG accumulation in WC-1 with initial nitrate 

concentrations of  90 and 360 mg L
-1

 using unbuffered and pH 10.3 buffered Bold’s basal 

medium (Figure 2.5).  WC-1 grew in all nitrate concentrations with both unbuffered and 

pH 10.3 buffered medium.  Growth indicated lower cell densities in unmodified medium  
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Figure 2.5: Average and standard deviation of WC-1 cell density in unbuffered (a) and 

CAPS buffered (b) Bold’s basal medium initially containing 90 mg L
-1

 (solid line, ●), 

180 mg L
-1

 (dash line, ■), and 360 mg L
-1

 (dotted line, ▲) nitrate (n=3). 

 

nitrate concentrations (180 mg L
-1

).  Growth optima with respect to nitrate concentration 

have been previously observed (Li et al. 2008; Stephenson et al. 2010) and may be 

attributed to the elevated pH and TAG accumulation observed under this nitrate 

a) Unbuffered 

b) CAPS 
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concentration.  Also, cell densities in the pH 10.3 buffered systems were higher at all 

nitrate concentrations than the unbuffered systems.  This indicates a pH optimum for cell 

growth for WC-1 at an approximate pH of 10.5. 

Figure 2.6 shows the average Nile Red fluorescence (a & d), medium pH (b & e), 

and nitrate concentration (c & f) for WC-1 in unbuffered (a, b, & c) and pH 10.3 buffered 

(d, e, & f) media.  The Nile Red fluorescence for unbuffered and pH 10.3 buffered 

cultures show TAG accumulation correlated with cultures that reached high pH (Figure 

2.6b and 2.6e).  The apparent pH-induced Nile Red fluorescence increase was observed at 

4 d until the respective cultures become nitrate depleted at 4, 8, and 12 d (Figure 2.6c and 

2.6f) in 90, 180, and 360 mg L
-1

 nitrate, respectively, for both unbuffered and CAPS 

buffered cultures.  When the systems became nitrate depleted, increased Nile Red 

fluorescence was correlated with combined high pH and nitrate depletion.  The cultures 

reached highest fluorescence responses at 8, 12, and 20 d for nitrate concentrations 90, 

180, and 360 mg L
-1

, respectively in the unbuffered systems. Additionally, the 90, 180, 

and 360 mg L
-1

 nitrate in the pH 10.3 buffered systems reached highest fluorescence 

response at 12, 14, and 20 d, respectively.  

Media pH Decrease After Nitrate Depletion:   

WC-1 experiments show that the pH decreased after the media became nitrate 

limited (Figure 2.3e, 2.3f, & Figure 2.6).  When the culture medium became nitrate 

depleted, photosynthesis rates likely decreased allowing carbon dioxide to accumulate in 

the media, causing the medium pH to decrease (Stumm and Morgan 1996).  Interestingly, 

when WC-1 was grown under unbuffered conditions with 360 mg L
-1

 nitrate (Figure 



 

 

33 

2.6b), the pH increased to greater than pH 11 by 5 d which inhibited culture growth and 

subsequently caused the pH to decrease due to CO2 accumulation.  Once the pH had 

decreased to approximately 10.3, the culture rebounded and additional growth ensued 

which caused the pH to increase back to near pH 11. 

 

Figure 2.6: Average and standard deviation  of Nile Red fluorescence intensity (a and d), 

pH (b and e), and nitrate concentration (c and f) of WC-1 in unbuffered (a, b, and c) and 

CAPS buffered (d, e, and f) Bold’s basal medium originally containing 90 mg L
-1

 (●), 

180 mg L
-1

 (■), and 360 mg L
-1

 (▲) nitrate (n=3). 

a)  d)  

b)  e)  

c)  f)  
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Combined Medium pH and Nitrate Depletion 

Effect on Nile Red Specific Fluorescence: 

Figure 2.7 shows the specific fluorescence response for unbuffered (a) and the pH 

10.3 buffered (b) media.  The % TAG levels (from gas chromatography analysis) for 

these samples are given in Table 2.1 and there is excellent correlation to the observed 

Nile Red specific fluorescence (r
2
 = 0.95).  This high correlation between specific 

fluorescence and % TAG would not be the case if Nile Red fluorescence was pH 

dependent, also Nile Red staining in acetone is a noninvasive technique that penetrates 

whole cells where internal pH is metabolically controlled.  The specific fluorescence in 

Figure 2.7 shows highest TAG accumulation correlating with combined high pH and 

nitrate depletion.  Final values of specific fluorescence for the unbuffered 90, and 360 mg 

L
-1

 nitrate cultures were 16.9 and 14.1, respectively with pH reaching 10.9 for both at 

nitrate depletion.  In contrast, the unbuffered 180 mg L
-1

 nitrate cultures reached a 

specific fluorescence level of 26.3 with a pH of 11.1 at nitrate depletion.  Specific 

fluorescence in the pH 10.3 buffered 90, and 360 mg L
-1

 nitrate cultures were 6.3 and 

13.5, respectively with a pH of 10.5 and 10.7 at time of nitrate depletion. This is 

compared to the pH 10.3 buffered 180 mg L
-1

 nitrate cultures, which reached 16.3 with a 

pH 10.6 at nitrate depletion.  For all WC-1 culture conditions, Figure 2.8 shows the 

specific fluorescence at the end of the experiments as a function of the pH at the time of 

nitrate depletion.  These results indicate that the final TAG accumulation per cell 

correlates with pH at the time of nitrate depletion (r
2
 = 0.95 with exponential fit).  To our 

knowledge, this is the first report of a two parameter TAG accumulation trigger, and we 
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expect this to have a strong impact on industrial algal biodiesel production.  Using this 

information, reactors or ponds should operate at an optimal growth pH until an 

appropriate algal density is obtained.  Prior to nitrate depletion, the pH would be 

increased to trigger high TAG accumulation as the nitrate is depleted.  Under these 

conditions, both environmental parameters work in concert to trigger TAG accumulation.  

Further, we anticipate that other environmental parameter combinations will correlate 

with TAG accumulation, for example, temperature and nitrate depletion or pH and silica 

depletion for diatoms (Shifrin and Chisholm 1981).  This finding demonstrates the 

importance of performing fundamental studies on algal strains that can be used for 

industrial applications. 

 

Figure 2.7: Average and standard deviation of WC-1 Nile Red fluorescence per cell in 

unbuffered (a) and CAPS buffered (b) Bold’s basal medium originally containing 90 mg 

L
-1

 (●), 180 mg L
-1

 (■), and 360 mg L
-1

 (▲) nitrate (n=3). 

b) CAPS 

a) Unbuffered 
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Figure 2.8: Correlation of pH at the time of nitrate depletion, with the average Nile Red 

fluorescence per cell, at the conclusion of the experiments, for all culture conditions of 

WC-1 in Bold’s basal medium. 

 

Nile Red Fluorescence Plateau 

During pH-Only TAG Accumulation: 

Of additional interest is the constant Nile Red fluorescence response and constant 

specific fluorescence response during the time when high pH was the only TAG 

accumulation inducing factor.  This was observed between 8 d and 12 d in the 360 mg L
-1

 

nitrate cultures for both unbuffered and pH 10.3 buffered cultures (Figure 2.6a, 2.6b, 

2.7a, and 2.7b).  Here the pH induced fluorescence response begins at approximately 5 d 

(high pH attainment at 2 d) and increases to a near constant level when high pH is the 

only TAG accumulation inducing factor.  Additionally, this correlates to the similar effect 

observed in Figure 2.4a, albeit a much smaller response level, where the PC-3 pH 10.3 

buffered system maintained a constant level of TAG before nitrate became limited.   
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Conclusions 

 Two Chlorophytes Scenedesmus sp. WC-1 and Coelastrella sp. PC-3 were 

analyzed in pH buffered systems to determine the effect of pH on growth and TAG lipid 

accumulation.  PC-3 was originally isolated from near neutral conditions and grew best in 

neutral HEPES buffered system (pKa 7.4).  By contrast, WC-1 was isolated from an 

alkaline creek in Yellowstone National Park and exhibited optimum growth in the CHES 

buffered system (pKa 9.3).   

Both unbuffered and CAPS buffered (pKa 10.3) systems revealed early high 

apparent pH-induced TAG accumulation measured as total Nile Red fluorescence and 

specific fluorescence.  Furthermore, the unbuffered and pH 10.3 buffered systems 

revealed TAG accumulation correlated to both high pH and nitrate depletion conditions.  

The combined response was much stronger than either high pH or nitrate depletion 

induced TAG accumulation independently.  The pH-induced response was confirmed 

with GC analysis, and supports results presented by Guckert and Cooksey (1990).    

Furthermore, this study revealed that both organisms maintained a near constant TAG 

concentration during pH-induced TAG accumulation until nitrate depletion.  After nitrate 

depletion, the combined high pH and nitrate depletion caused the greatest TAG 

accumulation under all observed conditions, especially in the unbuffered systems.  

Finally, these results indicate that TAG accumulation per cell at the end of the 

experiments correlate exponentially with the pH at the time of nitrate depletion. 
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Abstract 

 There is potential for algal derived biofuel to help alleviate part of the world’s 

dependency on petroleum based fuels.  However, research must still be done on strain 

selection, induction of triacylglycerol (TAG) accumulation, and fundamental algal 

metabolic studies, along with large-scale culturing techniques, harvesting, and 

biofuel/biomass processing.  Here, we have advanced the knowledge on Scenedesmus sp. 

strain WC-1 by monitoring growth, pH, and TAG accumulation on a 14:10 light: dark 

cycle with atmospheric air or 5% CO2 in air (v/v) aeration.  Under ambient aeration, there 

was a loss of pH-induced TAG accumulation, presumably due to TAG consumption 

during the lower culture pH observed during dark hours (pH 9.4).  Under 5% CO2 

aeration, the growth rate nearly doubled from 0.78 d
-1

 to 1.53 d
-1

, but the pH remained 

neutral (pH 6.9) and there was minimal TAG accumulation.  Experiments were also 

performed with 5% CO2 during the exponential growth phase, which was then switched 

to aeration with atmospheric air when nitrate was close to depletion.  These tests were run 

with and without the addition of 50 mM sodium bicarbonate.  Cultures without added 

bicarbonate showed decreased growth rates with the aeration change, but there was no 

immediate TAG accumulation.  The cultures with bicarbonate added, immediately ceased 

cellular replication and rapid TAG accumulation were observed, as monitored by Nile 

Red fluorescence which has previously been correlated by gas chromatography to cellular 

TAG levels.  Sodium bicarbonate addition (25 mM final concentration) was also used on 

the marine diatom Phaeodactylum tricornutum strain Pt-1 and this organism also 

accumulated TAG. 
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Introduction 

There is concern with the effects fossil fuel limitation will inevitably have on the 

global society (Bilgen et al. 2004; Brown 2006). Issues include escalating fuel prices and 

increasing atmospheric carbon concentrations from burning fossil fuel (Dukes 2003), 

along with devastating environmental spills associated with higher risk drilling 

operations.  However, fuel derived from biomass has the potential to offset a portion of 

the world’s petroleum dependency (Demirbas et al. 2009), especially if the fuel is derived 

from a microalgal feedstock.  Recently, there has been a dramatic increase in interest 

associated with algal biomass potential (Brennan and Owende 2010; Chisti 2007; 

Demirbas 2010; Dismukes et al. 2008; Francisco et al. 2010; Greenwell et al. 2010; Hu et 

al. 2008; Lardon et al. 2009; Mata et al. 2010; Posten and Schaub 2009; Schenk et al. 

2008). 

Biodiesel is defined as the fatty acid methyl esters (FAME) derived from 

triacylglycerol (TAG) and can be synthesized from plant, animal, or microalgal biomass.  

FAMEs offer increased energy yield, compared to biologically derived ethanol, and can 

be used directly in jet or diesel engines (Cunningham 2007; Hill et al. 2006).  However, 

TAG availability will limit the use of this fuel unless non-food crop land and low quality 

water can be used to produce the fuel.  Due to fast growth rates and physiological 
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diversity (Hu et al. 2008), microalgae are well suited for use in growth systems that can 

overcome land area limitations in a variety of climates.  In addition, the use of alkaline 

water can facilitate high dissolved inorganic carbon concentrations and potentially 

decrease microbial contamination (Gardner et al. 2011).  However, further improvements 

in technology are needed to advance this field so economical industrial biodiesel 

production can be realized. 

Historically, a major goal of the Department of Energy’s Aquatic Species 

Program, which initially evaluated algae’s potential for biodiesel production, was to 

identify a “lipid trigger” (Sheehan et al. 1998).  This would be a set of environmental 

parameters or target molecule(s) that would cause algae to increase TAG synthesis, but a 

trigger was not identified.  However, nitrogen depletion has been shown to cause cellular 

lipid accumulation in some strains, albeit temporal TAG accumulation to reasonable 

concentrations can vary significantly (Gardner et al. 2011; Stephenson et al. 2010).  In 

addition to nutrient depletion, Guckert and Cooksey first reported high pH-induced TAG 

accumulation (Guckert and Cooksey 1990) and Thomas and Cooksey observed TAG 

accumulation from delayed cell cycling by inhibiting the tricarboxylic cycle with 

monofluoroacetate (Guckert and Thomas 1988; Thomas 1990).  Recently, these results 

have been expanded by showing that high pH and nitrate depletion caused TAG 

accumulation independently in a Scenedesmus species (Gardner et al. 2011).  Further, an 

advantageous interaction between pH and nitrate was identified, which showed an 

increase in TAG per cell and a shorter culture time to realize high TAG accumulation 

(Gardner et al. 2011).  Of additional note is the increase in TAG accumulation observed 
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when Guckert and Cooksey added 5 mM sodium bicarbonate to cultures when nitrate was 

still present (Guckert and Cooksey 1990).  This increase in TAG accumulation was 

attributed to increased pH, however the pH studies (Gardner 2010 and Guckert and 

Cooksey, 1990) were conducted with 24 hr light which inherently limits dark cycle 

respiration.  

The work presented here details the extension of our studies using pH as a control 

variable and is aimed at identifying strategic environmental culturing parameters, 

understanding TAG accumulation induced by high pH and nitrate depletion, and 

investigating the generality of previous pH studies (Gardner et al. 2011; Guckert and 

Cooksey 1990).  Our work was guided by 1) the hypothesis that inhibition of the cell 

cycle leads to TAG accumulation and 2) high pH coupled with nitrate depletion causes 

increased TAG accumulation compared to controls buffered at lower pH values. To test 

these hypotheses, bicarbonate was added to Scenedesmus sp. strain WC-1 cultures to 

increase pH and total dissolved inorganic carbon near nitrate depletion in the culture 

medium.  This bicarbonate effect was further investigated on the marine diatom 

Phaeodactylum tricornutum strain Pt-1. 

Materials and Methods 

Organism Isolation and Culture:   

Scenedesmus sp. strain WC-1 (WC-1) was isolated and confirmed unialgal as 

previously described (Gardner et al. 2011).  WC-1 was cultured on Bold’s basal medium 

with pH adjusted to 8.7 with KOH prior to autoclaving (Nichols and Bold 1965).  

Phaeodactylum tricornutum strain Pt-1 (CCMP 2561) (Pt-1) was acquired from the 
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Provasoli-Guillard National Center for Culture of Marine Phytoplankton (CCMP).  Pt-1 

was cultured on ASP2 medium and 50 mM Tris buffer (Sigma-Aldrich, St. Louis MO), 

pKa 7.8 (Provasoli et al. 1957).  Both organisms were checked for bacterial 

contamination by inoculation into respective medium supplemented with 0.05% yeast 

extract and 0.05% glucose and incubated in the dark.  Experiments were conducted in 

triplicate in batch culture using 70 mm x 500 mm glass tubes containing 1 L media 

submersed in a water bath to control temperature.  Rubber stoppers, containing ports for 

aeration and sampling, were used to seal the tubes.  Temperature was maintained at 24°C 

± 1°C and 20°C, ± 1°C, for WC-1 and Pt-1, respectively.  Light (400 µmoles m
-2 

s
-1

) was 

maintained on a 14:10 light:dark cycle using a light bank containing T5 tubes.  Aeration 

(400 mL min
-1

) was supplied by humidified compressed air with and without 5% CO2 

(v/v) and controlled using an individual rotameter on each bioreactor (Cole-Parmer, 

Vernon Hills IL).  In experiments with bicarbonate addition, scientific grade sodium 

bicarbonate was used (Sigma-Aldrich, St. Louis MO) 

Cell concentrations were determined using an optical hemacytometer with a 

minimum of 400 cells counted per sample for statistical reliability.  Light micrographs 

and Nile Red fluorescence images were taken using a transmitted/epifluorescence light 

microscope (Nikon Eclipse E800) with an Infinity 2 color camera. 

Analysis of Media Components:   

Medium pH was measured on samples using a standard bench top pH meter.  

Nitrate in Bolds basal medium was measured by ion chromatography (IC) using an 

IonPac AS9-HC Anion-Exchange Column (Dionex) with a 9.0 mM sodium carbonate 
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buffer set at a flow rate of 1.0 mL min
-1

.  Detection was performed using a CD20 

conductivity detector (Dionex) at 21°C, and IC data was analyzed on Dionex PeakNet 5.2 

software.  Due to its high salinity, nitrate in ASP2 medium was measured using a 

colorimetric assay based on the reaction of Czechrome NAS reagent (Polysciences Inc., 

Warrington PA) with nitrate ions. In brief, 1 mL of culture was centrifuged at 16,000g for 

15 minutes. The supernatant liquid was then collected for nitrate quantification. 0.1 mL 

of sample was gently mixed with 1 mL of reagent solution prepared as described by the 

manufacturer (Polysciences Inc., Warrington PA), and incubated 20 minutes at room 

temperature. The absorbance was read at 570 nm, and nitrate concentration of the sample 

was calculated using a nitrate standard curve.   

Lipid Analysis:   

Cellular TAG accumulation was estimated using the Nile Red (9-diethylamino-

5H-benzo(α)phenoxazine-5-one) (Sigma-Aldrich, St. Louis MO) fluorescence method 

(Cooksey et al. 1987), which has been correlated with cellular TAG concentrations (Chen 

et al. 2009; Cooksey et al. 1987; Elsey et al. 2007; Lee et al. 1998).  TAG accumulation 

over time was measured by removing 1 mL aliquots from cultures and assayed directly 

with Nile Red (4 µL from 250 µL/mL in acetone) or by diluting with 4 mL ultrapure H2O 

or salt water for WC-1 and Pt-1, respectively, before assaying directly with Nile Red (20 

µL from 250 µL/mL in acetone).  To maintain linearity of the Nile Red assay, dilution 

was required when population counts exceeded 1x10
7
 cell mL

-1
 and 3x10

6
 cell mL

-1
 for 

WC-1 and Pt-1, respectively.  Total Nile Red fluorescence was quantified on a microplate 

reader (Bio-Tek, Winooski, VT) utilizing 480/580 nm excitation/emission filters.  A 
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baseline sensitivity setting of 75 was experimentally determined to maximize the signal-

to-noise ratio, while accommodating fluorescent level changes over 10,000 units.  To 

minimize fluorescence spillover, black walled 96-well plates were loaded with 200 µL of 

sample.  Unstained samples were used for background medium and cellular 

autofluorescence correction.  It has been shown (Cooksey et al. 1987) that the Nile Red 

intensity shifts for different algal strains over time.  This was recently reconfirmed (Elsey 

et al. 2007).  Measurement times of 60 min and 3 min after staining were optimal for 

WC-1 and Pt-1, respectively.   

Results 

 To expand our understanding of TAG accumulation in light-dark cycled cultures, 

WC-1 was grown with a 14:10 light-dark cycle.  Figure 3.1 shows cell growth (a), total 

Nile Red fluorescence (b), and medium pH (c) for WC-1 grown under ambient aeration 

with unbuffered Bold’s basal medium.  The unbuffered culture maintained exponential 

growth up to 7 d and exhibited a 0.8 d
-1

 maximum specific growth rate (21 h doubling 

time).  The total Nile Red fluorescence showed no significant lipid accumulation through 

10 d, after which the fluorescent signal increased to a maximum at 16-18 d.  Nitrate 

became depleted at 9 d, and the increase in fluorescence after 10 d is attributed to nitrate 

depletion.  The culture pH increased during exponential growth up to a maximum of pH 

11.3.  After the nitrate was depleted, there was a decrease in medium pH which can be 

attributed to an increase of carbonic acid in the medium presumably caused by a change 

from growth to a TAG accumulation state of the microalgal culture. 
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Figure 3.1: Scenedesmus WC-1 batch growth average and standard deviation of cellular 

density (a), total Nile Red fluorescence intensity (b), and pH (c) under ambient aeration. 

Line indicates time of medium nitrate depletion.  Growth was maintained in unbuffered 

Bold’s basal medium illuminated with a 14:10 L:D cycle (n=3). 
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To gain an accurate assessment of pH and lipid changes during the diel light 

cycle, the culture was monitored over a 24 hour period during late exponential growth.  

Figure 3.2 shows that both Nile Red fluorescence and culture pH were at elevated levels 

just as the light cycle ended and the dark cycle began at 0 hr.  The pH and fluorescence 

decreased until the cycle was shifted from dark to light 10 hr later, when the illumination 

caused an increase in both pH and Nile Red fluorescence. 

 

Figure 3.2: Scenedesmus WC-1Nile Red fluorescence of three biological replicates (●, ■, 

and ▲) and average medium pH (□), with one standard deviation, monitored over 24 

hours during late exponential growth (7 - 8 d) and prior to medium nitrate depletion in 

unbuffered Bold’s basal medium under ambient aeration batch culturing.  Bar indicates 

light and dark times during the 14:10 L:D cycle (n=3). 

 

 We sought to increase the rate of growth and lipid content for WC-1 by 

increasing the CO2 concentration from ambient air (0.04%) to 5%.  Figure 3.3 shows the 

growth (a), total Nile Red fluorescence (b), and medium pH (c) during 5% CO2 aeration. 
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With the added CO2, the culture grew exponentially to 5 d with a specific growth rate of 

1.5 d
-1

 (10.9 h doubling time), as compared to 0.8 d
-1

 (21 h doubling time) without CO2 

added.  The medium pH stayed near constant at 6.9 ± 0.15 throughout the experiment and 

the nitrate was depleted at 4 d.  After 4 d, the Nile Red fluorescence shifted to a slightly 

higher value.  However, the total fluorescence was much smaller compared to cultures 

grown with ambient air.  After 10 d, cultures in 5% CO2 showed a decrease in total 

fluorescence, indicating cellular TAG was being utilized or degraded.  

Cultures were also grown with 5% CO2, until nitrate depletion was imminent.  At 

that time, the aeration was shifted from 5% CO2 to ambient air to investigate cellular 

TAG accumulation, with and without the addition of bicarbonate (50 mM).  Figure 3.3 

shows the growth (a), total Nile Red fluorescence (b), and medium pH (c) of WC-1, with 

and without a 50 mM bicarbonate addition when aeration is shifted from 5% CO2 to 

ambient aeration at the time of nitrate depletion.  Before nitrate depletion, both cultures 

grew exponentially with a specific growth rate of 2.1 d
-1

 (8.1 h doubling time). Nitrate 

was depleted at 4 d for both cultures.  The aeration was switched and bicarbonate was 

added at 3.7 d when there was 3.4 mg L
-1

 nitrate remaining (200 mg L
-1

 nitrate initially), 

and the addition stopped cellular replication immediately.  With nitrate depletion, the 

bicarbonate-free control shifted to a slower growth rate and continued to double 1.6 

times.   
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Figure 3.3: Scenedesmus WC-1 average and standard deviation of cellular density (a), 

total Nile Red fluorescence intensity (b), and pH (c) of culture aerated with ambient air 

(□), 5% CO2 in air (○), and 5% CO2 in air that is changed to ambient air near nitrate 

depletion, both with (●) and without (▲) a 50 mM bicarbonate addition.  Arrow indicates 

time of bicarbonate addition and line indicates time of medium nitrate depletion.  Growth 

was maintained in unbuffered Bold’s basal medium illuminated with a 14:10 L:D cycle 

(n=3). Note ambient aeration results are replotted from Fig. 3.11 for purpose of 

comparison. 
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Both cultures maintained a pH of 6.75 ± 0.14 until the time of bicarbonate 

addition, after which the bicarbonate addition culture and the bicarbonate-free control 

shifted to a maximal pH of 10.4 and 11.4, respectively.  Bicarbonate acted as a buffer 

which held pH lower than the bicarbonate-free control cultures.  For the bicarbonate 

addition culture, the total Nile Red fluorescence began to increase at 5 d and reached 

33,500 units 3 days later.  In contrast, the fluorescence for the control culture (without 

bicarbonate) increased to only 1500 units.   

The addition of bicarbonate at the time of nitrate depletion clearly changed the 

metabolic activity of the culture.  Immediately after bicarbonate addition, WC-1 stopped 

cellular replication and began to accumulate TAG.  The timing of this effect was further 

investigated by comparing effects of bicarbonate addition before nitrate depletion and 

after the medium was nitrate depleted when cultures were in stationary phase.  Figure 3.4 

shows the cellular growth and total Nile Red fluorescence of unbuffered WC-1 when 

bicarbonate was added before nitrate depletion and at 6.4 d when nitrate was depleted.  

Cultures grew exponentially under 5% CO2 aeration with a 1.9 d
-1

 specific growth rate 

and a doubling time of 8.7 hr.  Cultures became nitrate depleted at 4 d.  It can be seen that 

cultures to which bicarbonate was added at 3.7 d (pre-nitrate depletion) showed an 

immediate cessation of cellular replication.  Furthermore, these cultures accumulated 

TAG from 5 – 8 d.  There was a difference in nitrate concentration at the time of 

bicarbonate addition, due to differences in inoculum concentration, which may have 

affected the final TAG concentration at 8 d.  These results suggest an optimal time or 

nitrate concentration, when bicarbonate should be added.  
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Figure 3.4: Scenedesmus WC-1 average and standard deviation of cellular density (a) and 

total Nile Red fluorescence intensity (b) of culture aerated with 5% CO2 in air that is 

switched to ambient air and 50 mM bicarbonate addition pre-nitrate depletion (■ and □) 

or post-nitrate depletion (● and ○).  Arrows indicate time of bicarbonate addition and line 

indicates time of medium nitrate depletion.  Growth was maintained in unbuffered Bold’s 

basal medium illuminated with a 14:10 L:D cycle (n=3). 

 

When the cultures were maintained on 5% CO2 until after nitrate depletion at 4 d, 

the Nile Red fluorescence increased to 3500 units at 5 d presumably due to nitrate 

depletion.  This initial increase is comparable to the fluorescence increase observed in the 

5% CO2 control of Figure 3.3.  At 6.4 d, aeration was adjusted to ambient air (low CO2) 
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and bicarbonate was added (50 mM final concentration).  When bicarbonate was added, 

the culture pH immediately shifted to pH 9.1 and the culture reached a maximum pH of 

10.0 over the remainder of the experiment (data not shown).  Nile Red fluorescence of 

these cultures decreased to baseline (450 units) indicating that accumulated lipids were 

consumed and no significant TAG accumulation was observed throughout the remainder 

of the experiments.   

To ascertain whether bicarbonate addition would give similar results in other 

algae, the marine diatom P. tricornutum Pt-1 was studied in a similar manner to WC-1.  

However, the final concentration of bicarbonate addition was decreased from 50 mM to 

25 mM, and 50 mM Tris buffer (pKa 7.8) was incorporated to minimize pH shifts 

because as the pH approaches 9.0, the constituents of the ASP2 medium precipitate, 

which could potentially confound results.  Furthermore, ambient aeration was maintained 

throughout incubation because 5% CO2 caused a decrease in culture pH which 

significantly inhibited cellular growth of Pt-1 (data not shown).  Figure 3.5 shows cellular 

growth (a), total Nile Red fluorescence (b), and medium pH (c), of Pt-1, with and without 

25 mM bicarbonate addition, both pre- and post-nitrate depletion.  All cultures grew 

exponentially with a 0.9 d
-1

 specific growth rate (18.4 h doubling time).  Nitrate became 

depleted at 4 d for the control and pre-nitrate bicarbonate triggered cultures, while the 

post-nitrate depletion  
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Figure 3.5: Phaeodactylum tricornutum Pt-1 batch growth average and standard deviation 

of cellular density (a), total Nile Red fluorescence intensity (b), and pH (c) of culture 

aerated with ambient air and 25 mM bicarbonate addition pre-nitrate depletion (●), added 

post-nitrate depletion (■), and no addition (□).  Arrow indicates time of bicarbonate 

addition and line indicates time of medium nitrate depletion (4d for ● and □, 6d for ■).  

Growth was maintained in 50 mM Tris (pKa 7.8) buffered ASP2 medium illuminated 

with a 14:10 L:D cycle (n=3). 
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triggered cultures became nitrate depleted at 6 d (2 d time difference due to the lower 

initial inoculum concentration).  Bicarbonate was added at 3 d and 7 d for the pre- and 

post-nitrate depleted cultures, respectively.  Similar to WC-1, Nile Red fluorescence 

increased when bicarbonate was added while the medium still had nitrate, but did not 

increase when no nitrate was available.  However, unlike WC-1, cell replication of Pt-1 

was not stopped by the addition of bicarbonate.  Previous experimentation with Pt-1 

indicated that Nile Red fluorescence decreased after two days of TAG accumulation, 

therefore the culture was harvested on the second day after bicarbonate addition, i.e. 5 d. 

Discussion 

Light-dark cycling effect on pH-induced 

TAG accumulation in Scenedesmus WC-1: 

Previous studies have detailed that alkaline pH can cause TAG accumulation, and 

these studies showed that pH and nitrate depletion are independent stress responses that 

can be utilized alone or in combination (Gardner et al. 2011; Guckert and Cooksey 1990).  

However, results were obtained from cultures grown with 24 h light, which prevents dark 

cycle respiration while continuously maintaining photosynthesis.  As previously observed 

with 24 h light illumination studies (Gardner et al. 2011; Guckert and Cooksey 1990), 

there was an expected pH-induced TAG accumulation caused when culture pH increased 

above pH 10.  However, with 14:10 light cycling this accumulation was not observed 

during exponential growth (4 – 9 d of Figure1).  To understand this lack of TAG 

accumulation, pH and Nile Red fluorescence were measured over a 24 hour period during 

late exponential growth and prior to nitrate depletion (Figure2).  The pH decrease during 
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the dark and increase in the light can be attributed to carbonic acid accumulation and 

photosynthesis, respectively (Shiraiwa et al. 1993).  The decrease in Nile Red 

fluorescence correlates to dark cycle respiration utilizing TAG for cellular energy, and 

TAG accumulation was observed during light hours.  This trend of cellular TAG 

accumulation and utilization has previously been observed in Chlorella CHLOR-1, and 

our results corroborate the hypothesis that TAG accumulates during light exposure 

followed by utilization in the dark (Thomas 1990).   

Culture pH (Figure 3.1c) was measured at approximately the same diel sampling 

time (just prior to the dark hours each day), and the medium pH decreased to 9.4 during 

the dark hours (Figure 3.2).  Previous studies of WC-1 have shown that CHES buffered 

cultures (pKa 9.3) did not exhibit pH-induced TAG accumulation at pH 9.4 (Gardner et 

al. 2011).  Therefore, this lower pH during the dark hours is likely why WC-1 did not 

accumulate TAG during the late exponential phase of growth, even though pH reached 

11.3 in the light cycle.  It is important to state that Nile Red fluorescence depends on the 

TAG content of the cells and not on the pH of the medium.  It has been observed that, 

cell viability is preserved using the Nile Red staining method (Cooksey et al. 1987), and 

it is expected that these intact cells maintain a constant internal pH independent of the 

medium pH.  Further, Nile Red fluorescence was correlated directly with GC analysis of 

the extracted lipid and was independent of medium pH, R
2
 = 0.95 for WC-1 (Gardner et 

al. 2011).   
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Growth Kinetics of Scenedesmus 

WC-1 Under 5% CO2 Aeration: 

It was apparent from Figure 3.3 that higher CO2 concentrations doubled WC-1’s 

growth rate; however, the increased CO2 caused the culture pH to remain low.  The low 

pH at the time of nitrate depletion has been previously shown to correlate with low TAG 

accumulation in WC-1 (Gardner et al. 2011).  This led us to envision a significantly 

improved growth and TAG production scenario, where aeration with 5% CO2 was 

utilized during exponential growth, but just prior to nitrate depletion the culture was 

shifted to air-only aeration, to allow photosynthesis to naturally increase culture pH.  

Further, we hypothesized that maintaining a high dissolved inorganic concentration 

would improve TAG production (i.e., increased available carbon at elevated pH).  This 

led to the addition of sodium bicarbonate as a dissolved inorganic carbon source when 

changing from 5% CO2 to ambient air. 

Scenedesmus WC-1 Growth and TAG 

Accumulation with 5% CO2 Shifted to Ambient 

Air, With and Without Bicarbonate Addition: 

Comparison of the bicarbonate supplemented culture with the ambient aerated 

culture (Figure 3.3), shows maximum total Nile Red fluorescence was reached in only 8 d 

instead of 16 – 18 d.  Using high CO2 during the initial exponential growth contributed to 

the decreased culturing time needed to reach nitrate depletion.  In addition, when 

bicarbonate was added, the rate of TAG accumulation was twice as fast, which 

contributed to the decreased culturing time for maximum TAG accumulation.  Table 3.1 

summarizes biomass and TAG yields for WC-1 under the different culture conditions.  Of 

particular note, WC-1 reached high total Nile Red fluorescence when grown on air only, 
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similar to cultures with bicarbonate added at nitrate depletion.  However, in the air-only 

culture, there were almost twice as many cells and they required 10 days longer to 

accumulate maximum TAG.  Thus, with bicarbonate addition, there was more TAG per 

cell in the culture as shown in Table 1 by the specific Nile Red fluorescence.  A final Nile 

Red specific fluorescence of 24.8 correlates to 15.2 % TAG based on previous correlation 

data, Equation 1 and R
2
 = 0.95 (Gardner et al. 2011). 

%TAG = (Nile Red specific fluorescence – 1.104)1.56
-1

   (1) 

Table 3.1: Comparison of average and standard deviation in culture growth and lipid 

production properties of WC-1 and Pt-1 cultured in unbuffered Bold’s basal and ASP2 

media, respectively, during 14:10 light-dark cycling (n=3). 

Organism Aeration 

Time of 

HCO3 

Addition 

(d) 

Time of 

Harvest 

(d) 

Final Cell 

Density 

(x107 cells 

mL-1) 

Dry 

Weight 

(g/L) 

(DCW)a 

 

Final Total Nile 

Red 

Fluorescence 

(x103 units) 

Final 

Specific Nile 

Red 

Intensity 

Cell-1 b 

Scenedesmus 

WC-1 

Air N/A 18.0 2.46 ± 0.06 1.1 ± 0.1 36.8 ± 5.2 15.0 ± 2.3 

5% CO2 N/A 14.0 5.87 ± 0.15 2.7 ± 0.1 1.2 ± 0.2 0.2 ± 0.1 

5% CO2 

→ Air 
N/A 8.0 

2.69 ± 

0.69e 
0.8 ± 0.1 1.0 ± 0.4 e 0.4 ± 0.1e 

5% CO2 

→ Air 
3.7 c 8.0 1.34 ± 0.15 1.1 ± 0.1 33.5 ± 6.3 24.8 ± 2.2 

5% CO2 

→ Air 
6.4 d 12.0 5.18 ± 0.41 2.1 ± 0.0 0.3 ± 0.3 0.1 ± 0.1 

Phaeodactylum 

Pt-1 

Air N/A 9.0 1.17 ± 0.04 0.2 ± 0.0 0.6 ± 0.4 0.3 ± 0.2 

Air 3.0 c 5.0 0.65 ± 0.01 0.1 ± 0.0 6.5 ± 0.9 9.9 ± 0.8 

Air 7.0 d 9.0 1.02 ± 0.05 0.1 ± 0.0 0.1 ± 0.1 0.1 ± 0.1 
a Dry cell weight (DCW) determined gravimetrically with filtered samples dried at 60°C 
b Calculated by fluorescence signal/cell density x 10,000 (scaling factor)  
c Pre-nitrate depletion 
d Post-nitrate depletion 
e 7 d reported due foaming at 8 d (time of harvest) 

N/A – not applicable 

 

Comparison of Bicarbonate 

Addition in WC-1 and Pt-1: 

Analysis of the results from WC-1 and Pt-1 indicate that the addition of 

bicarbonate can stimulate TAG accumulation in both Chlorophytes and diatomaceous 

algae, and there is possibly a nitrogen dependency for this stimulation.  In essence, the 
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results strongly suggest that a well-timed bicarbonate addition acts as a ‘trigger’ for TAG 

accumulation. 

 

 

Figure 3.6: Transmitted micrographs and Nile Red epifluorescent images of Scenedesmus 

WC-1 (top) and Phaeodactylum tricornutum Pt-1 (bottom) when bicarbonate was added 

before nitrate depletion (a and c) and when added after nitrate depletion (b and d).  Cells 

imaged represent average cells for each respective culture and all micrographs are at the 

same magnification. 

 

Figure 3.6 shows optical micrographs and Nile Red epifluorescence images of 

both WC-1 and Pt-1 when bicarbonate was added pre- or post-nitrate depletion.  In the 

Nile Red epifluorescence images, yellow shows the lipid bodies that have accumulated 

within the cells.  Clearly, the images corroborate the experimental observation of 

bicarbonate inducing TAG accumulation when added just prior to nitrate depletion.  

Furthermore, Nile Red has become a generally accepted screening method for analyzing 

TAG in algal cultures both in academia and industry (Chen et al. 2009; Cooksey et al. 

1987; da Silva et al. 2009; Elsey et al. 2007; Lee et al. 1998; Liu et al. 2008; Yu et al. 

a) b)

c) d)
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2009).  Specifically, previous work done with marine diatoms Amphora coffeaeformis 

and Navicula sp., which are similar to Pt-1, showed strong correlations between Nile Red 

fluorescence and gas chromatography analysis of neutral lipids (i.e. TAG) which 

substantiates our use of Nile Red to monitor cellular TAG accumulation (Cooksey et al. 

1987). 

Adding bicarbonate was shown to trigger TAG accumulation in the green alga 

WC-1 and the diatom Pt-1.  However, significant differences were observed in the 

specific Nile Red fluorescence (Table 3.1). Further, cellular replication in WC-1 was 

arrested by bicarbonate addition, while Pt-1 replication was not stopped.   The differences 

in specific Nile Red fluorescence can be attributed to different strain specific lipid 

properties.  The greater question is, since both organisms increased TAG accumulation, 

why did one organism stop replicating while the other did not?  The micrographs in 

Figure 3.6a indicate that WC-1 cells stop replicating just before cell division, which was 

similar to the delayed cell cycling observed when pH-induced TAG accumulation was 

shown (Gardner et al. 2011; Guckert and Cooksey 1990).  This is further evidence that 

TAG accumulation is the net result of TAG synthesis and utilization, and that inhibiting 

the cell cycle allows TAG to accumulate.  However, the addition of bicarbonate seemed 

to do more than just delay cell cycling in WC-1, it arrested replication altogether.   

Further work is needed to elucidate the exact mechanism that the bicarbonate 

addition induces in microalgae.  Work should focus on microalgal cellular metabolism 

changes as well as monitor inorganic carbon speciation and utilization.  For example, it is 

questionable whether the effect of pH change can be differentiated from the effect of 
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bicarbonate ions, in relation to stopping cell cycling and inducing TAG accumulation.  

Previous culturing work with WC-1 in the pH ranges reported in this study showed that 

(Gardner et al. 2011) growth was minimally inhibited by the different pH values, 

however pH-induced TAG accumulated at pH values greater than pH 10.  This may have 

been due to a limitation by available dissolved inorganic carbon or some other 

consequential ion effect.  Therefore, additional work monitoring dissolved inorganic 

carbon during bicarbonate addition, along with pH measurement, may offer insight into 

carbon speciation and utilization during TAG accumulation.  Additional measurements 

on pigment concentrations and photosynthetic capacity will also offer insight into the 

culture’s ability to fix carbon.   

Recently, there have been a number of reviews focused on inorganic carbon use 

and carbon concentrating mechanisms in microalgae (Colman et al. 2002; Giordano et al. 

2005; Kaplan and Reinhold 1999; Moroney and Somanchi 1999; Moroney and Ynalvez 

2007; Raven 2010).  Of specific interest, are studies on Chlorella (Beardall 1981; 

Beardall and Raven 1981; Bozzo et al. 2000; Matsuda and Colman 1995; Rotatore and 

Colman 1991), Scenedesmus (Palmqvist et al. 1988; Radmer and Ollinger 1980; 

Thielmann et al. 1990), and marine diatoms (Reinfelder et al. 2004; Tortell et al. 1997), 

but the most studied carbon concentrating system is that of the model Chlorophyte 

Chlamydomonas reinhardtii (Ghoshal and Goyal 2001; Goyal and Tolbert 1990; 

Moroney et al. 1987; Moroney and Somanchi 1999; Moroney and Tolbert 1985; 

Palmqvist et al. 1988).  It has been proposed that when algae, especially green algae, are 

moved from high CO2 conditions (1-5%, v/v) to low CO2 conditions (atmospheric, 
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0.04%, v/v), there are a number of carbonic anhydrases and bicarbonate specific 

transporters that are synthesized within a short amount of time (up to 6 hrs).  These 

anhydrases and transporters work in concert to shuttle inorganic carbon across the 

periplasmic membrane, through the cytosol, across the chloroplast membrane, to convert 

it to CO2 in the direct vicinity of ribulose-1,5-bisphosphate carboxylase oxygenase 

(RUBISCO).  In our experiments, switching from 5% CO2 to ambient air for aeration 

followed a similar procedure, so it is possible that WC-1 synthesized similar carbonic 

anhydrases and transport proteins.  However, through the use of timely bicarbonate 

addition we have possibly affected the carbon concentrating process by overloading the 

cultures with bicarbonate.  To our knowledge, no one has studied the effect of excess 

bicarbonate on the induction of the enzymes involved in carbon concentrating 

mechanisms.  Future work will be needed to clearly understand if carbon concentrating 

mechanisms are involved in the bicarbonate triggered TAG accumulation processes 

presented here.  Additionally, it has been debated whether diatoms use a C3 or C4-like 

mechanism to concentrate carbon (Reinfelder et al. 2004).  The C4-like mechanism 

utilizes phosphoenolpyruvate carboxylase to convert bicarbonate into oxaloacetate which, 

after transportation events, can then be reconverted to CO2 for assimilation by 

RUBISCO.  While there has been no direct evidence for C4-like metabolism in 

Phaeodactylum, differences in carbon concentrating mechanisms between the green and 

diatom algae may be the reason for differences we observed in WC-1 and Pt-1 replicating 

after bicarbonate addition, but again, further work is needed to identify the specific 

metabolic process that may occur in different phototrophic microorganisms. 
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Conclusions 

 Growth and TAG accumulation was measured in Scenedesmus sp. strain WC-1 

and Phaeodactylum tricornutum strain Pt-1 during 14:10 light:dark cycling to further 

understand how pH and bicarbonate can be coupled with nitrogen depletion to ‘trigger’ 

TAG accumulation.  There was a loss of pH-induced TAG accumulation in the WC-1 

cultures during light:dark cycling due to the pH drop in the dark hours of the cycle.  

Furthermore, when grown on 5% CO2 (v/v) the growth rate doubled, however the culture 

pH remained low which led to minimal TAG accumulation.  Thus, 5% CO2 was utilized 

during the exponential phase and aeration was switched to ambient air at or just prior to 

nitrate depletion.  TAG accumulation was not observed presumably due to lower pH 

during the dark hours. WC-1 cultures given 5% CO2 during exponential phase switched 

to ambient air with bicarbonate added (50 mM) at nitrate depletion caused cellular 

replication to cease and TAG accumulation rates to immediately increase significantly.  

The bicarbonate addition led to the same level of TAG accumulation as that observed 

with air grown cells, but in half the time.  Bicarbonate addition was done on Pt-1 (25 

mM) with similar TAG triggering response, as compared to WC-1, however the cells 

continued to replicate which was dissimilar to WC-1.  Bicarbonate addition was tried 

during stationary phase, after nitrate depletion, for both WC-1 and Pt-1 and a complete 

loss of accumulated TAG was observed. 

The ability of a bicarbonate addition to stop replication in a Chlorophyte and not 

in a diatom suggests significant differences in the metabolic pathways employed by these 

two algae in response to nutrient balance.  Using bicarbonate as a triggering mechanism 
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may potentially improve the commercial use of algae as a biofuel resource, however 

further experimentation is needed to better understand the metabolic responses of these 

organisms to the bicarbonate addition to optimize biofuel production. 
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Abstract 

 Microalgae are capable of accumulating high levels of lipids and starch as carbon 

storage compounds.  Investigation into the metabolic activities involved in the synthesis 

of these compounds has escalated since these compounds can be used as precursors for 

food and fuel.  Here we detail the results of a comprehensive analysis of Chlamydomonas 

reinhardtii using high or low inorganic carbon concentrations and speciation between 

carbon dioxide and bicarbonate, and the effects these have on inducing lipid and starch 

accumulation during nitrogen depletion.  High concentrations of CO2 (5%; v/v) produced 

the highest amount of biofuel precursors, transesterified to fatty acid methyl esters, but 

exhibited rapid accumulation and degradation characteristics.  Low CO2 (0.04%; v/v) 

caused carbon limitation and minimized triacylglycerol (TAG) and starch accumulation.  

High bicarbonate caused a cessation of cell cycling and accumulation of both TAG and 

starch that was more stable than the other experimental conditions.  Starch accumulated 

prior to TAG and then degraded as maximum TAG was reached.  This suggests carbon 

reallocation from starch-based to TAG-based carbon storage. 

Key words 

Triacylglycerol (TAG), Algae, Biodiesel, Fatty Acid Methyl Ester (FAME), Nile 

Red fluorescence 
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Introduction 

Algal based biofuels have received increasing attention as an alternative to 

traditional fossil-based fuel sources, which are becoming environmentally and politically 

more controversial.  Research is still necessary, both from the private and public sectors, 

before algal biofuels can truly compete economically with fossil-based products (Chisti 

2007; Hu et al. 2008).  However, rapid progress is being made on all levels, from high-

yielding strain identification to improved harvesting and extraction techniques 

(Greenwell et al. 2010).  It has also been pointed out that near-term research on 

maximizing lipid content, compared to maximizing growth yield, has a more substantial 

cost reduction potential for industrial use of microalgae for biofuel production (Davis et 

al. 2011).  The focus of this report is characterization of the model green alga 

Chlamydomonas reinhardtii CC124 and its response to various concentrations and 

species of inorganic carbon.  C. reinhardtii is one of the most widely studied 

phototrophic eukaryotes.  With a fully mapped genome and an extensive library of peer-

reviewed literature, it is an ideal organism to continue our investigation into the means by 

which various species of inorganic carbon affect growth, lipid and starch synthesis as 

well as other changes in metabolic activity. 

It is widely accepted that commercial scale growth reactors, either open pond 

systems or enclosed photo-bioreactors, will require supplemented inorganic carbon 

sources.  Traditionally this has been achieved by aeration using increased concentrations 

of CO2 in air.  Recently we showed that inorganic carbon, in the form of bicarbonate 

(HCO3
-
), is an effective lipid accumulation trigger.  This trigger effect has been 
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demonstrated on two other distinct species of algae:  the green alga Scenedesmus sp. 

strain WC-1 and the marine diatom Phaeodactylum tricornutum (Gardner et al. 2012a).  

Bicarbonate arrests cellular replication in both of the green algae (C. reinhardtii and WC-

1), but not in the diatom, and immediately induces carbon storage metabolic activity.  

Furthermore, it was recently shown that the addition of sodium bicarbonate is a viable 

strategy to increase lipid accumulation in marine Chlorophytes (White et al. 2012).  Here 

we report the physiological differences in C. reinhardtii when different concentrations 

and forms of inorganic carbon were used during triacylglycerol (TAG) and starch 

accumulation.  This provides further insight into potential industrial application of 

microalgae for biofuel production.  

Materials and Methods 

Strain, Culturing Conditions, and Biomass Analysis:   

Chlamydomonas reinhardtii CC124, obtained from the Chlamydomonas Center 

(University of Minnesota, Minneapolis, MN), was kindly provided by John Peters, 

Department of Chemistry and Biochemistry at Montana State University, and was 

cultured on Sager’s minimal medium (Harris 1989).  Cultures were checked for bacterial 

contamination by inoculation into Sager’s minimal medium supplemented with 0.05% 

yeast extract and 0.05% glucose and incubated in the dark.  Batch experiments were 

conducted in triplicate using 70 mm x 500 mm glass tubes containing 1.25 L Sager’s 

minimal medium with environmental parameters controlled as described previously 

(Gardner et al. 2012a) and in the supplemental materials.    Scientific grade sodium 
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bicarbonate was used in all experiments with bicarbonate addition (Sigma-Aldrich, St. 

Louis MO). 

An optical hemacytometer and a transmitted/epifluorescence light microscope 

(Nikon Eclipse E800) with an Infinity 2 color camera were used to determine cell 

concentrations and collect micrographs or fluorescence images, respectively, according to 

previous protocols (Gardner et al. 2012a). Dry weight yields were determined at the end 

of the experiments by filtering 10 mL of culture using 1 µm pore size glass fiber filters 

(Fisher Scientific) to collect the biomass.  The biomass was washed with 10 mL diH2O, 

18 MΩ, to remove media salts and excess bicarbonate.  Algal cells were dried for 18 

hours on the filter in a 70°C oven until the filter weight was constant.  Dry cell weight 

(DCW) yields were calculated by subtracting the dry weight of the clean filter from the 

oven dried weight of the filter with biomass. 

Analysis of Media Components:   

Medium pH was measured using a standard bench top pH meter.  Ammonium and 

nitrate concentrations were measured by Nessler reagent (HACH, Loveland CO) and ion 

chromatography (Dionex, Sunnyvale CA), respectively, using previous protocols with 

modifications (Gardner et al. 2012a, see supplemental material for modifications).  Media 

dissolved inorganic carbon (DIC, sum of dissolved carbon dioxide, bicarbonate, and 

carbonate), was measured on 8 mL, 0.2µm pore size filtered, supernatant with Skalar 

Formacs TOC/TN Analyzer using a Skalar LAS-160 autosampler.  In this protocol, 100 

µL of sample is dispensed in 2% (v/v) phosphoric acid to liberate the inorganic carbon as 

CO2.  The CO2 was detected on an IR detector and concentration determined from peak 
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area fit to a standard curve derived from bicarbonate and carbonate mix standards 

(Sigma-Aldrich, St. Louis MO).   

Starch and Chlorophyll Measurements: 

Cellular starch was determined by EnzyChrom starch assay kit (BioAssay 

Systems, Hayward CA) using the manufacture’s protocol with modifications (see 

supplemental material for modifications).   

Chlorophyll a, b, and total were determined using 95% ethanol extraction and 

absorption correlation.  One mL of culture was centrifuged at 6,000 x g for 5 min, after 

which the supernatant was discarded.  One mL 95% ethanol was added to the centrifuged 

pellet, which was vortexed and lightly sonicated (bath) to dispense the pellet.  The 

cellular debris was separated by centrifugation at 14,000 x g for 3 min and absorption 

was read at 649 and 665 nm on the supernatant.  Calculations of chlorophyll (µg mL
-1

) 

were conducted as described previously (Harris 1989). 

Lipid Analysis:   

Cellular triacylglycerol (TAG) accumulation was monitored throughout the 

experiments using the Nile Red (9-diethylamino-5H-benzo(α)phenoxazine-5-one) 

(Sigma-Aldrich, St. Louis MO) fluorescence method (Cooksey et al. 1987), which has 

become a generally accepted screening method for analyzing TAG in algal cultures both 

in academia and industry (Chen et al. 2009; Cooksey et al. 1987; da Silva et al. 2009; 

Elsey et al. 2007; Lee et al. 1998; Liu et al. 2008; Yu et al. 2009).  Furthermore, Nile Red 

fluorescence correlated to % TAG from gas chromatograph (GC) analysis on extracted 

lipid from C. reinhardtii (r
2
 = 0.998), correlation not shown.  TAG accumulation over 
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time was monitored using Nile Red and was measured using a previously described 

protocol (Gardner et al. 2012a); however, a 7 – 15 min Nile Red staining time was found 

to be optimal for C. reinhardtii. Imaging with Bodipy 505/515 followed previous 

protocols (Bigelow et al. 2011). 

At the conclusion of the experiments, biomass was harvested by centrifugation at 

5000 x g for 10 min.  The supernatant fraction was discarded and the pellets were washed 

to remove media salts and bicarbonate from the biomass.  Biomass pellets were frozen 

and lyophilized (Labconco lyophilizer, Kansas City MO) for GC lipid analysis.  C. 

reinhardtii free fatty acids (FFAs), mono-glycerides (MAGs), di-glycerides (DAGs), and 

tri-glycerides (TAGs) were extracted using a 1:1:1 chloroform/hexane/tetrahydrofuran 

solvent mixture  combined with bead beating (Gardner et al. 2011, see supplemental 

materials for bead beating and extraction protocol), and analyzed by gas chromatography 

– flame ionization detection (GC-FID, Agilent 6890N, Santa Clara CA).  GC-FID 

analysis was accomplished using 1 µL injections onto a 15 m (fused silica) RTX 

biodiesel column (Restek, Bellefonte PA) where the column temperature ramped from 

100°C to 370°C at a rate of 10°C min
-1

 (1 min hold temperature at 100°C) with a 320°C 

injection temperature.  Helium was used as the carrier gas and column flow was ramped 

at 0.2 mL min
-2

 from 1.3 (0-22 min) to 1.5 (22-24 min) to 1.7 mL min
-1

 (24-36 min).  

Calibration curves were constructed by combining C16:0, C19:0, and C23:0 fatty acid 

methyl esters (FAMEs); C12:0, C14:0, C16:0, C18:0 MAGs; C12:0, C14:0, C16:0, C18:0 

DAGs; and C11:0, C12:0, C14:0, C16:0, C17:0, C18:0, C20:0 TAGs (all from Sigma-



 

 

75 

Aldrich, St. Louis MO) for quantification (r
2
 > 0.99).  This GC method allows for 

quantification of FFA, FAMEs, MAGs, DAGs, and TAGs in a single analysis.   

Biofuel potential, defined as total fatty acid methyl esters (FAMEs) produced 

directly from the biomass, and fatty acid compositions of these FAMEs were determined 

from direct in situ transesterification of dried biomass using previous protocols with 

modifications ((Griffiths et al. 2010), see supplemental material for modifications), and 

analyzed with gas chromatography – mass spectroscopy detection (GC-MS, Agilent 

6890N and 5973 Network MS, Santa Clara CA).  GC-MS analysis was done according to 

a previously published protocol (Bigelow et al. 2011).   

Results and Discussion 

Cellular Growth and Carbon Utilization: 

To advance our knowledge of inorganic carbon utilization during TAG 

accumulation in C. reinhardtii, batch cultures were grown under 5% CO2 sparge until 

near ammonium depletion.  At which time, experiments were initiated that analyzed C. 

reinhardtii while being sparged with atmospheric air (0.04% CO2), with and without 50 

mM bicarbonate added, and cultures that were maintained at 5% CO2.  This allowed for 

comparison of cells while utilizing CO2, at high and low concentrations, or low CO2 with 

supplementary bicarbonate as an inorganic carbon source.  Figure 4.1 shows cell growth 

(a), medium ammonium concentrations (b), and medium nitrate concentrations (b) for C. 

reinhardtii grown under 14:10 h light/dark cycle in Sager’s minimal medium.  Sager’s 

minimal medium was chosen, in contrast to tris-acetate-phosphate medium (commonly 

known as TAP), to minimize the heterotrophic activity and thus maximize the autotrophic 
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properties of C. reinhardtii. Prior to ammonium depletion, the cultures maintained 

exponential growth and exhibited a 1.6 d
-1

 maximum specific growth rate (10.4 h 

doubling time).  Medium ammonium became depleted near 2.8 d and further cell cycling 

was arrested in the cultures to which bicarbonate was added.  However, cultures sparged 

with 5% CO2 or atmospheric air, without added bicarbonate, continued to divide an 

average of 1.7 more times.  Previous studies on the Chlorophyte Scenedesmus sp. WC-1 

 

Figure 4.1: C. reinhardtii CC124 batch growth average and standard deviation of cellular 

density (a) and medium inorganic nitrogen concentration (b), solid line for NH4
+

 and 

dashed line for NO3
-
. Arrow indicates time of medium NH4

+
 depletion and the bar 

represents the light and dark times of the light cycle.  Growth was maintained in Sager’s 

minimal medium illuminated with a 14:10 h L:D cycle (n=3). 
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showed a similar cessation of cell cycling upon a 50 mM bicarbonate addition and is 

comparable with the cell cycle arrest observed in C. reinhardtii (Gardner et al. 2012a).  

Medium nitrate was not utilized by any of the cultures and the slight concentration 

decrease in the bicarbonate added cultures, visible in Figure 4.1b, is attributed to culture 

media dilution from the sodium bicarbonate addition. 

 

 

Figure 4.2: Transmitted micrographs, bodipy 505/515 and Nile Red epifluorescent 

images (left to right) of C. reinhardtii CC124, lipid vacuoles stain blue and yellow with 

bodipy 505/515 and Nile Red, respectively.  Images were taken prior to culture harvest 

for cultures grown on 5% CO2 switched to air (a), maintained on 5% CO2 (b), and grown 

on 5% CO2 which was switched to air and the addition of 50 mM sodium bicarbonate (c).  

Cells imaged are representative cells for each respective culture and all micrographs are 

at the same magnification. 

a)

b)

c)

10 µm
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Cellular properties such as cell concentration, degree of aggregation, and cell size 

can be monitored over the course of a batch growth experiment using an optical 

hemacytometer.  It was observed that air aeration, without bicarbonate addition, resulted 

in cells that were smaller than the cells maintained at 5% CO2.  This can be observed in 

the micrographs and fluorescent images of Figure 4.2 (comparison of 4.2a and 4.2b).  

However, as time progressed these smaller cells gradually grew into larger cells and this 

difference became less evident (note – the images taken in Figure 4.2 were captured 

within 1 d of culture harvest).  Additionally, both cultures maintained in air or on 5% 

CO2, without added bicarbonate, retained their flagella and motility.  However, cultures 

to which bicarbonate was added shed their flagella and formed membrane bound, 

incompletely divided cells (Figure 4.2c).  This caused a cessation of cellular motility and 

increased cell size.  Furthermore, the cells maintained an incomplete division state until 

the end of the experiment.  This would not be evident if only cell number were reported. 

Table 4.1: Comparison of culturing final average and standard deviation of cell number, 

biomass, fluorescence TAG accumulation, and starch properties of C. reinhardtii cultured 

in Sager’s minimal media during 14:10 h light-dark cycling (n=3). 
Gas-

sparge 

during 

NH4+ 

depletion 

Time of 

HCO3 

addition 

(d) 

Cell 

concentration 

(x107 cells mL-1) 

Dry 

weight (g 

L-1; 

DCW)a 

Total Nile Red 

fluorescence 

(x103 units) 

Nile Red 

specific 

fluorescence 

(units cell-1)b 

Total 

starch 

(g L-1) 

Specific 

starch 

(µg cell-

1)c 

5% CO2 N/A 2.31 ± 0.09 
0.48 ± 

0.05 
4.5 ± 1.4 2.0 ± 0.6 

0.06 ± 

0.007 

0.3 ± 

0.04 

Air N/A 2.01 ± 0.30 
0.55 ± 

0.06 
1.8 ± 0.4 0.9 ± 0.3 

0.04 ± 

0.005 

0.2 ± 

0.01 

Air 2.8 0.66 ± 0.04 
1.14 ± 

0.11 
8.8 ± 1.1 13.5 ± 2.2 

0.77 ± 

0.21 

11.7 ± 

3.3 
a Dry cell weight (DCW) determined gravimetrically with filtered samples dried at 70°C 
b Calculated by fluorescence signal/cell density x 10,000 (scaling factor) 
c Calculated by total starch/cell density x 100,000 (scaling factor) 

N/A – not applicable 
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Final cell concentration, biomass yield, and dry cell weight (DCW) are given in 

Table 4.1.  Cultures maintained on 5% CO2 and those sparged with air without added 

bicarbonate had the highest number of cells.  Cultures to which bicarbonate was added 

had less than half as many cells.  In contrast, cultures to which bicarbonate was added 

had twice the biomass yield compared to “no-bicarbonate” added cultures.  This suggests 

that the added bicarbonate caused a change in metabolism to shift the cells from a growth 

state to a product formation state as evident by the cessation of cellular division and 

higher biomass yield.  Additional evidence of increased TAG and starch storage 

supporting this observation are further discussed below. 

Since carbonate speciation and carbon species concentrations are a function of pH 

and total DIC, these parameters were monitored throughout the experiments.  Figure 4.3 

shows total DIC (a) and medium pH (b) for the C. reinhardtii cultures.  Again, all 

cultures were initially grown on 5% CO2 and began with 1.4 mM C and a pH of 6.8.  

Through 2.8 d, there was a decrease in pH to 5.0 along with a DIC decrease to 0.2 mM C.  

At the time of medium ammonium depletion (2.8 d), the cultures to which bicarbonate 

was added increased in DIC to 52.1 mM C (50 mM C targeted) and showed an initial 

increase in pH to 7.9.  By the end of the light cycle (3.0 d), the pH had risen to pH 9.3 

and DIC had decreased to 50.2 mM C.  Over the next 14:10 h light/dark cycle, beginning 

with 10 h dark, the DIC decreased at a rate of 0.87 mM C hr
-1

 to 29.9 mM C and the pH 

increased to 10.0.  This decrease in DIC concentration during the dark cycle is 

presumably due to CO2 off gassing as the medium was not in carbon equilibrium due to 

the high bicarbonate addition and algal photosynthesis was not active.  In contrast, the  
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Figure 4.3: C. reinhardtii CC124 average and standard deviation of medium DIC 

concentration (a) and medium pH (b).  Arrow indicates time of medium NH4
+

 depletion 

and inorganic carbon adjustment, dashed line represents geochemical modeling 

prediction (Visual Minteq ver 3.0) of carbon equilibrium with 50 mM sodium 

bicarbonate addition, and the bar represents the light and dark times of the light cycle.  

Note – a split scale was used on the y-axis of the DIC plot to better visualize the data.  

Growth was maintained in Sager’s minimal medium illuminated with a 14:10 h L:D cycle 

(n=3). 

 

DIC decrease in the light could be a combination of CO2 off gassing and algal 

photosynthesis consuming the DIC.  At 4 d, the DIC increased due to in-gassing during 

the dark and decreased due to photosynthetic utilization during the light hours.  The 

remainder of DIC data points were taken at the end of the light cycle, thus increased DIC 
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from dark cycle in-gassing is not shown.  By the end of the experiment, there was 26.2 

mM C remaining with a final medium pH of 10.5.  Abiotic DIC equilibrium was 

calculated for Sager’s minimal media with a 50 mM sodium bicarbonate addition, using 

the chemical equilibrium model Visual Minteq (ver 3.0, KTH Department of Land and 

Water Research Engineering) and is shown by the dashed line in Figure 4.3a.  

Comparison of the abiotic carbon equilibrium model with the DIC data, from 4.4 d 

through the remainder of the experiment, suggests active bicarbonate utilization by C. 

reinhardtii due to the carbon concentration being below equilibrium and the pH 

remaining high, indicating bicarbonate was the predominant DIC species. 

The medium pH in the cultures to which bicarbonate was not added and the 

cultures sparged with 5% CO2 remained low, but there was an increase in pH from 5.0 to 

5.7 after ammonium in the medium became depleted.  The DIC concentration in the 5% 

CO2 sparged cultures increased after ammonium depletion and remained at 0.55 mM C 

throughout the remainder of the experiment.  The DIC concentration in the cultures 

without added bicarbonate was below the detection limit of 0.01 mM C for the remainder 

of the experiment after the gas-sparging was switched from 5% CO2 to air.  This suggests 

that the air sparged cultures, without added bicarbonate, were carbon limited after the 

aeration shift and could be the reason that cellular growth, after 2.8 d, produced smaller 

cells that gradually grew into larger cells, as shown in Figure 4.2 and previously 

discussed.  Furthermore, the pH difference between the bicarbonate amended cultures 

and the “no-bicarbonate” cultures could be the reason the bicarbonate cultures shed their 

flagella.  Historically, medium pH has been used to detach C. reinhardtii’s flagella, 
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however a low pH treatment is traditionally used (Harris 1989).  Additional 

experimentation is needed to elucidate if pH or high DIC was the reason for C. 

reinhardtii’s flagella detachment. 

Total and Specific Lipid Accumulation: 

To gain an accurate assessment of the accumulated lipids of C. reinhardtii, culture 

TAG properties were tracked throughout the experiments by using the Nile Red 

fluorescent staining method, GC analyses were performed at the end of the experiments 

on both extracted lipids and in situ transesterified FAMEs, and both Bodipy 505/515 and 

Nile Red fluorescent images were taken to visually confirm TAG accumulation.  This 

approach allowed for monitoring neutral TAG accumulation during ammonium depletion 

and quantification of the final concentration of each FFAs, MAGs, DAGs, TAGs, and 

biofuel potential in each experiment. Figure 4.4 shows total Nile Red fluorescence (a) 

and Nile Red specific fluorescence (b) for the C. reinhardtii experiments.  Nile Red 

fluorescence has previously been shown to correlate with neutral TAG and has become a 

generally accepted screening method for analyzing TAG in algal cultures (Chen et al. 

2009; Cooksey et al. 1987; da Silva et al. 2009; Elsey et al. 2007; Gardner et al. 2012a; 

Gardner et al. 2011; Lee et al. 1998; Liu et al. 2008; Yu et al. 2009).  Prior to ammonium 

depletion, the cultures show low Nile Red signals.  After becoming ammonium depleted 

(2.8 d), the Nile Red fluorescence increased in both the 5% CO2 sparged cultures and in 

the bicarbonate amended cultures but remained low in the air sparged cultures where no 

bicarbonate was added.  The low Nile Red signal observed in the air sparged cultures 
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without added bicarbonate is presumably due to carbon limitation, as previously 

discussed (shown in Figure 4.3). 

 

Figure 4.4: C. reinhardtii CC124 average and standard deviation of total Nile Red 

fluorescence (a), insert is the Nile Red fluorescence of the three cultures constituting the 

average for the cultures maintained on 5% CO2, and Nile Red specific fluorescence at 

and post-NH4
+

 depletion (b).  Arrow indicates time of medium NH4
+ 

depletion and 

inorganic carbon adjustment.  Growth was maintained in Sager’s minimal medium 

illuminated with a 14:10 h L:D cycle (n=3). 
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The rate of fluorescence increase was highest in the 5% CO2 sparged cultures, but 

only increased for 1.2 d.  The rate of fluorescence increase in the bicarbonate added 

cultures was slower, but increased over the next 3.2 d.  One of the 5% CO2 sparged 

cultures seemed to exhibit a lower Nile Red fluorescence during TAG accumulation 

(Figure 4.4a insert), and explains the large variation shown in the triplicate standard 

deviation for that system.  It is unclear why this culture did not exhibit as high of a Nile 

Red signal, given that it did not show significant variation in the cell density, ammonium 

utilization, DIC, or pH.  

Nile Red specific fluorescence is calculated by normalizing the total Nile Red 

fluorescence with 10,000 cells.  It offers insight into the amount of TAG per cell, and/or 

the metabolic state of the cultures (Gardner et al. 2012a; Gardner et al. 2011).  The Nile 

Red specific fluorescence increased in both the 5% CO2 sparged cultures and the 

bicarbonate amended cultures over 2.2 d after ammonium depletion.  However, the Nile 

Red specific fluorescence decreased in the 5% CO2 sparged cultures after this time.  The 

bicarbonate amended cultures continued to increase after ammonium depletion 

throughout the end of the experiment.  By the end of the 7 d of culturing, the bicarbonate 

added cultures exhibited a significantly higher TAG per cell as compared to the other 

systems monitored, although for a short time the 5% CO2 sparged cultures displayed 

higher TAG accumulation per cell (discussed below). 

 Final Nile Red fluorescence properties for the experiments are given in Table 4.1.  

At the end of the experiments, Nile Red fluorescence and Nile Red specific fluorescence 

in the bicarbonate added, the 5% CO2 sparged, and the air sparged cultures without 
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bicarbonate added was highest to lowest, respectively. This trend can be compared to the 

fluorescence images of Figure 4.2, where both fluorescent stains Bodipy 505/515 and 

Nile Red, that are commonly used to assess TAG vacuoles in algal cells, were used to 

visually confirm the trend in Nile Red fluorescence values (Bertozzini et al. 2011; Chen 

et al. 2009; Cooksey et al. 1987; Cooper et al. 2010; Work et al. 2010).  Furthermore, the 

C. reinhardtii biomass was extracted for quantitative analysis of biofuel precursors and 

results are given in Table 4.2.  The Nile Red fluorescence correlates directly with % 

TAG, r
2
 = 0.998, but not with % FFA, MAG, DAG, or biofuel potential.  In addition, 

comparing the Nile Red fluorescence trend over time (Figure 4.4) with the % FFA, 

MAG, DAG, and TAG (Table 4.2), it can be seen that for the 5% CO2 cultures TAGs 

accumulated and then likely degraded into FFAs and DAGs.  This de-convolutes the 

discrepancy between the Nile Red fluorescence being less in the 5% CO2 sparged 

cultures, as compared to the bicarbonate amended cultures, at the end of the experiments 

but having a higher sum of biofuel precursors, and explains the higher Nile Red signal 

observed at 5 d in the 5% CO2 sparged cultures (Figure 4.4).  These observations would 

suggest that TAG was degraded for cellular energy requirements.  This is supported by 

the cultures maintaining motility and observations of starch/chlorophyll data discussed 

below. 
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Table 4.2: Comparisons of percent (w/w) extractable neutral constituents of biofuel and 

total biofuel potential of C. reinhardtii cultured in 5% CO2, air, or air with 50 mM HCO3
-
 

during ammonia depletion (Combined extraction or in situ transesterification of triplicate 

cultures). 

Aeration 
Free fatty 

acid (%)a 

Mono-

glyceride 

(%)a 

Di-

glyceride 

(%)a 

Tri-

glyceride 

(%)a 

Sum of 

extracted (%) 

Total biofuel 

potential (%)b 

5% CO2 3.06 0.34 6.46 4.58 14.44 21.08 

5% CO2 → Air 2.61 0.25 3.39 2.07 8.32 15.59 

5% CO2 → Air + HCO3
- 1.94 0.33 3.21 7.59 13.07 19.61 

a From bead beating combined with organic solvent extraction 

b Total FAMEs from direct in situ transesterification 

 

Table 4.3: Comparisons of percent composition of in situ transesterified FAMEs from C. 

reinhardtii cultured with 5% CO2, air, or air with 50 mM HCO3
-
 during ammonia 

depletion (Combined transesterification of triplicate cultures). 

FAME 5% CO2 → Air + HCO3
- (%) 5% CO2 → Air (%) 5% CO2 (%) 

C14:0 0.5 0.3 0.4 

C16:0 25.6 21.4 27.9 

C16:1 3.5 2.1 3.0 

C16:2-3a 11.3 15.9 12.4 

C18:0 2.8 2.6 2.9 

C18:1-3b 49.9 50.0 46.5 

C20:0-2c 0.4 1.3 0.3 

C24:0 N/D N/D N/D 

C26:0 0.3 N/D 0.4 

Other 5.6 6.3 6.2 
a C16:2 and C16:3 taken together 
b C18:1, C18:2, and C18:3 taken together 
c C20:1, C20:2, and C20:3 taken together 

N/D – not detected 

 

 The difference between the total biofuel potential and the sum of extracted biofuel 

precursors represents the polar lipid contribution to biofuel capability.  Fatty acids 

contained in polar molecules (e.g., phospholipids) have been shown to contribute to 

biofuel potential (Wahlen et al. 2011).  The difference between the biofuel potential and 

the sum of extractable precursors is 6.8 ± 0.4% for all of the C. reinhardtii experiments.  
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Thus, the polar lipid influence on biofuel potential is similar for each inorganic carbon 

substrate tested.  Furthermore, Table 4.3 details the composition of the FAMEs produced 

during in situ transesterification.  Table 4.3 also shows similar profiles between the C. 

reinhardtii experiments, albeit, subtle differences where observed in the degree of 

saturation of the C16 palmitic acid methyl ester. 

Total and Specific Starch Accumulation: 

The C. reinhardtii wild type has been shown to accumulate starch during N-

depleted conditions (Ball et al. 1990), and because starch is a direct competitor to TAG as 

a carbon storage molecule, it was monitored throughout ammonium depletion.  Figure 4.5 

shows total starch (a) and specific starch (b) for the C. reinhardtii experiments beginning 

near ammonium depletion.  All cultures had low levels of starch upon ammonium 

depletion (2.8 d); however the 5% CO2 sparged cultures rapidly increased in starch 

concentration within 0.2 d.  After which the starch concentration decreased rapidly to 

~200 µg mL
-1

 and slowly decreased throughout the remainder of the experiment.  The 

cultures to which bicarbonate was added accumulated starch, reaching ~1050 µg mL
-1

 at 

5 d, which was higher than the 5% CO2 sparged cultures; however, maximum starch 

concentration may have been missed in the 5% CO2 sparged cultures because of the fast 

rate of accumulation/degradation and limited sampling during that time.  After peak 

starch was realized, the bicarbonate added cultures slowly decreased in starch 

concentration to ~750 µg mL
-1

.    The cultures to which no bicarbonate was added and 

was sparged with air did not accumulate starch throughout the experiment which is 

further evidence of the carbon limitation previously discussed.  
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Figure 4.5: C. reinhardtii CC124 average and standard deviation of total starch (µg mL
-1

) 

(a) and specific starch (b), both at and post-NH4
+

 depletion.  Arrow indicates time of 

medium NH4
+ 

depletion and inorganic carbon adjustment.  Growth was maintained in 

Sager’s minimal medium illuminated with a 14:10 h L:D cycle (n=3). 

 

Specific starch concentration is calculated by normalizing the total starch with 

100,000 cells, and the value offers insight into the amount of starch per cell.  As shown in 

Figure 4.5b, 0.2 d after ammonium depletion, the 5% CO2 sparged cultures had the 

highest specific starch.  However, the starch appeared to rapidly degrade over the next 
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day and the starch content per cell continued to decrease throughout the remainder of the 

experiment.  The bicarbonate amended cultures accumulated starch for 2.2 d after 

ammonium depletion and then starch remained high throughout the remainder of the 

experiment, with a possible decrease after 2.2 d (albeit no statistical difference between 

2.2 – 4.1 d after ammonium depletion).  Final measured starch concentrations are given 

in Table 4.I.  Starch is clearly remaining in the bicarbonate added cultures compared to 

the “no-bicarbonate” cultures. 

Algal carbon reallocation from starch into lipid or a switch in metabolic pathways 

to form lipid in preference to starch during nutrient limitation has been hypothesized in 

the past (Roessler 1990), but specific mechanisms were not studied at the time.  

Additional evidence has been gathered using advanced spectroscopic analysis (Giordano 

et al. 2001; Murdock and Wetzel 2009), and it was recently pointed out that additional 

experimentation in support of this hypothesis is needed (Merchant et al. 2011).  

Comparison of the total, and specific, starch vs. Nile Red fluorescence (Figures 4.5 and 

4.4, respectively) add additional evidence for this hypothesis.  In the cultures, to which 

5% CO2 was sparged and possibly in the cultures to which bicarbonate was amended, 

starch accumulated to maximum values and then decreased as TAG accumulated (Nile 

Red signal) to a maximum value.  However, the bicarbonate amended cultures 

maintained high starch accumulation as maximum TAG was realized.  Essentially, 

bicarbonate caused the cultures to maximize carbon storage metabolites in the form of 

starch and biofuel precursors. 
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Chlorophyll State during Lipid Accumulation: 

To ascertain the underlying health of the C. reinhardtii cultures during 

ammonium depletion and metabolite accumulation, chlorophyll concentrations were 

monitored.  Figure 4.6 shows chlorophyll a (a), chlorophyll b (b), and total chlorophyll 

(c) for the experiments reported.  During exponential growth and up to 4 d there were no 

discernible differences in chlorophyll concentrations between the different cultures.  

After which there was a decrease through 7 d for all the cultures.  However, the rate of 

decrease was highest to lowest in the cultures to which 5% CO2 was sparged, bicarbonate 

was added, and air sparged without added bicarbonate, respectively.   

The decreased chlorophyll concentrations toward the end of the experiment can 

be compared with the decrease in DIC utilization rate (Figure 4.3) observed in the 

cultures to which bicarbonate was added, suggesting a slowing of DIC utilization.  

Further, the cultures which 5% CO2 was sparged had the lowest amount of chlorophyll at 

the end of the experiment, and was degraded in both TAG and starch (Table 4.I and 

Figures 4.4 and 4.5, respectively), suggesting non-optimal health.  Further, at the end of 

the experiment the cultures to which air was sparged without added bicarbonate had the 

highest amount of remaining chlorophyll, but never accumulated TAG or starch, an 

indication of carbon limitation (Figure 4.3). 
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Figure 4.6: C. reinhardtii CC124 average and standard deviation of chlorophyll a (A), 

chlorophyll b (B), and total chlorophyll (C).  Arrow indicates time of medium NH4
+

 

depletion and inorganic carbon adjustment.  Growth was maintained in Sager’s minimal 

medium illuminated with a 14:10 h L:D cycle (n=3). 
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Conclusions 

C. reinhardtii grew rapidly with a 5% CO2 in air sparge until ammonium in the 

medium was depleted.  During this time there was a characteristic decrease in pH, which 

is consistent for microalgal growth on ammonium and high CO2 levels (Eustance 2011; 

Fuggi et al. 1981).  During ammonium depletion, C. reinhardtii accumulated TAG and 

starch as carbon storage compounds when a 5% CO2 gas-sparge or bicarbonate was used 

as inorganic carbon sources.  The 5% CO2 sparged cultures, after ammonium depletion, 

quickly accumulated starch which was then likely reallocated to TAG.  Further, the 

highest TAG accumulation was observed when sparged with 5% CO2; however the TAG 

began to degrade into FFA and DAG within a few days. While the 50 mM bicarbonate 

amended cultures accumulated starch and TAG at a slightly slower rate, starch 

reallocation and stable carbon storage was observed.  The low CO2 cultures exhibited 

carbon limitation and slow metabolic growth with minimal TAG or starch accumulation. 

The highest biofuel potential was observed when high CO2 was used as the carbon 

substrate.  However, these conditions were not as stable, in comparison with bicarbonate 

as the inorganic carbon source, evident by the fast accumulation followed by somewhat 

rapid degradation of both TAG and starch.  Additionally the bicarbonate amended 

cultures exhibited more carbon storage, due to the high starch remaining at the end of the 

experiments.  This suggests industrial use of algae to produce biofuel could benefit from 

using bicarbonate during nutrient deplete conditions to boost output, especially if the 

industrial strain does not have the capabilities to produce starch, such as C. reinhardtii 

starchless mutants (Li et al. 2010; Wang et al. 2009; Work et al. 2010). 
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Supplemental Material 

Culturing Conditions: 

Experiments were conducted in triplicate in batch culture using 70 mm x 500 mm 

glass tubes containing 1 L media submersed in a water bath to control temperature.  

Rubber stoppers, containing ports for aeration and sampling, were used to seal the tubes.  

Temperature was maintained at 24°C ± 1°C.  Light (400 µmoles m
-2 

s
-1

) was maintained 

on a 14:10 light/dark cycle using a light bank containing T5 tubes.  Air sparge (400 mL 

min
-1

) was supplied by humidified ambient air with and without 5% CO2 (v/v) and 

controlled using an individual rotameter for each bioreactor (Cole-Parmer, Vernon Hills 

IL). 

Nitrate and Ammonium Measurements: 

Medium nitrate concentrations were determined using an IonPac AS22-Fast 

Anion-Exchange Column (Dionex) with a 4.5/1.4 mM sodium carbonate/sodium 

bicarbonate buffer set at a flow rate of 1.2 mL min
-1

.  Detection was done using a CD20 

conductivity detector (Dionex), and IC data was analyzed on Dionex PeakNet 5.2 
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software.  Ammonium concentrations were monitored using Nessler reagent (HACH, 

Loveland CO).  In brief, 250 µL of 0.2 µm filtered culture supernatant was combined 

with 3 µL mineral stabilizer and 3 µL polyvinyl alcohol (HACH, Loveland CO) in a clear 

96-well plate.  To this, 10 µL Nessler reagent was added and incubated for 13 min at 

room temperature. The absorbance was read at 425 nm, and ammonium concentration of 

the sample was calculated using an ammonium standard curve derived from serially 

diluted abiotic Sager’s minimal media.  

Starch Measurements: 

Cellular starch was determined using the EnzyChrom starch assay kit (BioAssay 

Systems, Hayward CA) according to manufacturer’s protocol with modifications.  One 

mL of culture was centrifuged at 10,000 x g for 2 min, after which the supernatant was 

discarded.  One mL of 90% ethanol was added to the centrifuged pellet to wash off any 

free glucose and small oligosaccarides, which was then vortexed to disrupt the pellet and 

heated at 60°C for 5 min.  The sample was centrifuged at 10,000 x g for 2 min, after 

which the ethanol was discarded.  The wash was repeated twice.  Soluble starch in the 

pellet was extracted with 1 mL diH2O incubated in a boiling water bath for 5 min and 

centrifuged at 10,000 x g for 2 min.  Ten µL of supernatant was analyzed with 90 µL 

working reagent incubated for 30 min and adsorption was measured at 570 nm.  Resistant 

starch was extracted from the insoluble pellet with 200 µL DMSO and heated for 5 min 

in a boiling water bath and centrifuged at 10,000 x g for 2 min.  The supernatant was 

diluted 10x in diH2O and 10 µL of diluted sample was analyzed with 90 µL working 
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reagent incubated for 30 min.  Adsorption was measured at 570 nm and correlated with a 

standard curve of known glucose concentrations ranging from 0 – 200 µg mL
-1

. 

Bead Beating and Neutral Lipid Extraction: 

Dried biomass (~30 mg), three types of beads (0.6 g of 0.1 mm zirconium/silica 

beads, 0.4 g of 1.0 mm glass beads, two 2.5 mm glass beads), and 1 mL  of the 1:1:1 

chloroform/hexane/tetrahydrofuran solvent mix was combined in a 1.5 mL stainless steel 

bead beating micro-vial with silicone caps (BioSpec Products, Bartlesville, OK).  A 

FastPrep bead beater (Bio101/Thermo Savant) was used to agitate the vials for 2 min 

durations (20 s cycles, at power level 6.5 with 20 s cooling periods). Biomass and beads 

were poured into a glass disposable culture tube and the microvials were washed with the 

addition of 1 mL solvent mix which was added to the culture tube.  The 

biomass/bead/solvent mixture was centrifuged (1380 x g) for approximately 1 min, after 

which 1 mL of the solvent was collected for gas chromatography – flame ionization 

detection (GC-FID).   

Direct in situ Transesterification: 

Approximately 30 mg biomass was added to 1 mL toluene and 2 mL sodium 

methoxide (both from Fisher Scientific, Pittsburgh PA) in crimp cap 5 mL serum vials 

and heated at 80°C with intermittent vortexing for 30 min.  After which, 2 mL 14% BF3-

methanol was added and the heating process was repeated.  The vials were cooled to 

room temperature and 0.8 mL NaCl saturated H20 and 0.8 mL hexane were added 

followed by centrifugation at 3,000 x g for 5 min to separate the phases.  One mL of the 
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organic phase was collected for gas chromatography – mass spectrometry detection (GC-

MS). 
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CHAPTER 5 

 

 

PROJECT CONCLUSION AND FUTURE WORK 

Problem Elucidation 

Since the feasibility of producing biodiesel from algal derived TAG feedstock 

was evaluated by the US Department of Energy’s Aquatic Species Program, research has 

continued for the identification of the so-called “lipid trigger”.  This would be a set of 

circumstances or the production of a signaling molecule that controlled lipid synthesis or 

accumulation.  Medium nitrogen, phosphate, iron, and silica (for diatoms) depletion are 

commonly used to limit growth and promote TAG accumulation.  Additionally, medium 

pH or genetic modifications have been shown to limit cell cycling or promote a high 

TAG accumulation state, respectively. However, a simple non-genetically modified 

answer to the so-called “lipid trigger” has not been realized. 

This dissertation represents the summary of work completed to evaluate factors 

that control and stimulate TAG accumulation in microalgae and demonstrate the use of 

the bicarbonate ion as a chemical additive to stimulate TAG accumulation in microalgae.  

The bicarbonate addition was coupled with medium macronutrient depletion, examples 

include nitrate, phosphate, or silica, to optimize growth during nutrient replete conditions 

and maximize algal biomass capable of accumulating TAG.  There was an immediate 

cessation of cell cycling, in Chlorophytes, and bicarbonate supplied excess DIC that 

could potentially be used as a substrate for TAG synthesis.  Additionally, due to stressed 

or lysed algal cells, during late stationary phase, and the biodiesel precursor TAGs may 
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have been lost to heavy bacterial contamination.  However, additional bicarbonate 

maintained an elevated pH in the culture medium, as high as pH 11, which has the 

potential to minimize bacterial contamination that could be parasitic to compromised 

algae.   

Attainment of Project Aims 

The project goals were listed as: 

i. Screen two Chlorophyta for high pH-induced TAG accumulation and delayed cell 

cycling. 

ii. Combine high pH and nitrate depletion induced TAG accumulation for two 

Chlorophyta to demonstrate elevated TAG when these conditions are attained in 

concert and to differentiate the effects of each. 

iii. Optimize growth of Scenedesmus sp. WC-1 and demonstrate TAG accumulation 

following bicarbonate addition. 

iv. Determine the nitrogen requirements for bicarbonate induced TAG accumulation. 

v. Screen the bicarbonate induced TAG accumulation on the marine diatom 

Phaeodactylum tricornutum, and to confirm nitrogen dependency. 

vi. Evaluate the use of bicarbonate as an inorganic substrate during TAG and starch 

accumulation on the model Chlorophyte Chlamydomonas reinhardtii. 

(i) High pH-Induced TAG Accumulation 

and Delayed Cell Cycling: 

Two Chlorophytes, Scenedesmus sp. WC-1 and Coelastrella sp. PC-3, were 

analyzed in pH buffered systems to determine the effect of pH on growth and TAG 
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accumulation (Chapter 2).  PC-3 was originally isolated from near neutral conditions and 

grew best in neutral HEPES buffered system (pKa 7.4).  By contrast, WC-1 was isolated 

from an alkaline creek in Yellowstone National Park and exhibited optimum growth in 

the CHES buffered system (pKa 9.3).  The unbuffered cultures exhibited a characteristic 

increase in medium pH as the cultures grew due to depletion of carbonic acid and cellular 

release of hydroxide from nitrate utilization.  Both unbuffered and CAPS buffered (pKa 

10.3) systems revealed early high pH-induced TAG accumulation, measured as total Nile 

Red fluorescence and specific Nile Red fluorescence, which was maintained until 

medium nitrate depletion.  These experiments were done in 24 hr light conditions which 

maximized TAG accumulation and controled the pH decrease during the dark cycle.  In 

contrast, the HEPES (pKa 7.4) and the CHES (pKa 9.3) buffered system did not exhibit 

pH-induced TAG accumulation, and only accumulated TAG during nitrate depletion.  

Furthermore, analysis of microscopic images of WC-1 showed larger cell morphology 

and an incompletely split cellular state at higher pHs.  This supports the hypothesis that 

TAG accumulation is the net result of synthesis and utilization, and that limiting cellular 

cycling elevates TAG accumulation (Gardner et al. 2011). 

(ii) Coupling High pH with Nitrogen 

Depletion to Induce TAG Accumulation: 

Two Chlorophytes, Scenedesmus sp. WC-1 and Coelastrella sp. PC-3, were 

analyzed in pH buffered systems to determine the effect of pH and nitrate depletion on 

TAG accumulation (Chapter 2).  Both organisms exhibited independent pH-induced TAG 

accumulation and nitrate depletion induced TAG accumulation. Further, the TAG 

accumulation per cell, calculated by specific Nile Red fluorescence, was roughly 
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equivalent for each condition.  However, total and specific Nile Red fluorescence was 

much higher in cultures that coupled high pH with nitrate depletion to induce TAG 

accumulation.  To my knowledge this is the first published report of a two parameter 

trigger.  Furthermore, analysis of medium pH, at the time of nitrate depletion, vs. TAG 

accumulation, at the end of the experiment, showed a strong correlation (r
2
 = 0.95).  

Using this information, reactors or ponds should operate at an optimal growth pH until an 

appropriate algal density is obtained.  Prior to nitrate depletion, the pH would be 

increased to trigger high TAG accumulation as the nitrate was depleted.  Under these 

conditions, both environmental parameters work in concert to trigger TAG accumulation 

(Gardner et al. 2011). 

(iii) Optimized Growth and Bicarbonate Induced 

TAG Accumulation in Scenedesmus sp. WC-1: 

Growth and TAG accumulation was monitored for Scenedesmus sp. WC-1 during 

aeration with atmospheric air (low CO2) and 5% CO2 (v/v) supplemented air on a 14:10 

light/dark cycle (Chapter 3).  There was a loss of pH-induced TAG accumulation in the 

WC-1 cultures, aerated with low CO2, during light/dark cycling due to the pH drop in the 

dark hours of the cycle.  Higher CO2 concentrations doubled WC-1’s growth rate; 

however, the increased CO2 caused the culture pH to remain low and low pH at the time 

of nitrate depletion was shown to correlate with low TAG accumulation (Chapter 2).  

This led us to envision a significantly improved growth and TAG production scenario, 

where aeration with 5% CO2 was utilized during exponential growth, but just prior to 

nitrate depletion the culture was shifted to an air-only sparge, to allow photosynthesis to 

naturally increase culture pH.  Further, it was hypothesized that maintaining a high 
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dissolved inorganic concentration would improve TAG production (i.e., increased 

available carbon at elevated pH).  This led to the addition of sodium bicarbonate as a 

dissolved inorganic carbon source when changing the gas sparge from 5% CO2 to 

ambient air. 

Increased TAG accumulation was not observed in the cultures without the 

bicarbonate addition, presumably due to lower pH during the dark hours.  However, 

cultures to which bicarbonate was added (50 mM) at nitrate depletion, exhibited a 

cessation of cellular cycling and TAG accumulation rates immediately increased.  The 

bicarbonate addition led to the same level of TAG accumulation as that observed with air 

grown cells, but in half the total culturing time (Gardner et al. 2012a). 

Investigation was done to ascertain whether bicarbonate, carbonate, or the sodium 

ion was responsible for the cessation of the cell cycling and subsequent TAG 

accumulation in Scenedesmus WC-1 (Appendix A).  Figure A.1 shows the screening 

results of two concentrations of both sodium bicarbonate and sodium carbonate, along 

with the salts mixed or when CAPS buffer (pKa 10.4) was added to minimize pH 

differences between the additions of these salts.  Cellular cycling was arrested in all 

additions, regardless of salt type, but not in the culture that did not receive an addition.  

The cultures to which the addition had only sodium bicarbonate, or sodium bicarbonate 

with CAPS buffer exhibited, accumulated TAG.  The cultures that received 25 mM or 50 

mM sodium bicarbonate accumulated TAG to the same degree as the culture that 

received 25 mM of both sodium bicarbonate and CAPS buffer.  No cultures that had 

sodium carbonate added accumulated TAG, indicating that bicarbonate rather than 
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carbonate was the ion responsible for TAG accumulation.  Furthermore, 50 mM sodium 

bicarbonate and 25 mM sodium carbonate have equimolar concentrations of sodium and 

TAG accumulation was observed only in the sodium bicarbonate amended culture.  

Additional evidence showing that the sodium ion is not responsible for cellular cycle 

arrest and TAG accumulation is discussed further with respect to the sodium chloride 

amended results during sodium bicarbonate optimization (Appendix A), discussed below. 

 To improve the cost feasibility of using bicarbonate on an industrial scale, the 

bicarbonate addition was optimized to identify the minimum amount of bicarbonate 

needed to arrest cellular cycling (Appendix A).  Figure A.2 shows the growth of 

Scenedesmus WC-1, on 50 mM CHES (pKa 9.3) buffered Bolds basal medium, when a 

5% CO2 in air (v/v) gas sparge was used until near nitrate depletion (2.9 d), at which 

time the sparge was switched to ambient air.  At the time of the sparge adjustment, there 

was 1.07 ± 0.19 mM NO3
-
 remaining in the cultures, of 2.90 mM added initially.  Sodium 

bicarbonate was added to the cultures at final concentrations of 0, 5, 10 and 15 mM, 

along with one experiment receiving 15 mM sodium chloride.  Cell cycle was partially 

and completely arrested in the cultures that received 10 mM and 15 mM sodium 

bicarbonate, respectively.  The culture that received 15 mM sodium chloride continued to 

divide unabated.  This provided additional evidence that the bicarbonate ion, rather than 

the sodium ion, was responsible for the cessation of the cell cycle. 

 DIC and pH were monitored during the bicarbonate optimization experiments and 

are shown in Figures A.3 and A.4, respectively.  Prior to bicarbonate addition there was 

3.75 ± 0.27 mM C in the culture medium from the 5% CO2 gas sparge.  Directly after 
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additions were made to the targeted concentrations of 0, 5, 10, and 15 mM bicarbonate, 

there was 1.41, 5.41, 9.29, and 13.34 mM C, respectively (Figure A.3).  The culture that 

received 15 mM NaCl had 1.51 mM C directly after addition, which is comparable to the 

culture that did not receive any added bicarbonate.  The difference between the DIC at 

pre-addition and directly after addition in the 0 mM bicarbonate and the 15 mM NaCl is 

attributed to off-gassing of the 5% CO2 and carbon utilization by WC-1.  Additionally, all 

cultures became carbon limited one day after bicarbonate was added. 

 The biological buffer CHES (pKa 9.3) was used to minimize pH change during 

addition and to maintain a pH that would favor bicarbonate as the dominant DIC species.  

Figure B.3 shows that there was variation in the cultures pH after bicarbonate addition; 

however the pH ranged from pH 8.5- 10.0, which favors bicarbonate as the inorganic 

carbon species.  The pH reached 10.3 at the end of the experiment in the culture to which 

15 mM bicarbonate was added; however this culture was carbon limited by 4 d.  TAG 

accumulation was tracked by Nile Red fluorescence and Figure A.5 shows the Nile Red 

specific fluorescence of the WC-1 cultures with bicarbonate and sodium chloride added.  

After bicarbonate was added, the culture to which 15 mM bicarbonate was added began 

to accumulate TAG, but the other cultures did not.  The degree of TAG accumulation, per 

cell, was much less than what had been observed in WC-1 under 50 mM bicarbonate 

addition and suggests that carbon limitation, during TAG accumulation, had a direct 

effect on the amount of TAG that WC-1 accumulated. 
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(iv) Nitrogen Requirement for Bicarbonate Induced 

TAG Accumulation in Scenedesmus sp. WC-1: 

Growth and TAG accumulation was monitored for Scenedesmus sp. WC-1 during 

gas sparge with atmospheric air (low CO2) and 5% CO2 (v/v) supplemented air on a 

14:10 light/dark cycle, along with cultures that had the gas sparge switched from 5% CO2 

to atmospheric air with 50 mM bicarbonate added.  The addition of bicarbonate at the 

time of nitrate depletion clearly changed the metabolic activity of the culture.  

Immediately after bicarbonate addition, WC-1 stopped cellular replication and began to 

accumulate TAG.  The timing of this effect was further investigated by comparing effects 

of bicarbonate addition before nitrate depletion and after the medium was nitrate 

depleted, when cultures were in stationary phase (Chapter 3).  Cultures grew 

exponentially under 5% CO2 aeration with a 1.9 d
-1

 specific growth rate and a doubling 

time of 8.7 hr.  Cultures became nitrate depleted at 4 d.  It was observed that cultures to 

which bicarbonate was added at 3.7 d (pre-nitrate depletion) showed an immediate 

cessation of cellular replication.  Furthermore, these cultures accumulated TAG from 5 – 

8 d.   

When the cultures were maintained on 5% CO2 until after nitrate depletion at 4 d, 

the Nile Red fluorescence increased to a level comparable to the fluorescence increase 

observed in cultures that were maintained with 5% CO2 throughout the entire experiment.  

At 6.4 d, aeration was adjusted to ambient air (low CO2) and bicarbonate was added.  The 

culture pH immediately shifted to pH 9.1 and the culture reached a maximum pH of 10.0 

over the remainder of the experiment.  Nile Red fluorescence of these cultures decreased, 

indicating that the accumulated lipids were consumed and no additional TAG 
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accumulation was observed throughout the remainder of the experiments.  This suggests 

a nitrogen requirement for WC-1 to accumulate TAG (Gardner et al. 2012a). 

(v) Bicarbonate Induced TAG Accumulation 

in Phaeodactylum tricornutum: 

To ascertain whether bicarbonate addition would give similar results in other 

algae, the marine diatom P. tricornutum Pt-1 was studied in a similar manner to WC-1 

(Chapter 3).  However, the final concentration of the bicarbonate addition was decreased 

from 50 mM to 25 mM, and 50 mM Tris buffer (pKa 7.8) was utilized in the culturing 

media to minimize pH shifts; as the pH approaches 9.0, the constituents of the ASP2 

medium precipitated, which could potentially confound results.  All cultures grew 

exponentially and bicarbonate was added both pre- and post-nitrate depletion.  Similar to 

WC-1, Nile Red fluorescence increased when bicarbonate was added while the medium 

contained nitrate, but did not increase when no nitrate was available.  However, unlike 

WC-1, cell replication of Pt-1 was not arrested by the addition of bicarbonate (Gardner et 

al. 2012a).   

(vi) TAG and Starch Accumulation with 

High Bicarbonate as the Inorganic Carbon 

Substrate in Chlamydomonas reinhardtii: 

To ascertain whether bicarbonate addition would give similar results in other 

Chlorophytes and to investigate whether starch accumulation is observed during 

bicarbonate addition, the Chlorophyte Chlamydomonas reinhardtii st. 124 was studied in 

a similar manner to WC-1 (Chapter 4).  During ammonium depletion, C. reinhardtii 

accumulated TAG and starch as carbon storage compounds when a 5% CO2 gas-sparge 
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or bicarbonate was used as inorganic carbon sources.  The 5% CO2 sparged cultures, after 

ammonium depletion, quickly accumulated starch which was then likely reallocated to 

TAG.  Further, the highest TAG accumulation was observed when sparged with 5% CO2; 

however the TAG began to degrade into free fatty acids and di-glycerides within a few 

days. The bicarbonate amended cultures accumulated starch and TAG at a slightly slower 

rate, however starch reallocation and stable carbon storage was observed.  The low CO2 

cultures exhibited carbon limitation characteristics, which are slow metabolic growth 

with minimal TAG or starch accumulation (Gardner et al. 2012b). 

The highest biofuel potential was observed when high CO2 was used as the 

carbon substrate.  However, these conditions were not as stable, in comparison with 

bicarbonate as the inorganic carbon source, evident by the fast accumulation followed by 

degradation of both TAG and starch.  Additionally, the bicarbonate amended cultures 

exhibited more carbon storage, due to the high starch remaining at the end of the 

experiments.  This suggests industrial use of algae to produce biofuel could benefit from 

using bicarbonate during nutrient deplete conditions to boost output, especially if the 

industrial strain does not have the capabilities to produce starch, such as C. reinhardtii 

starchless mutants (Li et al. 2010; Wang et al. 2009; Work et al. 2010). 

Future Work 

To summarize the problem, the current demand for traditional energy fuels is 

escalating while the supply chain is stressed by diminishing reserves.  Because of 

advantageous growth characteristics and TAG production levels, microalgae can help 

alleviate some of our petroleum dependency.  However, fundamental studies of 
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bicarbonate addition to induce TAG accumulation must be done to maximize the 

effectiveness of this technology.  Specifically, optimized delivery scenarios and 

fundamental understanding of metabolic pathways, control points, and subtle differences 

between different types of algae need further exploration. 

In general, TAG synthesis begins with fatty acid synthesis in the chloroplast.  

Here, acetyl-CoA is converted to malonyl-CoA by acetyl-CoA carboxylase.  Malonyl-

CoA is further enzymatically reacted to produce 16 and 18 carbon length fatty acid chains 

used as precursors for chloroplasts, other cellular membranes, and neutral TAG (Hu et al. 

2008; Ohlrogge and Browse 1995).  TAG regulation is likely to occur at the acetyl-CoA 

carboxylase enzymatic reaction, which represents the first committed step in fatty acid 

synthesis, and the diacylglycerol acyltransferase enzymatic reaction, where a third fatty 

acid chain is connected to diacylglycerol.  This is the only reaction unique to TAG 

synthesis (Ohlrogge and Browse 1995).  The question must be asked as to whether 

adding excess bicarbonate affects TAG synthesis, or does bicarbonate addition limit TAG 

utilization which ultimately leads to TAG accumulation (TAG accumulation = TAG 

synthesis - TAG utilization), or both?  

Most researchers in this field, as well as presented in this dissertation, have used 

N-limitation to achieve TAG accumulation (Li et al. 2008; Mandal and Mallick 2009; 

Shen et al. 2009; Shen et al. 2010; Stephenson et al. 2010).  To further that 

understanding, nitrate depletion and high pH induce TAG accumulation has been 

demonstrated in three independent Chlorophytes (Gardner et al. 2011; Guckert and 

Cooksey 1990).  Of particular note is that high pH-induced accumulation was a stress 
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mechanism independent from nitrate depletion and high pH led to delayed autospore 

release indicating inhibition of normal cell cycling.  Delayed cell cycling supports results 

observed when monofluoroacetate was used to inhibit tricarboxylic acid (TCA) cycle 

which also led to TAG accumulation (Thomas 1990).  Experiments reported herein with 

three independent Chlorophytes, have shown an immediate arrest of cellular replication 

upon the addition of bicarbonate, prior to TAG accumulation.  Thus, investigating 

whether excess bicarbonate inhibits cellular TCA cycle, leading to TAG accumulation, 

seems an appropriate starting point to elucidate the effects of bicarbonate on algal 

metabolic sytems.  Also meriting note, acetyl-CoA is the precursor molecule for both 

TAG synthesis and the TCA cycle.  In fact, acetyl-CoA carboxylase combines acetyl-

CoA with bicarbonate to produce malonyl-CoA, the precursor for fatty acids.  Thus, 

bicarbonate is potentially a regulation molecule for the two metabolic pathways.  It 

makes logical sense that if cellular replication were stopped, while the algae are still 

photosynthetically fixing carbon, one would expect accumulation of some energetic 

molecule (in the cases presented here starch and/or TAG).  However, experimentation on 

the marine diatom Phaeodactylum tricornutum shows that the addition of bicarbonate 

does not arrest cellular replication.  In fact, the growth rates do not seem affected by 

bicarbonate addition, even though there is a relatively quick TAG accumulation.  This 

raises questions as to the differences between carbon metabolism in Chlorophytes and 

diatomaceous algae. 

Chlorophytes are thought to utilize the C3 photosynthesis pathway for carbon 

fixation, whereas the diatom Thalassioria is argued as to whether it utilizes the C4 
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pathway (Armbrust et al. 2004; Reinfelder et al. 2004; Roberts et al. 2007).  However, 

both mechanisms utilize ribulose-1,5-bisphosphate carboxylase oxygenase (Rubisco) to 

catalyze the first step in the Calvin cycle.  Rubisco has a relatively low affinity for CO2 

and is less than half saturated under normal atmospheric conditions (Giordano et al. 

2005).  By consequence, microalgae have evolved carbon concentrating mechanisms 

(CCMs) to increase the carbon flux to Rubisco (Giordano et al. 2005; Kaplan and 

Reinhold 1999; Moroney and Somanchi 1999; Moroney and Ynalvez 2007; Raven 2010). 

These mechanisms are understood as two different phases.  In the first phase, inorganic 

carbon is acquired from the environment and shuttled to the chloroplast.  The second 

phase generates elevated HCO3 in the chloroplast stroma (Moroney and Ynalvez 2007).  

Microalgae are thought to have a number of carbonic anhydrases and bicarbonate 

transport channels to move inorganic carbon across the periplasmic membrane, through 

the cytosol, into the chloroplast, and convert the carbon to CO2 in the direct vicinity of 

the Rubisco enzyme located in the pyrenoid.  Diatoms potentially have the extra ability to 

convert HCO3 directly to an organic molecule, oxaloacetate – utilizing PEP carboxylase, 

which is shuttled to the pyrenoid and reconverted to CO2 for use by the Rubisco enzyme 

(Roberts et al. 2007). 

Besides the fundamental importance of increasing the carbon flux into 

microalgae, many studies have been done on the induction of algal CCMs by shifting 

from high CO2 (typically 1 – 5%) to atmospheric levels (0.04%) (Bozzo et al. 2000; 

Moroney et al. 1987; Moroney and Tolbert 1985; Palmqvist et al. 1988; Radmer and 

Ollinger 1980; Rotatore and Colman 1991; Thielmann et al. 1990).  Of particular note is 
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that many of these studies were done on C. reinhardtii and Scenedesmus sp..  Further, 

shifting from high to low CO2 concentration was performed at the time of bicarbonate 

addition in the studies shown with Chlorophytes (Gardner et al. 2012a; Gardner et al. 

2012b).  This was done to maximize growth rate with increased CO2 prior to bicarbonate 

addition, and then to allow media pH to increase after bicarbonate addition.  Therefore, it 

is expected that the enzymes induced when the CCM is activated, by low CO2 

concentrations, would also be induced when the microalgae was bicarbonate stimulated.  

Understanding the role of these enzymes, with respect to TAG accumulation, is an 

important goal that must be sorted out. 

To conclude, future research should be directed toward elucidation of the 

regulation of central carbon metabolism, with emphasis on maximizing organic carbon 

flux to TAG.  As well as, elucidating how CCMs influence inorganic carbon acquisition, 

with emphasis on maximizing inorganic carbon acquisition/fixation from the extracellular 

environment through the Rubisco enzyme.  In addition, these future studies should be 

done on a broad range of microalge, especially industrial biofuel production strains, so 

that fundamental knowledge of microalgal physiology can be advanced and scalable 

industrial biofuel cultivation scenarios can be optimized. 
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Scenedesmus WC-1 Inorganic Carbon Salt Screen 

 

Figure A.1: Nile Red fluorescence of Scenedesmus WC-1 when additions of sodium 

bicarbonate, sodium carbonate, and CAPS buffer (pKa 10.4) was added, individually or 

in combination, near nitrate depletion.  Note – additions involving a sodium salt and 

CAPS buffer combination were made by first adding the sodium salt and subsequently 

the CAPS buffer (n=1). 
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Bicarbonate Optimization of Scenedesmus WC-1 

 

Figure A.2: Average and standard deviation of Scenedesmus WC-1 growth with 5% CO2 

through 3 d, at which time the gas sparge was switched to ambient air and sodium 

bicarbonate was added at 0 - 15 mM or 15 mM sodium chloride was added (n=3). 

 

 

Figure A.3: Average and standard deviation of DIC in cultures of Scenedesmus WC-1 

grown with 5% CO2 through 3 d, at which time the gas sparge was switched to ambient 

air and sodium bicarbonate was added at 0 - 15 mM or 15 mM sodium chloride was 

added (n=3). 
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Figure A.4: Average and standard deviation of pH in cultures of Scenedesmus WC-1 

grown with 5% CO2 through 3 d, at which time the gas sparge was switched to ambient 

air and sodium bicarbonate was added at 0 - 15 mM or 15 mM sodium chloride was 

added (n=3). 

 

Figure A.5: Average and standard deviation of Nile Red specific fluorescence in cultures 

of Scenedesmus WC-1 grown with 5% CO2 through 3 d, at which time the gas sparge was 

switched to ambient air and sodium bicarbonate was added at 0 - 15 mM or 15 mM 

sodium chloride was added (n=3).  
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Chapter 2-4 

Table B.1: Data for Figure 2.1a (n=3). 

 

Unbuffered HEPES (pKa 7.4) CHES (pKa 9.3) CAPS (pKa 10.4) 

Time  

(days) 

Cell 

Count 

(107 cell 

mL-1) 

Standard 

Deviation 

Cell 

Count 

(107 cell 

mL-1) 

Standard 

Deviation 

Cell 

Count 

(107 cell 

mL-1) 

Standard 

Deviation 

Cell 

Count 

(107 cell 

mL-1) 

Standard 

Deviation 

0 0.044 0.008 0.038 0.011 0.033 0.006 0.038 0.004 

2 0.078 0.005 0.099 0.006 0.095 0.007 0.028 0.000 

4 0.085 0.009 0.138 0.015 0.177 0.010 0.032 0.007 

6 0.207 0.016 0.287 0.011 0.360 0.025 0.081 0.010 

8 0.260 0.012 0.351 0.032 0.366 0.025 0.113 0.012 

10 0.355 0.054 0.526 0.054 0.458 0.018 0.162 0.033 

12 0.356 0.043 0.632 0.072 0.476 0.053 0.181 0.033 

14 0.386 0.034 0.697 0.046 0.520 0.037 0.204 0.006 

16 0.478 0.051 0.971 0.094 0.618 0.064 0.245 0.046 

18 0.527 0.042 1.020 0.035 0.654 0.086 0.250 0.045 

20 0.542 0.038 1.330 0.110 0.682 0.132 0.265 0.024 

22 0.611 0.082 1.380 0.105 0.699 0.131 0.298 0.043 

24 0.633 0.071 1.420 0.117 0.713 0.104 0.301 0.030 

26 0.633 0.063 1.450 0.146 0.732 0.090 0.322 0.010 

 

 

Table B.2: Data for Figure 2.1b (n=3). 

 

Unbuffered HEPES (pKa 7.4) CHES (pKa 9.3) CAPS (pKa 10.4) 

Time  

(days) 

Average 

(107 cell 

mL-1) 

Standard 

Deviation 

Average 

(107 cell 

mL-1) 

Standard 

Deviation 

Average 

(107 cell 

mL-1) 

Standard 

Deviation 

Average 

(107 cell 

mL-1) 

Standard 

Deviation 

0.0 0.068 0.007 0.070 0.005 0.065 0.004 0.070 0.003 

2.1 0.360 0.041 0.346 0.011 0.359 0.035 0.221 0.029 

5.1 0.730 0.038 1.010 0.066 0.878 0.068 0.946 0.142 

8.0 0.890 0.156 1.410 0.257 2.220 0.197 1.470 0.104 

11.5 1.350 0.122 2.670 0.133 2.710 0.131 1.510 0.119 

14.0 1.480 0.044 3.140 0.284 3.180 0.075 1.540 0.110 

17.1 

  

3.660 0.300 4.360 0.292 

  
20.2 

  

3.660 0.300 4.360 0.292 
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Table B.3: Data for Figure 2.3a (n=3). 

 

Unbuffered HEPES (pKa 7.4) CHES (pKa 9.3) CAPS (pKa 10.4) 

Time  

(days) 

Nile 

Red 

Intensity 

Standard 

Deviation 

Nile 

Red 

Intensity 

Standard 

Deviation 

Nile 

Red 

Intensity 

Standard 

Deviation 

Nile 

Red 

Intensity 

Standard 

Deviation 

0 30 14 57 12 87 46 21 3 

2 43 45 62 63 54 64 23 16 

4 49 69 60 64 39 33 198 124 

6 25 26 15 17 77 46 324 16 

8 41 60 50 24 78 11 416 78 

10 41 47 56 62 73 44 533 96 

12 72 80 66 96 88 64 503 60 

14 66 25 100 53 125 47 545 86 

16 211 35 105 21 106 86 536 57 

18 296 63 120 49 160 17 508 69 

20 424 83 224 7 230 15 572 112 

22 614 124 261 115 337 31 782 95 

24 763 214 184 64 243 12 662 39 

26 859 56 181 57 309 54 649 164 

 

Table B.4: Data for Figure 2.3b (n=3). 

 

Unbuffered HEPES (pKa 7.4) CHES (pKa 9.3) CAPS (pKa 10.4) 

Time  

(days) pH 

Standard 

Deviation pH 

Standard 

Deviation pH 

Standard 

Deviation pH 

Standard 

Deviation 

0 6.42 0.08 7.35 0.05 8.78 0.10 9.82 0.03 

2 6.95 0.05 7.50 0.00 8.83 0.06 9.80 0.00 

4 7.50 0.00 7.32 0.03 9.03 0.03 9.85 0.05 

6 7.87 0.06 7.40 0.00 9.05 0.05 9.83 0.03 

8 8.92 0.08 7.53 0.03 9.20 0.00 9.95 0.05 

10 9.45 0.15 7.62 0.03 9.25 0.05 10.08 0.03 

12 10.05 0.28 7.68 0.03 9.32 0.03 10.17 0.03 

14 9.83 0.21 7.53 0.06 9.08 0.03 9.83 0.03 

16 10.03 0.08 7.60 0.00 9.13 0.03 9.85 0.05 

18 10.27 0.06 7.70 0.00 9.32 0.03 9.97 0.06 

20 10.33 0.15 7.72 0.03 9.32 0.10 9.90 0.00 

22 10.37 0.06 7.70 0.00 9.40 0.00 9.83 0.06 

24 10.10 0.17 7.73 0.03 9.37 0.06 9.70 0.35 

26 9.80 0.26 7.80 0.00 9.43 0.03 10.05 0.05 
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Table B.5: Data for Figure 2.3c (n=3). 

 

Unbuffered HEPES (pKa 7.4) CHES (pKa 9.3) CAPS (pKa 10.4) 

Time  

(days) 

NO3
- 

(mg L-1) 

Standard 

Deviation 

NO3
- 

(mg L-1) 

Standard 

Deviation 

NO3
- 

(mg L-1) 

Standard 

Deviation 

NO3
- 

(mg L-1) 

Standard 

Deviation 

0 185.87 4.47 155.87 1.34 171.88 3.76 188.91 1.91 

2 178.37 8.48 144.49 0.33 159.12 6.95 178.37 2.75 

4 161.22 4.24 131.47 3.92 121.47 2.67 180.58 3.15 

6 143.05 12.30 113.54 5.50 117.03 6.54 170.08 3.42 

8 126.20 1.03 88.16 1.05 94.85 11.57 149.66 13.83 

10 115.84 8.66 74.38 5.24 78.13 6.38 144.64 1.34 

12 87.45 4.06 48.41 4.60 57.96 5.64 129.55 1.79 

14 76.74 8.18 30.44 13.09 39.35 7.05 117.01 0.84 

16 54.78 7.45 5.93 2.03 17.26 8.39 101.45 1.20 

18 32.00 9.69 0.15 0.10 2.23 3.62 82.47 3.49 

20 14.50 6.77 0.04 0.04 0.06 0.06 68.31 2.19 

22 2.07 1.94 

    

46.60 4.46 

24 0.01 0.03 

    

26.75 6.61 

26 

      

8.27 6.74 

 

Table B.6: Data for Figure 2.3d (n=3). 

 

Unbuffered HEPES (pKa 7.4) CHES (pKa 9.3) CAPS (pKa 10.4) 

Time  

(days) 

Nile 

Red 

Intensity 

Standard 

Deviation 

Nile 

Red 

Intensity 

Standard 

Deviation 

Nile 

Red 

Intensity 

Standard 

Deviation 

Nile 

Red 

Intensity 

Standard 

Deviation 

0.0 50 12 44 52 51 41 37 48 

2.1 75 3 40 23 41 40 129 38 

5.1 85 42 53 74 67 43 455 89 

8.0 709 542 95 25 291 46 1775 212 

11.5 7148 2577 134 64 784 220 5081 1522 

14.0 7777 1250 89 74 1594 68 4994 943 

17.1 

  

144 99 4352 377 

  
20.2 

  

227 126 6050 827 
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Table B.7: Data for Figure 2.3e (n=3). 

 

Unbuffered HEPES (pKa 7.4) CHES (pKa 9.3) CAPS (pKa 10.4) 

Time  

(days) pH 

Standard 

Deviation pH 

Standard 

Deviation pH 

Standard 

Deviation pH 

Standard 

Deviation 

0.0 8.53 0.06 7.53 0.01 9.40 0.01 10.40 0.01 

2.1 9.64 0.14 7.56 0.02 9.42 0.03 10.06 0.01 

5.1 10.94 0.06 7.64 0.02 9.54 0.01 10.43 0.10 

8.0 11.11 0.04 7.73 0.02 9.63 0.03 10.63 0.02 

11.5 9.97 0.42 7.83 0.01 9.71 0.03 9.99 0.07 

14.0 9.02 0.20 7.80 0.02 9.67 0.01 9.57 0.06 

17.1 

  

7.71 0.02 9.57 0.02 

  
20.2 

  

7.60 0.01 9.51 0.01 

   

Table B.8: Data for Figure 2.3f (n=3). 

 

Unbuffered HEPES (pKa 7.4) CHES (pKa 9.3) CAPS (pKa 10.4) 

Time  

(days) 

NO3
- 

(mg L-1) 

Standard 

Deviation 

NO3
- 

(mg L-1) 

Standard 

Deviation 

NO3
- 

(mg L-1) 

Standard 

Deviation 

NO3
- 

(mg L-1) 

Standard 

Deviation 

0.0 187.36 2.87 175.17 3.62 174.41 3.02 170.26 0.97 

2.1 162.74 6.28 152.02 6.21 144.30 5.73 146.67 3.22 

5.1 73.38 17.81 119.95 4.27 86.04 3.43 39.12 22.56 

8.0 4.39 7.36 88.18 1.58 23.21 3.88 0.05 0.04 

11.5 

  

35.69 1.70 0.00 0.00 

  
14.0 

  

0.00 0.00 
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Table B.9: Data for Figure 2.4a (n=3). 

 

Unbuffered HEPES (pKa 7.4) CHES (pKa 9.3) CAPS (pKa 10.4) 

Time  

(days) 

Specific 

Fluoresc

ence 

Standard 

Deviation 

Specific 

Fluoresce

nce 

Standard 

Deviation 

Specific 

Fluorescen

ce 

Standard 

Deviation 

Specific 

Fluoresce

nce 

Standard 

Deviation 

0 1.46 0.78 3.34 1.62 5.74 3.52 1.13 0.18 

2 1.11 1.13 1.20 1.19 1.09 1.29 1.67 1.11 

4 1.29 1.88 0.88 0.99 0.45 0.39 8.26 2.62 

6 0.24 0.25 0.10 0.12 0.44 0.27 8.10 1.09 

8 0.31 0.46 0.29 0.15 0.42 0.05 7.37 1.10 

10 0.21 0.22 0.23 0.27 0.32 0.18 6.71 1.63 

12 0.42 0.50 0.20 0.30 0.38 0.28 5.63 0.77 

14 0.35 0.16 0.29 0.17 0.48 0.17 5.35 1.01 

16 0.88 0.05 0.22 0.07 0.33 0.24 4.47 0.97 

18 1.12 0.15 0.24 0.10 0.50 0.11 4.10 0.26 

20 1.57 0.32 0.34 0.03 0.69 0.14 4.29 0.48 

22 2.03 0.50 0.38 0.18 1.00 0.24 5.35 1.19 

24 2.47 0.86 0.26 0.08 0.69 0.09 4.44 0.64 

26 2.74 0.42 0.25 0.06 0.84 0.08 4.05 1.14 

 

Table B.10: Data for Figure 2.4b (n=3). 

 

Unbuffered HEPES (pKa 7.4) CHES (pKa 9.3) CAPS (pKa 10.4) 

Time  

(days) 

Specific 

Fluoresce

nce 

Standard 

Deviation 

Specific 

Fluoresce

nce 

Standard 

Deviation 

Specific 

Fluoresce

nce 

Standard 

Deviation 

Specific 

Fluoresce

nce 

Standard 

Deviation 

0.0 3.68 0.66 2.98 3.42 4.02 3.32 2.62 3.37 

2.1 1.06 0.15 0.58 0.35 0.55 0.54 2.93 0.80 

5.1 0.58 0.26 0.26 0.37 0.39 0.28 2.40 0.32 

8.0 4.10 3.52 0.34 0.09 0.65 0.07 6.04 0.60 

11.5 26.42 9.37 0.25 0.11 1.46 0.45 17.13 6.63 

14.0 26.29 4.38 0.15 0.13 2.51 0.13 16.34 3.53 

17.1 

  

0.20 0.14 5.00 0.57 

  
20.2 

  

0.32 0.19 6.96 1.12 
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Table B.11: Data for Figure 2.5a (n=3). 

90 mg L-1 Nitrate 180 mg L-1 Nitrate 360 mg L-1 Nitrate 

Time 

(days) 

Cell 

Count 

(107 cell 

mL-1) 

Standard 

Deviation 

Time 

(days) 

Cell 

Count 

(107 cell 

mL-1) 

Standard 

Deviation 

Time 

(days) 

Cell 

Count 

(107 cell 

mL-1) 

Standard 

Deviation 

0.0 0.0967 0.002363 0.0 0.068 0.007 0.0 0.108 0.004 

2.0 0.454 0.035 2.1 0.360 0.041 2.0 0.347 0.020 

4.2 1.100 0.093 5.1 0.730 0.038 4.2 0.763 0.078 

6.0 1.170 0.065 8.0 0.890 0.156 6.0 0.780 0.037 

8.0 1.550 0.257 11.5 1.350 0.122 8.0 1.200 0.060 

10.0 1.920 0.108 14.0 1.480 0.044 10.0 1.410 0.127 

      

12.0 1.750 0.032 

      

14.0 1.950 0.087 

      

16.0 2.990 0.185 

      

19.0 3.500 0.131 

 

Table B.12: Data for Figure 2.5b (n=3). 

90 mg L-1 Nitrate 180 mg L-1 Nitrate 360 mg L-1 Nitrate 

Time 

(days) 

Cell 

Count 

(107 cell 

mL-1) 

Standard 

Deviation 

Time 

(days) 

Cell 

Count 

(107 cell 

mL-1) 

Standard 

Deviation 

Time 

(days) 

Cell 

Count 

(107 cell 

mL-1) 

Standard 

Deviation 

0.0 0.114 0.004933 0.0 0.070 0.003 0.0 0.103 0.009 

2.0 0.329 0.061 2.1 0.221 0.029 2.0 0.352 0.014 

4.2 1.650 0.134 5.1 0.946 0.142 4.2 1.160 0.131 

6.0 1.740 0.229 8.0 1.470 0.104 6.0 1.190 0.101 

8.0 1.760 0.101 11.5 1.510 0.119 8.0 1.280 0.255 

10.0 2.780 0.157 14.0 1.540 0.110 10.0 2.330 0.291 

12.0 2.610 0.139 

   

12.0 4.030 0.327 

      

14.0 4.103 0.250 

      

16.0 4.513 0.105 

      

19.0 4.230 0.056 
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Table B.13: Data for Figure 2.6a (n=3). 

90 mg L-1 Nitrate 180 mg L-1 Nitrate 360 mg L-1 Nitrate 

Time 

(days) 

Nile Red 

Intensity 

Standard 

Deviation 

Time 

(days) 

Nile 

Red 

Intensity 

Standard 

Deviation 

Time 

(days) 

Nile 

Red 

Intensity 

Standard 

Deviation 

0.0 61 53 0.0 50 12 0.0 44 41 

2.0 143 53 2.1 75 3 2.0 86 17 

4.2 451 156 5.1 85 42 4.2 161 80 

6.0 1866 310 8.0 709 542 6.0 555 87 

8.0 5128 1283 11.5 7148 2577 8.0 1112 64 

10.0 6466 531 14.0 7777 1250 10.0 1040 100 

      

12.0 1091 50 

      

14.0 3240 379 

      

16.0 5490 759 

      

19.0 9833 531 

 

Table B.14: Data for Figure 2.6b (n=3). 

90 mg L-1 Nitrate 180 mg L-1 Nitrate 360 mg L-1 Nitrate 

Time 

(days) 
pH 

Standard 

Deviation 

Time 

(days) 
pH 

Standard 

Deviation 

Time 

(days) 
pH 

Standard 

Deviation 

0.0 8.35 0.04 0.0 8.53 0.06 0.0 8.40 0.05 

2.0 10.63 0.08 2.1 9.64 0.14 2.0 10.46 0.05 

4.2 10.77 0.09 5.1 10.94 0.06 4.2 10.86 0.11 

6.0 10.85 0.07 8.0 11.11 0.04 6.0 11.13 0.10 

8.0 10.50 0.08 11.5 9.97 0.42 8.0 10.46 0.09 

10.0 9.94 0.19 14.0 9.02 0.20 10.0 10.34 0.18 

      

12.0 10.94 0.09 

      

14.0 10.79 0.04 

      

16.0 10.41 0.15 

      

19.0 9.25 0.06 
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Table B.15: Data for Figure 2.6c (n=3). 

90 mg L-1 Nitrate 180 mg L-1 Nitrate 360 mg L-1 Nitrate 

Time 

(days) 

NO3
- 

(mg L-1) 

Standard 

Deviation 

Time 

(days) 

NO3
- 

(mg L-1) 

Standard 

Deviation 

Time 

(days) 

NO3
- 

(mg L-1) 

Standard 

Deviation 

0.0 86.69 7.09 0.0 187.36 2.87 0.0 373.31 63.11 

2.0 45.57 2.35 2.1 162.74 6.28 2.0 381.79 8.67 

4.2 0.24 0.26 5.1 73.38 17.81 4.2 287.12 3.88 

   

8.0 4.39 7.36 6.0 219.02 9.54 

      

8.0 175.54 9.01 

      

10.0 99.84 9.78 

      

12.0 5.31 5.74 

 

Table B.16: Data for Figure 2.6d (n=3). 

90 mg L-1 Nitrate 180 mg L-1 Nitrate 360 mg L-1 Nitrate 

Time 

(days) 

Nile Red 

Intensity 

Standard 

Deviation 

Time 

(days) 

Nile 

Red 

Intensity 

Standard 

Deviation 

Time 

(days) 

Nile 

Red 

Intensity 

Standard 

Deviation 

0.0 27 15 0.0 37 48 0.0 50 58 

2.0 162 93 2.1 129 38 2.0 130 106 

4.2 404 89 5.1 455 89 4.2 234 59 

6.0 905 118 8.0 1775 212 6.0 215 54 

8.0 1258 112 11.5 5081 1522 8.0 341 126 

10.0 1854 445 14.0 4994 943 10.0 561 146 

12.0 3249 343 

   

12.0 2500 1570 

      

14.0 4950 1788 

      

16.0 9029 2005 

      

19.0 11402 1136 
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Table B.17: Data for Figure 2.6e (n=3). 

90 mg L-1 Nitrate 180 mg L-1 Nitrate 360 mg L-1 Nitrate 

Time 

(days) 
pH 

Standard 

Deviation 

Time 

(days) 
pH 

Standard 

Deviation 

Time 

(days) 
pH 

Standard 

Deviation 

0.0 9.74 0.01 0.0 10.40 0.01 0.0 9.78 0.01 

2.0 10.13 0.13 2.1 10.06 0.01 2.0 10.06 0.09 

4.2 10.38 0.02 5.1 10.43 0.10 4.2 10.47 0.01 

6.0 10.45 0.02 8.0 10.63 0.02 6.0 10.57 0.01 

8.0 10.45 0.01 11.5 9.99 0.07 8.0 10.67 0.02 

10.0 10.40 0.01 14.0 9.57 0.06 10.0 10.74 0.03 

12.0 10.28 0.01 

   

12.0 10.72 0.08 

      

14.0 10.66 0.11 

      

16.0 10.53 0.28 

      

19.0 9.34 0.16 

 

Table B.18: Data for Figure 2.6f (n=3). 

90 mg L-1 Nitrate 180 mg L-1 Nitrate 360 mg L-1 Nitrate 

Time 

(days) 

NO3
- 

(mg L-1) 

Standard 

Deviation 

Time 

(days) 

NO3
- 

(mg L-1) 

Standard 

Deviation 

Time 

(days) 

NO3
- 

(mg L-1) 

Standard 

Deviation 

0.0 74.36 5.46 0.0 170.26 0.97 0.0 329.46 16.98 

2.0 32.17 11.31 2.1 146.67 3.22 2.0 366.58 17.72 

4.2 0.03 0.01 5.1 39.12 22.56 4.2 218.36 1.23 

   

8.0 0.05 0.04 6.0 168.57 8.92 

      

8.0 92.68 13.28 

      

10.0 13.90 7.49 

      

12.0 0.02 0.01 
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Table B.19: Data for Figure 2.7a (n=3). 

90 mg L-1 Nitrate 180 mg L-1 Nitrate 360 mg L-1 Nitrate 

Time 

(days) 

Specific 

Fluoresce

nce 

Standard 

Deviation 

Time 

(days) 

Specific 

Fluorescen

ce 

Standard 

Deviation 

Time 

(days) 

Specific 

Fluoresce

nce 

Standard 

Deviation 

0.0 3.17 2.69 0.0 3.68 0.66 0.0 1.97 1.86 

2.0 1.56 0.47 2.1 1.05 0.15 2.0 1.23 0.18 

4.2 2.09 0.87 5.1 0.57 0.26 4.2 1.06 0.52 

6.0 8.06 1.79 8.0 4.11 3.52 6.0 3.58 0.71 

8.0 16.42 1.79 11.5 26.41 9.37 8.0 4.65 0.50 

10.0 16.87 1.99 14.0 26.29 4.37 10.0 3.72 0.59 

      

12.0 3.11 0.18 

      

14.0 8.34 1.12 

      

16.0 9.16 0.95 

      

19.0 14.05 0.70 

 

Table B.20: Data for Figure 2.7b (n=3). 

90 mg L-1 Nitrate 180 mg L-1 Nitrate 360 mg L-1 Nitrate 

Time 

(days) 

Specific 

Fluoresce

nce 

Standard 

Deviation 

Time 

(days) 

Specific 

Fluorescen

ce 

Standard 

Deviation 

Time 

(days) 

Specific 

Fluoresce

nce 

Standard 

Deviation 

0.0 1.16 0.67 0.0 2.62 3.37 0.0 2.34 2.54 

2.0 2.42 1.22 2.1 2.93 0.79 2.0 1.83 1.46 

4.2 1.24 0.35 5.1 2.40 0.32 4.2 1.01 0.23 

6.0 2.63 0.55 8.0 6.04 0.60 6.0 0.90 0.19 

8.0 3.58 0.15 11.5 17.13 6.63 8.0 1.30 0.22 

10.0 3.37 0.98 14.0 16.34 3.53 10.0 1.19 0.17 

12.0 6.25 0.90 

   

12.0 3.02 1.63 

      

14.0 5.98 1.83 

      

16.0 9.99 2.06 

      

19.0 13.47 1.18 
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Table B.21: Data for Figure 2.8 (n=3). 

pH Specific Fluorescence 

10.77 16.9 

11.1 26.3 

10.94 14.1 

7.8 0.3 

9.7 7 

10.38 6.3 

10.63 16.3 

10.72 13.5 

 

Table B.22: Data for Figure 3.1 (n=3). 

Time (days) 
Cell Count (107 

cell mL-1) 

Standard 

Deviation 

Nile Red 

Intensity 

Standard 

Deviation 
pH 

Standard 

Deviation 

0.0 0.01 0.00 133 162 7.9 0.03 

2.0 0.06 0.00 173 175 9.8 0.02 

4.0 0.39 0.07 267 371 10.7 0.02 

6.0 1.12 0.02 1140 456 11.0 0.05 

7.0 1.50 0.06 1053 68 11.2 0.05 

8.0 1.59 0.12 650 203 11.2 0.04 

10.0 1.60 0.08 1443 454 11.3 0 

12.0 1.96 0.15 7097 1185 11.2 0.01 

14.0 2.03 0.08 16787 963 11.18 0.03 

16.0 2.33 0.08 34368 3949 11.01 0.06 

18.0 2.46 0.07 36797 5179 10.57 0.13 

 

Table B.23: Data for Figure 3.2 (n=3). 

Time (hr) pH 
Standard 

Deviation 

Nile Red Intensity 

Culture 1 

Nile Red Intensity 

Culture 2 
Nile Red Intensity Culture 3 

0.0 11.03 0.05 1665 915 840 

3.5 10.71 0.04 1495 890 750 

6.5 10.10 0.05 975 780 700 

10.5 9.38 0.10 700 645 675 

13.5 10.90 0.06 690 715 930 

18.5 10.99 0.03 840 980 1055 

24.0 11.20 0.05 975 1100 1085 
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Table B.24: Data for Figure 3.3a (n=3). 

5 % CO2  5 % CO2 → Air  5 % CO2 → Air + 50 mM HCO3
-
 

Time 

(days) 

Cell 

Count 

(107 cell 

mL-1) 

Standard 

Deviation 

Time 

(days) 

Cell Count 

(107 cell 

mL-1) 

Standard 

Deviation 

Time 

(days) 

Cell 

Count 

(107 cell 

mL-1) 

Standard 

Deviation 

0.0 0.013 0.003 0.0 0.008 0.002 0.0 0.011 0.000 

2.0 0.055 0.004 2.0 0.024 0.000 2.0 0.043 0.002 

3.0 0.327 0.027 3.0 0.158 0.008 3.0 0.268 0.039 

4.0 1.560 0.100 3.7 0.860 0.014 3.7 1.150 0.060 

5.0 5.690 0.391 4.0 1.060 0.138 4.0 1.210 0.055 

6.0 5.470 0.518 5.0 1.350 0.198 5.0 1.080 0.061 

6.4 5.470 0.518 6.0 2.160 0.431 6.0 1.190 0.056 

7.0 5.560 0.395 7.0 2.690 0.686 7.0 1.310 0.100 

8.0 5.440 0.191 8.0 1.320 0.417 8.0 1.340 0.146 

10.0 5.530 0.125       

12.0 5.360 0.295       

14.0 5.870 0.150 

       

 

Table B.25: Data for Figure 3.3b (n=3). 

5 % CO2  5 % CO2 → Air  5 % CO2 → Air + 50 mM HCO3
-
 

Time 

(days) 

Nile Red 

Intensity 

Standard 

Deviation 

Time 

(days) 

Nile Red 

Intensity 

Standard 

Deviation 

Time 

(days) 

Nile Red 

Intensity 

Standard 

Deviation 

0.0 162 160 0.0 352 307 0.0 107 185 

2.0 148 23 2.0 198 176 2.0 25 43 

3.0 272 236 3.0 238 350 3.0 258 187 

4.0 843 124 3.7 285 259 3.7 468 48 

5.0 3200 1155 4.0 387 453 4.0 485 407 

6.0 2660 710 5.0 392 230 5.0 1938 255 

6.4 2660 710 6.0 870 773 6.0 14837 1203 

7.0 2630 314 7.0 993 410 7.0 27605 1488 

8.0 2868 1123 8.0 1540 361 8.0 33503 6300 

10.0 3203 1002       

12.0 1708 311       

14.0 1175 246 
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Table B.26: Data for Figure 3.3c (n=3). 

5 % CO2  5 % CO2 → Air  5 % CO2 → Air + 50 mM HCO3
-
 

Time 

(days) 
pH 

Standard 

Deviation 

Time 

(days) 
pH 

Standard 

Deviation 

Time 

(days) 
pH 

Standard 

Deviation 

0.0 6.980 0.044 0.0 6.725 0.035 0.0 6.663 0.029 

2.0 6.567 0.021 2.0 6.600 0.000 2.0 6.753 0.006 

3.0 6.733 0.031 3.0 6.635 0.007 3.0 7.020 0.017 

4.0 6.897 0.051 3.7 6.870 0.042 3.7 7.033 0.006 

5.0 7.050 0.026 4.0 11.220 0.014 3.7 8.653 0.015 

6.0 6.980 0.085 5.0 11.330 0.028 4.0 9.727 0.006 

6.4 6.913 0.021 6.0 11.370 0.014 5.0 10.117 0.075 

7.0 6.917 0.047 7.0 11.300 0.014 6.0 10.330 0.070 

8.0 7.073 0.035 8.0 11.205 0.007 7.0 10.277 0.081 

10.0 7.027 0.025    8.0 10.14 0.09 

12.0 7.037 0.023       

14.0 6.925 0.153 

       

 

Table B.27: Data for Figure 3.4a (n=3). 

Pre-Nitrate Depletion Post-Nitrate Depletion (A) Post-Nitrate Depletion 

Time 

(days) 

Cell 

Count 

(107 cell 

mL-1) 

Standard 

Deviation 

Time 

(days) 

Cell Count 

(107 cell 

mL-1) 

Standard 

Deviation 

Time 

(days) 

Cell 

Count 

(107 cell 

mL-1) 

Standard 

Deviation 

0.0 0.006 0.001 0.0 0.012 0.002 0.0 0.011 0.000 

2.0 0.025 0.003 2.0 0.047 0.008 2.0 0.047 0.004 

3.0 0.149 0.026 3.0 0.291 0.092 3.0 0.297 0.025 

3.7 0.915 0.080 4.0 1.240 0.318 3.7 0.000 0.000 

4.0 0.947 0.117 5.0 4.900 0.858 4.0 1.390 0.217 

5.0 0.872 0.070 6.0 5.110 0.590 5.0 4.690 0.161 

6.0 1.120 0.025 6.4 4.980 0.327 6.0 4.950 0.239 

7.0 1.080 0.010 7.0 4.780 0.525 6.4 5.140 0.131 

8.0 1.250 0.068 8.0 4.710 0.510 7.0 4.630 0.307 

   10 4.670 0.431 8.0 5.090 0.151 

   12.0 4.620 0.517 9.0 5.230 0.289 

   14.0 4.430 0.325 10.0 5.120 0.244 

      

12.0 5.180 0.409 
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Table B.28: Data for Figure 3.4b (n=3). 

Pre-Nitrate Depletion Post-Nitrate Depletion (A) Post-Nitrate Depletion 

Time 

(days) 

Nile Red 

Intensity 

Standard 

Deviation 

Time 

(days) 

Nile Red 

Intensity 

Standard 

Deviation 

Time 

(days) 

Nile Red 

Intensity 

Standard 

Deviation 

0.0 188 326 0.0 137 187 0.0 103 89 

2.0 213 307 2.0 55 48 2.0 305 270 

3.0 295 272 3.0 377 327 3.0 250 368 

3.7 505 401 4.0 958 284 4.0 1217 373 

4.0 488 433 5.0 3445 365 5.0 2577 505 

5.0 2707 839 6.0 3327 801 6.0 3755 468 

6.0 12177 1901 6.4 2117 290 6.4 2122 621 

7.0 18673 3263 7.0 203 49 7.0 633 453 

8.0 19897 1782 8.0 510 320 8.0 612 229 

   10 218 115 9.0 408 167 

   12.0 333 126 10.0 367 392 

   

14.0 822 258 12.0 305 276 

 

 

Table B.29: Data for Figure 3.5a (n=3). 

Control Pre-Nitrate Depletion Post-Nitrate Depletion 

Time 

(days) 

Cell 

Count 

(107 cell 

mL-1) 

Standard 

Deviation 

Time 

(days) 

Cell Count 

(107 cell 

mL-1) 

Standard 

Deviation 

Time 

(days) 

Cell 

Count 

(107 cell 

mL-1) 

Standard 

Deviation 

0.0 0.018 0.002 0.0 0.022 0.001 0.0 0.006 0.000 

0.9 0.022 0.001 0.9 0.023 0.002 1.0 0.009 0.001 

2.0 0.060 0.002 2.0 0.054 0.000 2.0 0.018 0.001 

3.0 0.190 0.019 3.0 0.193 0.002 3.0 0.055 0.004 

4.0 0.367 0.020 4.0 0.346 0.006 4.0 0.128 0.015 

5.0 0.605 0.029 5.0 0.654 0.058 5.0 0.334 0.020 

6.0 0.870 0.013 

   

6.0 0.546 0.056 

7.0 1.027 0.051 

   

6.9 0.762 0.035 

8.0 1.123 0.045    7.9 0.822 0.037 

9.0 1.167 0.042 

   

9.0 1.017 0.047 
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Table B.30: Data for Figure 3.5b (n=3). 

Control Pre-Nitrate Depletion Post-Nitrate Depletion 

Time 

(days) 

Nile Red 

Intensity 

Standard 

Deviation 

Time 

(days) 

Nile Red 

Intensity 

Standard 

Deviation 

Time 

(days) 

Nile Red 

Intensity 

Standard 

Deviation 

0.0 22 19 0.0 35 42 0.0 107 16 

0.9 7 6 0.9 15 27 1.0 138 5 

2.0 123 66 2.0 124 40 2.0 6 11 

3.0 144 120 3.0 253 137 3.0 93 48 

4.0 26 22 4.0 1688 650 4.0 54 55 

5.0 493 153 5.0 6505 938 5.0 13 13 

6.0 648 179 

   

6.0 27 46 

7.0 220 215 

   

6.9 38 50 

8.0 325 259    7.9 327 265 

9.0 627 372 

   

9.0 127 108 

 

 

 

Table B.31: Data for Figure 3.5c (n=3). 

Control Pre-Nitrate Depletion Post-Nitrate Depletion 

Time 

(days) 
pH 

Standard 

Deviation 

Time 

(days) 
pH 

Standard 

Deviation 

Time 

(days) 
pH 

Standard 

Deviation 

0.0 7.48 0.01 0.0 7.46 0.32 0.0 7.46 0.01 

0.9 7.44 0.01 0.9 7.41 0.02 1.0 7.34 0.06 

2.0 7.56 0.01 2.0 7.54 0.01 2.0 7.44 0.06 

3.0 7.55 0.00 3.0 7.54 0.00 3.0 7.40 0.01 

4.0 7.54 0.01 4.0 8.23 0.01 4.0 7.36 0.01 

5.0 7.57 0.01 5.0 8.38 0.02 5.0 7.46 0.05 

6.0 7.45 0.01 

   

6.0 7.48 0.03 

7.0 7.48 0.01 

   

6.9 7.49 0.02 

8.0 7.68 0.01    7.9 8.19 0.04 

9.0 7.69 0.01 

   

9.0 8.35 0.04 
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Table B.32: Data for Figure 4.1a (n=3). 

5 % CO2  5 % CO2 → Air  5 % CO2 → Air + 50 mM HCO3
- 

Time 

(days) 

Cell 

Count 

(107 cell 

mL-1) 

Standard 

Deviation 

Time 

(days) 

Cell Count 

(107 cell 

mL-1) 

Standard 

Deviation 

Time 

(days) 

Cell 

Count 

(107 cell 

mL-1) 

Standard 

Deviation 

0.0 0.007 0.002 0.0 0.006 0.000 0.0 0.007 0.001 

1.9 0.157 0.010 1.9 0.121 0.006 1.9 0.100 0.009 

3.0 0.909 0.039 2.8 0.651 0.059 2.8 0.646 0.033 

4.0 1.510 0.292 3.0 0.669 0.017 3.0 0.747 0.041 

5.0 1.723 0.112 4.0 1.410 0.036 4.0 0.739 0.024 

6.0 2.163 0.188 5.0 1.600 0.053 5.0 0.749 0.029 

6.9 2.313 0.095 6.0 1.773 0.104 6.0 0.728 0.040 

   

6.9 2.013 0.304 6.9 0.658 0.037 

 

 

Table B.33: Data for Figure 4.1b (n=3). 

5 % CO2  5 % CO2 → Air  5 % CO2 → Air + 50 mM HCO3
- 

Time 

(days) 

NO3
- 

(mM) 

Standard 

Deviation 

Time 

(days) 

NO3
- 

(mM) 

Standard 

Deviation 

Time 

(days) 

NO3
- 

(mM) 

Standard 

Deviation 

0.0 3.767 0.014 0.0 3.833 0.071 0.0 3.765 0.068 

1.9 3.836 0.034 1.9 3.770 0.022 1.9 3.727 0.012 

3.0 3.873 0.063 3.0 3.841 0.110 2.8 3.752 0.092 

6.9 3.957 0.052 6.9 3.919 0.068 3.0 3.648 0.052 

      

6.9 3.592 0.057 

 

 

Table B.34: Data for Figure 4.1b (n=3). 

5 % CO2  5 % CO2 → Air  5 % CO2 → Air + 50 mM HCO3
- 

Time 

(days) 

NH4
+ 

(mM) 

Standard 

Deviation 

Time 

(days) 

NH4
+ 

(mM) 

Standard 

Deviation 

Time 

(days) 

NH4
+ 

(mM) 

Standard 

Deviation 

0.0 3.542 0.468 0.0 3.736 0.073 0.0 3.219 0.068 

1.9 1.290 0.058 1.9 1.625 0.092 1.9 1.620 0.302 

3.0 0.135 0.011 2.8 0.113 0.007 2.8 0.116 0.020 

   2.8 0.097 0.008 2.8 0.099 0.003 

   

3.0 0.115 0.006 3.0 0.090 0.012 
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Table B.35: Data for Figure 4.3a (n=3). 

5 % CO2  5 % CO2 → Air  5 % CO2 → Air + 50 mM HCO3
- 

Time 

(days) 

DIC (mM 

C) 

Standard 

Deviation 

Time 

(days) 

DIC (mM 

C) 

Standard 

Deviation 

Time 

(days) 

DIC (mM 

C) 

Standard 

Deviation 

0.0 1.277 0.034 0.0 1.397 0.137 0.0 1.427 0.144 

1.9 0.782 0.063 1.9 0.901 0.048 1.9 0.953 0.170 

3.0 0.248 0.018 2.8 0.206 0.021 2.8 0.197 0.028 

4.0 0.604 0.057 2.8 0.239 0.073 2.8 52.098 2.134 

5.0 0.573 0.089 3.0 0.065 0.092 3.0 50.206 1.574 

6.0 0.458 0.051 4.0 0.000 0.000 3.4 41.392 1.003 

6.9 0.564 0.067 4.4 0.000 0.000 3.5 37.380 0.936 

   4.5 0.000 0.000 3.7 35.923 0.696 

   

5.0 0.000 0.000 3.8 32.095 0.422 

   

6.0 0.009 0.015 4.0 29.916 1.618 

   

6.9 0.000 0.000 4.4 30.623 0.453 

      

4.5 30.412 1.002 

      

5.0 26.163 0.246 

      6.0 24.451 0.806 

      

6.9 26.305 1.177 

 

 

Table B.36: Data for Figure 4.3b (n=3). 

5 % CO2  5 % CO2 → Air  5 % CO2 → Air + 50 mM HCO3
- 

Time 

(days) 
pH 

Standard 

Deviation 

Time 

(days) 
pH 

Standard 

Deviation 

Time 

(days) 
pH 

Standard 

Deviation 

0.0 6.840 0.020 0.0 6.857 0.032 0.0 6.783 0.091 

1.9 6.227 0.031 1.9 6.317 0.006 1.9 6.220 0.101 

3.0 5.080 0.035 2.8 4.937 0.012 2.8 5.057 0.096 

4.0 5.277 0.040 2.8 5.090 0.118 2.8 7.907 0.078 

5.0 5.620 0.056 2.9 4.980 0.044 2.9 9.207 0.006 

6.0 5.637 0.045 3.0 5.143 0.223 3.0 9.327 0.032 

6.9 5.703 0.049 3.4 5.100 0.017 3.4 9.247 0.012 

   3.5 5.030 0.020 3.5 9.363 0.006 

   

4.0 5.210 0.026 3.7 9.580 0.035 

   

4.4 5.313 0.067 3.8 9.807 0.058 

   

4.5 5.313 0.087 4.0 10.030 0.030 

   5.0 5.433 0.040 4.4 9.760 0.061 

   

6.0 5.580 0.060 4.5 9.823 0.064 

   

6.875 5.733 0.032 5.0 10.333 0.065 

      6.0 10.500 0.061 

      

6.9 10.523 0.070 
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Table B.37: Data for Figure 4.4a (n=3). 

5 % CO2  5 % CO2 → Air  5 % CO2 → Air + 50 mM HCO3
- 

Time 

(days) 

Nile Red 

Intensity 

Standard 

Deviation 

Time 

(days) 

Nile Red 

Intensity 

Standard 

Deviation 

Time 

(days) 

Nile Red 

Intensity 

Standard 

Deviation 

0.0 26 5 0.0 71 36 0.0 0 0 

1.9 641 73 1.9 452 58 1.9 485 25 

2.8 1283 91 2.8 1247 85 2.8 1318 100 

3.0 3958 151 3.0 1287 220 3.0 2130 520 

4.0 11460 2336 4.0 1573 63 4.0 4313 1205 

5.0 12045 5458 5.0 1730 23 5.0 7168 755 

6.0 8912 3992 6.0 1380 85 6.0 8428 679 

6.9 4537 1418 6.9 1775 363 6.9 8823 1097 

 

 

Table B.38: Data for Figure 4.4a insert (n=3). 

Time (days) Nile Red Intensity Culture 1 Nile Red Intensity Culture 2 Nile Red Intensity Culture 3 

0.0 31 24 22 

1.9 696 669 559 

2.8 1260 1383 1205 

3.0 4060 4030 3785 

4.0 13260 12300 8820 

5.0 15900 14435 5800 

6.0 11840 10530 4365 

6.9 5385 5325 2900 

 

 

Table B.39: Data for Figure 4.4b (n=3). 

5 % CO2  5 % CO2 → Air  5 % CO2 → Air + 50 mM HCO3
- 

Time 

(days) 

Specific 

Nile Red 

Standard 

Deviation 

Time 

(days) 

Specific 

Nile Red 

Standard 

Deviation 

Time 

(days) 

Specific 

Nile Red 

Standard 

Deviation 

Pre-

depletion 1.98 0.11 

Pre-

depletion 1.98 0.11 

Pre-

depletion 1.98 0.11 

0.2 d 4.36 0.27 0.2 d 1.93 0.38 0.2 d 2.84 0.62 

1.2 d 7.60 0.85 1.2 d 1.12 0.03 1.2 d 5.80 1.43 

2.2 d 7.06 3.40 2.2 d 1.08 0.05 2.2 d 9.58 1.16 

3.2 d 4.11 1.85 3.2 d 0.78 0.05 3.2 d 11.56 0.43 

4.1 d  1.96 0.60 4.1 d  0.90 0.25 4.1 d  13.48 2.20 
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Table B.40: Data for Figure 4.5a (n=3). 

5 % CO2  5 % CO2 → Air  5 % CO2 → Air + 50 mM HCO3
- 

Time 

(days) 

Starch (µg 

mL-1) 

Standard 

Deviation 

Time 

(days) 

Starch (µg 

mL-1) 

Standard 

Deviation 

Time 

(days) 

Starch 

(µg mL-1) 

Standard 

Deviation 

2.8 86.3 9.5 2.8 96.2 8.1 2.8 81.0 18.9 

3.0 739.1 155.9 3.0 86.8 40.4 3.0 319.1 2.1 

4.0 202.0 62.0 4.0 52.0 5.9 4.0 322.7 117.3 

5.0 216.8 54.1 5.0 43.5 19.4 5.0 1072.5 99.7 

6.0 183.8 101.9 6.0 58.0 12.4 6.0 815.2 320.0 

6.9 62.8 7.3 6.9 43.0 5.2 6.9 768.8 210.5 

 

 

Table B.41: Data for Figure 4.5b (n=3). 

5 % CO2  5 % CO2 → Air  5 % CO2 → Air + 50 mM HCO3
- 

Time 

(days) 

Specific 

Starch (µg 

Cell-1) 

Standard 

Deviation 

Time 

(days) 

Specific 

Starch (µg 

Cell-1) 

Standard 

Deviation 

Time 

(days) 

Specific 

Starch 

(µg Cell-

1) 

Standard 

Deviation 

Pre-

depletion 1.40 0.22 

Pre-

depletion 1.40 0.22 

Pre-

depletion 1.40 0.22 

0.2 d 8.12 1.57 0.2 d 1.29 0.57 0.2 d 4.35 0.33 

1.2 d 1.32 0.19 1.2 d 0.37 0.05 1.2 d 4.34 1.50 

2.2 d 1.24 0.21 2.2 d 0.27 0.13 2.2 d 14.36 1.80 

3.2 d 0.85 0.49 3.2 d 0.33 0.06 3.2 d 11.05 3.80 

4.1 d  0.27 0.04 4.1 d  0.21 0.01 4.1 d  11.70 3.29 

 

 

Table B.42: Data for Figure 4.6a (n=3). 

5 % CO2  5 % CO2 → Air  5 % CO2 → Air + 50 mM HCO3
- 

Time 

(days) 

Chlorophy

ll a (µg 

mL-1) 

Standard 

Deviation 

Time 

(days) 

Chlorophy

ll a (µg 

mL-1) 

Standard 

Deviation 

Time 

(days) 

Chloroph

yll a (µg 

mL-1) 

Standard 

Deviation 

1.9 4.42 0.20 1.9 4.43 0.21 1.9 4.52 0.30 

3.0 12.98 0.72 2.8 8.65 2.74 2.8 10.05 2.39 

4.0 11.76 1.16 3.0 12.57 0.37 3.0 11.56 0.76 

6.0 8.13 0.49 4.0 12.76 0.47 4.0 13.25 1.57 

6.9 6.99 0.81 6.0 11.99 0.49 6.0 10.80 0.59 

   

6.9 11.41 0.99 6.9 8.30 0.36 
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Table B.43: Data for Figure 4.6b (n=3). 

5 % CO2  5 % CO2 → Air  5 % CO2 → Air + 50 mM HCO3
- 

Time 

(days) 

Chlorophy

ll b (µg 

mL-1) 

Standard 

Deviation 

Time 

(days) 

Chlorophy

ll b (µg 

mL-1) 

Standard 

Deviation 

Time 

(days) 

Chloroph

yll b (µg 

mL-1) 

Standard 

Deviation 

1.9 1.91 0.09 1.9 1.92 0.07 1.9 1.97 0.13 

3.0 5.83 0.29 2.8 3.71 0.98 2.8 4.45 0.95 

4.0 6.29 0.60 3.0 5.16 0.07 3.0 5.95 0.69 

6.0 4.46 0.35 4.0 6.49 0.36 4.0 6.44 0.88 

6.9 3.90 0.60 6.0 5.52 0.24 6.0 5.12 0.21 

   

6.9 5.30 0.54 6.9 3.99 0.20 

 

 

Table B.44: Data for Figure 4.6c (n=3). 

5 % CO2  5 % CO2 → Air  5 % CO2 → Air + 50 mM HCO3
- 

Time 

(days) 

Chlorophy

ll (µg mL-

1) 

Standard 

Deviation 

Time 

(days) 

Chlorophy

ll (µg mL-

1) 

Standard 

Deviation 

Time 

(days) 

Chloroph

yll (µg 

mL-1) 

Standard 

Deviation 

1.9 6.32 0.29 1.9 6.35 0.28 1.9 6.50 0.43 

3.0 18.82 1.01 2.8 12.37 3.72 2.8 14.50 3.32 

4.0 18.05 1.76 3.0 17.73 0.43 3.0 17.50 1.32 

6.0 12.59 0.84 4.0 19.24 0.80 4.0 19.69 2.39 

6.9 10.89 1.40 6.0 17.51 0.73 6.0 15.92 0.80 

   

6.9 16.71 1.52 6.9 12.28 0.55 

 

 

 

 


