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Abstract 

Oleaginous, green microalgae are an advantageous source of triacylglycerols (TAGs) for 

biodiesel production along with other value-added products such as phytosterols, vitamins, and 

terpenoids. When microalgae are grown under nutrient stressed conditions the TAGs and lipids 

in general accumulate. Most of the previous analysis on microalgae have focused on how the 

nitrate concentration affects the production of TAGs and other lipids. These analyses are static, 

in that they typically focus on the effect of one nutrient and at one time point. These previous 

analyses are also limited since they analyze lipids as families without providing species-specific 

information. Also, most of the previous lipidomic analysis of microalgae have focused on model 

organisms. 

Our aim was to develop a method to determine the effect of varying nutrient concentrations 

and growth periods on the hydrophobic metabolites produced by an oleaginous, non-model, green 

microalgae species, Ettlia o/eoabundans. This method was twofold and included sample 

preparation and LC-MS-based metabolomics analysis. 

Initially, the growth conditions of interest were determined based on the growth curve and 

concentrations of nitrate and phosphate remaining in the media at each day. These conditions 

chosen were nitrogen deplete, nitrogen replete, phosphorous deplete and phosphorous replete 

at days 2, 4, 7, and 10 which represented early and late exponential and stationary phase, 

respectively. The method for the microalgae metabolite extraction and sample preparation was 

then developed and tested based on the extraction efficiency of surrogates and biomass-based 

normalization. Then a previously optimized LC-MS-based analysis method was tested for a few 

representative endogenous plant lipids to determine its efficiency in detection and separation. 

In the next part of the dissertation, this experimental design and methods were used to 

determine the effect of varying nutrient concentration and growth phases on the hydrophobic 

metabolites and lipids produced by the microalgae. From this analysis it was determined that 
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T AGs accumulated when the nitrate and phosphate were completely internalized to be used as 

energy sources during the stationary phase of growth. It was also shown that 

phosphatidylglycerols and galactolipids, involved in chloroplast and thylakoid membrane 

structure, were depleted under the nutrient deplete conditions. This trend was in correlation with 

the depletion of chlorophylls grown under nitrogen deplete conditions. These correlations seem 

to link the effect of the depletion of membrane structural lipids on the photosynthetic efficiency. 

Lastly, another group of galactolipids, sulfoquinovosyldiacylglycerols, were shown to be depleted 

in the late stages of growth. It is proposed that their break down facilitates the use of sulfur to 

form other important biochemicals such as proteins for cell survival. 

In the last part of the dissertation, a method was developed for the sample preparation 

and detection of phytosterols which were below the detection limit in the previous analyses. 

Solubility-based and solid phase extraction-based separations along with chemical derivatizations 

were tested. The best method for the preparation and improved signal to noise of phytosterols 

was the dimethylglycine-based derivatization. In the future this optimized method will be used to 

determine the effects that the varied growth conditions have on the production of phytosterols in 

microalgae. 

Overall this dissertation provides a method for the preparation and analysis of hydrophobic 

metabolites, lipids and phytosterols in microalgae by LC-MS, along with the analysis of the 

changes in these metabolites in the microalgae resulting from the varying growth conditions. In 

the future these metabolomics results will be correlated with the regulations at the transcriptional 

level to obtain a comprehensive understanding of the biochemical processes in microalgae cells. 
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Chapter 1: Introduction to metabolomics 

1.1 What is metabolomics and why is it useful? 

Metabolomics is an emerging field which has only been well defined for the last 20 years 

[1 ]. Metabolomics is the analysis of the metabolome in living organisms. The metabolome is 

composed of small molecules also known as metabolites which are involved in many important 

biological functions [2-4]. 

Genomics [5], transcriptomics [6], and proteomics focuses specifically on the genome, 

transcriptome, and proteome, respectively (Figure 1.1 A-C). Metabolomics covers the 

metabolome which encompass a vast group of compounds (Figure 1.1 D) [2-4]. These 

compounds include groups of metabolites such as amino acids, peptides, carbohydrates, lipids, 

and nucleotides (Figure 1.1 F-I). Each of these metabolite families are very complex in that they 

are composed of several different individual groups. As an example, lipids (Figure 1.1 H) include 

many different types of lipids, such as glycerolipids, glycerophospholipids, and sterols. 

Glycerolipids can be further categorized based on their acyl chain number, such as 

triacylglycerols (TAGs) and diacylglycerols (DAGs). Also, within these families, they can be further 

broken up into individual compounds based on their acyl chain length and number of double bonds 

present on each acyl chain. Some of the targeted groups of metabolites have been studied in the 

past [7]. Two of these types of targeted metabolomics studies include the analyses of lipids and 

carbohydrates which are called lipidomics and glycanomics analysis, respectively (Figure 1.1 G 

and H) [8, 9]. 

Unlike other omics techniques, such as genomics [5], transcriptomics [6], and proteomics 

(Figure 1.1 A-C), metabolomics (Figure 1.1 D) can be applied to both model and non-model 

organisms. This is because metabolomics does not require the mapping of a reference organism. 

1 



Also, other omics techniques (Figure 1.1 A-C) allow for the determination of the correlation 

between organismal response and phenotype (Figure 1.1 E) [10-12].This is compared to 

metabolomics (Figure 1.1 D) which allows for the determination of the actual manifestation of the 

organismal state. Metabolomics can reflect the biochemical changes that cause a certain 

phenotype in an organism (Figure 1.1 E) [10-12]. 

A ~ 
B C 

c._____,-...., 

~ 
c._____,-...., 

S' • UG ~ GG 
3' • -

Genes mRNA Proteins Metabolites Disease 

Genomics Transcriptomics -----~ I I Phenotype Proteomics I Metabolomics II I I I 
I 

I I 
0F G H I NH, 

5 
H3C' ~ 0H 

0 0 ('( ) NH2 0 

H~ H R,,...Jl.o';<"'q;;/-o'.'.'.x:.,oH 
Hsy oH ~ ·o-~ ~- o-d0 NRzyO H 

H OH 0 o · NH 2 
HOH HHAmino Acids/ 

Peptides Carbohydrates Lipids Nucleotides 

~_G_ly_co_m_ic_s_~I I Lipidomics 

Figure 1.1: Different omics techniques. Genomics to analyze genes (A), transcriptomics to 

analyze mRNA (B), proteomics to analyze proteins (C), metabolomics to analyze metabolites (D), 

and the phenotype or observable characteristics (E). These metabolites (D) can includes groups 

such as amino acids/ peptides (F), carbohydrates (G), lipids (H), and nucleotides (I). 

Metabolomics is a key omics technique to improve the understanding of the organismal 

state related to a selected perturbation. If possible, the integration of more than one omics 

technique can lead to more information about what metabolism pathways are affected in that 

organism during the perturbation [6, 13]. 

2 



Robinson and Pauling published the first paper on the untargeted analysis of small 

molecules in 1971, which showed the ability to quantify the metabolites in the urine vapor and 

breath through gas chromatography - mass spectrometry (GC-MS)-based analysis [14]. This 

study analyzed the metabolites in the urine and breath of people on a standard, uncontrolled diet. 

This was compared to the metabolites in the urine and breath from the same people on a strict, 

controlled diet. This strict, controlled diet was based on the necessary amounts of essential 

metabolites [14]. The results of this study showed that the relative standard deviations of the 

metabolites detected in the urine and breath from the people when they were on the strict, 

controlled diet was approximately 10% [14]. Comparatively, when these same people were on a 

standard, uncontrolled diet the relative standard deviations were several times higher [14]. 

Figure 1.2 shows the number of publications when "metabolom*" was searched on the 

Web of Science since 1998.Figure 1.2 shows the rapid increase in the analysis of the metabolome 

and metabolites in many different fields over the last 20 years [15]. 

(/) Publications on Metabolomics 
C 7,000
0 

:.::; 
C'O 6,000 
() 

5,000..c g_ 4,000 
3,0000 

ci3 2,000
E 1,000 
~ 0 

romo~N~~~©~romo~N~~~©~ mmoooooooooo~~~~~~~~ 
mmoooooooooooooooooo 
~~NNNNNNNNNNNNNNNNNN 

Time (years) 

Figure 1.2: Metabolomics publications in the last 20 years. Number of publications based on 

the search of "metabolom*" from the Web of Science [15] from 1998-2017. 
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A majority of metabolomics applications focus either directly or indirectly on human health 

[16] or environmental impact. The perturbations chosen can be related to toxicity [17, 18] or 

biomarker detection [19, 20]. The perturbations can also be used to determine the best growth 

condition for the highest production of a specific metabolite or family of metabolites [21 ]. 

Some examples of the types of compounds used for exposure are pollutants, 

contaminants [22], or variations in the environmental conditions [23, 24]. These pollutants and 

contaminants [22] can include man-made or natural compounds [25]. Some man-made 

compounds are pharmaceuticals and personal care products [26], pesticides [27], and 

nanoparticles [28]. Some natural compounds [29] used for exposure are plant nutrients [30] such 

as nitrogen [21, 31], phosphorous [32], sulfur [13, 33], zinc [34 ], iron [35], molybdenum [36], and 

magnesium [37]. Some environmental conditions that can be perturbed include light [23], 

temperature, draught [38, 39], and salinity [24]. These natural compounds and environmental 

conditions are present in a balance in the environment [29]. If the levels of these compounds or 

conditions increase or decrease, this can affect the metabolites produced by organisms in the 

environment. 

As previously discussed, some of the metabolomics analyses focus on understanding or 

improving human health either directly or indirectly [16]. Therefore, a large percentage of 

metabolomics studies use human samples such as urine [14, 40], plasma [41], or serum [41] to 

infer about human health [16]. Many of these studies determine the metabolites effected by the 

exposure of humans to certain compounds. These metabolites that are affected can help us to 

determine which pathways or biological processes are affected by this perturbation. 

Also, some studies can analyze the effect of this exposure on human health indirectly 

through organisms such as plants that humans may consume. To do this, organisms such as 

plants are exposed to certain compounds and the effects of this exposure are analyzed based on 

the changes in the metabolites produced. These varying metabolites may cause effects on human 
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health when these organisms are consumed by humans. Some of these studies also focus on the 

compound that is used for exposure directly. These analyses focus on whether the compound 

used for exposure is bio accumulated in the organism. Therefore, when the organism is consumed 

by humans this bio accumulation can affect the humans. 

Another type of analysis focuses more so on the environmental impact to determine the 

effect of the exposure of organisms to certain compounds [22] or perturbations [24]. An example 

of this environmental impact is the effect of agricultural run-off. This run-off can be from 

agricultural excrement or fertilizer. This excrement or fertilizer have a high concentration of 

nitrogen and phosphorous [30]. Therefore, when this run-off reaches a water body it increases 

the concentration of these nutrients in the water body [22, 29]. This can have direct or indirect 

effects on the organisms in that water body. An example of a direct effect is the increased nutrient 

concentration casing an increased growth of the microalgae growing in the water body [42]. An 

example of an indirect effect is the production of toxins by the microalgae because it is now 

growing in algal blooms causing harmful effects to the other organisms in the water body [42, 43]. 

Another example of an environmental impact is the growth of microalgae using waste water [44-

46]. This positively affects the microalgae because the increased nitrogen and phosphorous 

concentration in the waste water increases the microalgae growth and lipid production [44, 45]. 

This also positively affects the waste water treatment indirectly because the microalgae remove 

some of the nitrogen and phosphorous from the waste water [44, 46]. 

Different environmental factors can affect organisms at mostly the transcriptomic, 

metabolomic, phenotypic, and physiological levels. For metabolomics, these environmental 

factors can affect the levels and types of the metabolites produced. In certain organisms these 

changes can be used to our advantage in a laboratory setting. For example, when microalgae is 

grown under varied nutrient concentrations it can produce more triacylglycerols which are 

beneficial for biodiesel production. 
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1.2 Workflows for metabolomics analysis 

A similarworkflow is used for most metabolomic analyses [2-4]. The samples are collected 

from the organism of interest (Figure 1.3 A). At least two conditions are compared. These are 

referred to as the wild type, which are normal, untreated organisms, and treated. This comparison 

is done to determine the effect of the specific treatment on the metabolites produced by the 

organism. After the sample treatment, the samples are prepared for instrumental analysis (Figure 

1.3 B). An example of a sample preparation technique used for mass spectrometry (MS)-based 

metabolomics analysis is metabolite extraction by weighing, homogenization, and centrifugation 

(Figure 1.3 B) [47-49]. After sample preparation, the samples are analyzed using a chosen type 

of instrumentation for metabolomics analysis (Figure 1.3 C) [4, 50]. This instrumentation is 

discussed in more detail in section 1.3 Analytical instrumentation used for metabolomic 

analysis. The data acquisition step yields molecular features which are compared using data 

analysis (Figure 1.3 D). The metabolites of interest that are determined to be changing between 

the wild type and treated conditions are identified (Figure 1.3 E). For MS this is performed by 

fragmenting the precursor ion with a collision energy (Figure 1.3 E) [51 ]. The mass to charge ratio 

(m/z) of the precursor and fragments can be compared to those in many metabolite databases 

[52] such as METLIN [53], Lipid Maps [54], and the Human Metabolome Database [55] or to the 

fragmentations of metabolite standards. This MS-based identification is discussed in more detail 

in section 1.3 Analytical instrumentation used for metabolomic analysis. 
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Workflow for Metabolomics Analysis 
A r=======i---;;-sr======~c~:====:====Tu~~~~ ~ ~E~---~--~--~-~-==7 , ..J~::x.. ·- ' . 

_o-p"O ... ~.I --- ·--
~,..,,.--.J..::x.,~~------------------('· · 

Sample Sample Data Acquisition Data Analysis Identification 
Collection Preparation of metabolites 

Figure 1.3: Workflow for metabolomics analysis. Sample collection (A), sample preparation 

(B), data acquisition (Instrument figures: agilent.com) (C), data analysis (D), and identification of 

metabolites (E) (METLIN screenshot: metlin.scripps.edu) [53]. 

1.3 Analytical instrumentation used for metabolomic analysis 

Different analytical techniques can be used for metabolomics analysis [4, 50]. The two 

detection techniques most commonly used for metabolomics analysis are MS [2, 50] and nuclear 

magnetic resonance (NMR) [4]. Also, the combination of NMR and MS/MS-based identification 

can help to improve the structural elucidation of unknown metabolites [24, 56, 57]. 

NMR-based metabolomics. 

NMR-based metabolomics does not require a separation technique; therefore, the sample 

is not destroyed in the process and can be further used after the analysis [3, 4]. The main 

advantages to the analysis of metabolites by NMR are its high reproducibility, simple sample 

preparation, in that the sample does not need to be extracted, and its quantification power [3, 4]. 

The main limitations of NMR-based metabolomics are that it requires concentrated samples, 

generally in the millimolar range, and it is challenging to use in an automated, high throughput 

manner [3, 4]. Also, metabolomics analysis using NMR is less sensitive [3, 4] than MS-based 
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metabolomics techniques [50]. NMR-based metabolomics studies along with future perspectives 

have previously been discussed in detail by Larive et al [3] and Markley et al [4]. 

MS-based metabolomics. 

A majority of the metabolomics analyses are performed using MS [16].This is because 

metabolomics analysis using MS is a more sensitive technique that can detect a higher number 

of metabolites at lower concentrations, in the micromolar range [2, 50] as compared to NMR. MS

based metabolomics can also be performed in an automated, high throughput manner [2, 50]. But 

the analysis of metabolites using MS faces challenges with quantification due to the lack of 

standards for all metabolites, as well as the varying ionization efficiencies of different metabolites 

[2, 50]. For MS-based metabolomics quantification a few different methods can be used. These 

quantification methods used for metabolomics analysis by MS include the use of surrogates, 

isotope dilution [51, 58], standard addition [51, 58], or external matrix matched calibration [51, 

58]. MS-based metabolomics is also a destructive technique [2, 50]. The results of the analysis 

of metabolites by MS can vary based on the analysis platforms which introduces challenges with 

reproducibility [2, 50]. MS-based metabolomics can also require chemical derivatization of the 

samples in certain cases [59-62]. 

Separations linked to MS for metabolomics analysis. MS-based metabolomics analysis can be 

linked to a few different types of separation techniques such as: liquid chromatography (LC, LC

MS), gas chromatography (GC, GC-MS), and capillary electrophoresis (CE, CE-MS) [63]. These 

separations help to lower the ion suppression which improves the signal and therefore helps to 

aid in the identification of metabolites [58]. Each different separation technique is useful 

depending on the targeted metabolites, sample type, and applications. They can separate the 
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ions based on differences in hydrophobicity of non-volatile ions (LC) [58, 64], boiling points of 

volatile ions (GC) [58, 64, 65], and ionic mobility of charged ions (CE) [66]. CE-MS-based 

metabolomics provides high sensitivity and can analyze samples in smaller quantities. But the 

limitation of CE-MS for metabolomics analysis is that only charged ions are affected by the electric 

field and therefore separated by CE. As such, not many metabolomics studies used CE-MS [66]. 

LC-MS and GC-MS analysis techniques are the most common separation techniques for MS

based metabolomics. This is because LC-MS and GC-MS are able to complement each other 

and detect a large percentage of the metabolites in the metabolome [58, 64]. GC-MS-based 

metabolomics can only analyze volatile compounds and all other compounds must be derivatized 

[58, 64, 65]. Metabolomics analysis by LC-MS does not always require derivatization and can 

analyze samples directly in the liquid phase [58, 64, 67]. 

These different separation techniques linked to MS-based metabolomics help to improve 

the selectivity and sensitivity. When these separation techniques are used in combination (such 

as LC-MS, GC-MS and CE-MS [36]) it can increase the coverage of the metabolome even further. 

These separation techniques can also be used sequentially as a two-dimensional separation 

technique such as LCxLC-MS [68] or GCxGC-MS [69] to further improve the separation on the 

metabolites in complex matrices. 

Ionization sources used for MS for metabolomics analysis. MS-based metabolomics analysis 

requires the samples to be ionized before detection. The ionization sources for the analysis of 

metabolites by MS are split into hard [64, 70] and soft [71, 72] ionization. These two different 

ionization types are separated based on the level of fragmentation to the precursor ion. Soft 

ionization causes little to no fragmentation to the precursor ions and is therefore typically used for 

untargeted analysis. Hard ionization is typically used for targeted analysis because it fragments 

the precursor ions to produce fragments. The most common hard ionization source used for 
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metabolomics analysis is electron ionization (El). El is commonly paired to GC-MS for 

metabolomics analysis [64, 70] since El is most useful for volatile compounds [65]. This hard 

ionization is used to fragment the precursor ions and match the resulting fragments to a reference 

spectra for identification [64, 70]. The most common soft ionization source used for metabolomics 

analysis is electrospray ionization (ESI). ESI is commonly paired with LC-MS-based 

metabolomics analysis [73, 74] since ESI is best used for analyzing compounds with ionizable 

functional groups [67]. 

Mass analyzers used for MS for metabolomics analysis. A few different mass analyzers can be 

used for MS-based metabolomics to detect the metabolites in the sample injected. These mass 

analyzers can be high- (HRMS) or low-resolution (LRMS) [75]. Resolution is defined as the 

smallest difference in m/z that can be separated for a given signal or R = (m/z)/(/im/z) [75]. LRMS 

is defined as mass analyzers with resolutions at 500-2000 while HRMS mass analyzers have 

resolutions >5000 [75]. For LRMS, the mass can be known to the nearest atomic mass unit (amu) 

[75], while for HRMS the accurate mass is detected [75]. This accurate mass, along with the 

retention time from the separation technique, can help with initial elucidation of the identities of 

the metabolites detected. 

Some examples of LRMS mass analyzers commonly used for MS-based metabolomics 

analysis are triple quadrupole (QqQ) and single quadrupole (Q). Some examples of HRMS mass 

analyzers commonly used for MS-based metabolomics analysis are ion trap, time of flight (ToF), 

and hybrid mass analyzers such as quadrupole time of flight (QToF) and triple quadrupole ion 

trap (Q TRAP) [63, 76]. 
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Identification using MS for metabolomics analysis. Metabolite identification is performed using 

MS/MS or tandem MS. MS/MS or tandem MS use a collision energy to fragment the precursor 

ion to aid in structural elucidation [51]. The mass spectrum obtained from the data acquisition is 

in time vs. ion intensity. The metabolites detected by MS-based metabolomics are reported as 

m/z's until they are identified [51]. 

Tandem MS can be directly performed with a QqQ technique [51, 64, 70] to identify the 

metabolites detected. In a QqQ, the first quadrupole selects for the precursor ion, the second 

quadrupole, also known as the collision cell, fragments this selected precursor ion, and the third 

quadrupole selects for the fragments [51 ]. Tandem MS means that the fragmentation can be 

performed more than once using MSn [51]. This provides further structural information and aids 

in the identification of the metabolites detected. 

The mass analyzers that are more commonly used for untargeted analysis [77], such as 

a QToF, can also be used for fragment-based identification through targeted MS/MS [51 ]. For this 

targeted MS/MS a full scan and a MS/MS data acquisition are performed during the same MS

based acquisition in the same quadrupole [51, 78]. The m/z's of interest are chosen and are 

fragmented using a selected collision energy [51]. 

After fragment ions are produced, the m/z's of these and of the precursor ion can be 

compared to those in metabolite databases [52]. Some examples of these metabolite databases 

are Lipid Maps [54], METLIN [53], and the Human Metabolome Database [55]. The fragmentations 

from databases [53, 54] along with fragments of standards can be used to help identify the 

metabolites detected in the samples. 
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1.4 Untargeted vs. targeted MS-based metabolomics analysis 

Untargeted MS-based metabolomics analysis. For untargeted metabolomics (1.4 A), the goal is 

to assess any and all changes to the metabolome after a certain treatment or exposure [16, 77]. 

A HR-MS technique is typically used for untargeted analysis because it can detect as many 

metabolites as possible, detects the intact precursor ions, and detects the accurate mass of these 

metabolites [50, 77]. 

One example of a MS technique used is LC ESI QToF MS (Figure 1.4 A 1) which leads 

to intact precursor molecules detected at their accurate mass [73, 77]. The resulting MS data are 

in the form of a total ion chromatogram for each sample (Figure 1.4 A 2). For data analysis, the 

chromatographic peaks are aligned and the molecular features are extracted (Figure 1.4 A 3). 

Since untargeted metabolomics is performed in an unbiased manner, statistical analysis (Figure 

1.4 A 4) [79, 80] and fold change calculations are used to determine the effect that a perturbation 

had on the levels of metabolites detected in a sample. The metabolites that are changing are 

identified by fragmenting the precursor ions using MS/MS [51, 78]. This MS/MS-based 

identification was discussed in detail in section 1.3 Analytical instrumentation used for 

metabolomic analysis (Figure 1.4 A 5). The resulting data is used to determine which 

metabolites are changing in response to this perturbation (Figure 1.4 A 6). 

Targeted MS-based metabolomics analysis. For targeted analysis (1.4 B), the goal is to focus on 

one type of compound such as pharmaceuticals, pesticides, and personal care products in 

environmental chemistry or metabolites involved in biological functions such as lipids [7, 81] or 

carbohydrates [7]. For example, GC - El QqQ MS [58, 64, 70] causes fragmentation (Figure 1.4 

B 1) and therefore this combination is used for targeted analysis [7]. In the QqQ mass analyzer 

there are three quadrupoles. The first quadrupole selects for the precursor ion of interest. The 

second quadrupole fragments the precursor ion. The third quadrupole selects for those fragments. 
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For targeted metabolomics analysis, standards of the analytes of interest are analyzed at different 

concentrations to determine the retention time, ion intensity, and fragmentation (Figure 1.4 B 1) 

[7]. GC - El QqQ MS uses selected reaction monitoring (SRM), also known as multiple reaction 

monitoring (MRM) (Figure 1.4 B 2), to select for the m/z's of the metabolites of interest [7, 70]. 

The resulting data is used to produce a matrix matched calibration curve to determine the 

quantification of the metabolite in the samples (Figure 1.4 B 3). Following this the samples are 

analyzed using the same method previously discussed (Figure 1.4 B 4). The resulting data from 

the analysis of the standards and samples is used to calculate the concentration of the metabolites 

in the samples. These concentrations are used to calculate the change between the sample 

conditions (Figure 1.4 B 5) [7]. Targeted analysis can also be performed with a HRMS technique 

through full scan MS to determine if the accurate m/z's of the precursor of interest are detected 

followed by targeted MS/MS to confirm the identification. For example, a Q ToF mass analyzer 

can be used which only has one quadrupole. For the identification, the precursor ions of interest 

can be selected and fragmented all in the same quadrupole. 
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Figure 1.4: Workflows for untargeted and targeted metabolomics. Workflows for untargeted 

metabolomic profiling using high resolution - mass spectrometry (HR-MS)-based analyses (A) 

and targeted metabolomics analysis using a low resolution - mass spectrometry (LRMS) 

technique (B). 

These two approaches, untargeted [16, 77] and targeted [7] metabolomics, can be used 

in tandem to improve the elucidation of the metabolites analyzed. Untargeted analysis can be 

used to improve the understanding of the overall changes in the metabolome of an organism 

when is it exposed or treated with a specific condition [16, 77]. Targeted analysis can be used to 

determine if there are changes in a specific group of metabolites of interest and/ or which of these 

individual metabolites are changing [7]. This analysis can also be used to infer which metabolism 

pathways may be up or down regulated. 

1.5 Scope of the research 

The following chapters outline and describe research efforts which are focused on 

developing a method for analyzing the effects that varying growth conditions (nitrogen [82] and 

phosphorous concentrations [83] and growth phases) have on the hydrophobic metabolites 

produced by a non-model microalgae species, Ettlia o/eoabundans. This research has the 

objective to determine which hydrophobic metabolites are up or down regulated when the 

microalgae is grown under these nutrient stressed conditions and at different growth phases. 

Ultimately the research aims to elucidate the specific enzymes that are involved in the metabolism 

pathways for the altered production of these metabolites. 

The focus of the research in Chapter 2 was to develop a method for: 1) the extraction [48] 

of hydrophobic metabolites from microalgae and 2) the LC-ESI QToF MS-based metabolomics 
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analysis [73] of these extracted microalgae samples to determine which hydrophobic metabolites 

are up or down regulated [84]. A combined bead-milling and dounce homogenization method was 

developed for the extraction of metabolites from the microalgae samples [84]. This technique 

yielded approximately 87% recoveries of the spiked exogenous lipid surrogates through extraction 

efficiency analysis [84]. Also, an LC-ESI QToF MS-based analysis technique was developed to 

analyze the metabolites [73] present in the extracted microalgae sample [84]. This LC-ESI QToF 

MS method allowed for the detection and separation of the seven representative lipid families that 

were analyzed. These seven lipid families were fatty acids (FAs), diacylglycerols (DAGs), 

triacylglycerols (TA Gs), phosphatidylglycerols (PGs), monogalactosyldiacylglycerols (MGDGs), 

digalactosyldiacylglycerols (DGDGs), and sulfoquinovosyldiacylglycerols (SQDGs) [84]. These 

lipid families were chosen because they have important roles and functions inside the microalgae 

cells. TAGs are synthesized from FAs and DAGs for energy storage [81, 82] and PGs, MGDGs, 

DGDGs, and SQDGs compose the chloroplast and thylakoid membranes [82, 85-87]. 

Chapter 3 focused on using the sample preparation and LC-ESI QToF MS-based analysis 

method developed in Chapter 2 along with the integration of untargeted [16, 77] and targeted [7] 

metabolomics [73] to determine which hydrophobic metabolites produced by microalgae were 

changing when grown under different conditions [32]. These analyses lead to a few major 

conclusions. TAGs were accumulated in the early growth phases and depleted in the later growth 

phases under nutrient limitation. This TAG regulation is thought to be caused by the T AGs being 

broken down for energy when the microalgae runs out of nutrients. Also, many of the lipids 

involved in the chloroplast and thylakoid membrane structure were depleted under nutrient 

stressed conditions which seems to correlate with the depletion of chlorophylls. Also, SQDGs 

were depleted at the later growth phases which hypothesized to allow for the cells to use the 

sulfur for other important compounds such as proteins for cell survival. 
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In the future, the results from the LC-ESI QToF MS-based metabolomics analysis will be 

integrated with the results from the transcriptomics analysis. The results from the transcriptomic 

analysis will be used to confirm these hypotheses made based on the results of the metabolomics 

analysis. With this integration of these omics techniques, the relationship between the up or down 

regulations of various hydrophobic metabolites [32] can be compared with those of various related 

enzymes to determine at the biochemical level what is happening inside the cells when the growth 

conditions are altered. 

One of the plant lipid families that were below the detection limit of the LC-ESI QToF MS 

method in Chapter 3 were phytosterols [88, 89]. Phytosterols are important because they are 

beneficial to human health for their effects on the levels of lipids in the body, anti-inflammatory 

affects, and immune modulation [90-92]. Two factors that may have contributed to why these 

phytosterols were below the detection limit were: 1) that there was signal suppression from the 

complex microalgae matrix or 2) that the low ionization efficiency of the phytosterols caused the 

resulting signals to be low. Therefore, the research in Chapter 4 aimed to develop a method to 

improve the signal to noise and analyze the effect that these varying growth conditions had on 

the phytosterols produced by microalgae. Three different extraction and/ or sample preparation 

techniques were tested: solubility-based extraction [47, 49, 93, 94] and separation, solid phase 

extraction-based separation, and chemical derivatization [59-62]. Derivatization with 

dimethylglycine was determined to be the most successful technique to improve the signal to 

noise of phytosterols by LC-ESI QToF MS [61 ]. 
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Chapter 2: Development of a liquid chromatography - mass spectrometry-based method 

for the analysis of hydrophobic metabolites produced by a non-model, green, microalgae 

species, Ettlia o/eoabundans 

* A slightly different version was published in Algal Research (DOI: 10.1016/j.algal.2016.08.009) 

and Algal Research is duly identified as the original publisher. 

2.1 The effect of nutrients on the plant metabolome 

Plants, just like other biological organisms, need various nutrients to survive. Plant 

nutrients can be broken up into two groups: macronutrients (i.e. carbon, hydrogen, oxygen, 

nitrogen, phosphorous, sulfur, potassium, calcium, and magnesium) and micronutrients (i.e. iron, 

boron, chlorine, manganese, zinc, copper, molybdenum, and nickel). These nutrients are typically 

obtained from other compounds and are found in the soil, water, and/or air [30]. 

There is a balance of how much of a certain nutrient that a plant needs. If the plant does 

not intake enough of a certain nutrient, the biological function that relies on that nutrient may be 

affected. This perturbation may have various effects [13, 23, 24, 31, 32, 34, 36, 37, 95]. One 

possible effect could be the lack of production of specific metabolites or other biomolecules that 

the nutrient is needed to produce. For example, magnesium and nitrogen are needed to produce 

chlorophyll. As such, their depletion may decrease photosynthetic efficiency. Similarly, phosphate 

is essential for the biosynthesis of glycerophospholipids which are used for the structure of the 

cellular membranes. Another possible consequence could be the accumulation of potentially toxic 

molecules such as reactive oxygen species (ROS) [31 ]. If the plant intakes or consumes higher 

than normal amounts of a nutrient, it can similarly cause various biological effects to that organism 

and also to the environment around it. 
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In the environment, when a nutrient is at a level higher than normal, it might lead to some 

negative effects. For instance, agricultural excrement or fertilizers are washed into local water 

bodies, resulting in higher concentrations of nitrogen or phosphorous, which consequently caused 

the uncontrolled growth of microalgae on the water body or the so-called algal blooms. Figure 

2.1 A shows algal blooms in Lake Okeechobee in Florida (obtained from the United States 

Geological Survey) [42]. Upon excessive algal growth on the surface, the air-water exchange and 

sunlight for photosynthesis is blocked and toxic compounds such as mycrocystins are produced 

by the microalgae. These effects can kill other plants and organisms in that water body [43, 96, 

97]. Figure 2.1 B shows the results of previous research by the United States Geological Survey 

(USGS) which shows that 32% of the water bodies studied in the United States contain these 

toxic microcystins [42]. 

A B 

Figure 2.1: Algal bloom in Lake Okeechobee in Florida and a map of the United States 

showing microcystin exposure risk in water bodies. Algal blooms (A) produce microcystins 

and according to the map, 32% of the water bodies in the United States contain microcystins (B). 

Obtained from the United States Geological Survey report: Tracking the Bad Guys: Toxic Algal 

Blooms, September 18, 2017 [42]. 
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Other nutrients can also reach the environment through the actions of humans such as 

the release of treated water from waste water treatment plants before all compounds are 

successfully removed [22, 46]. Another example is the introduction of chlorine to the environment 

from disinfecting water and salting roads [25, 98]. 

In addition to these large scale effects, the nutrient levels can also impact the organisms 

at a more biochemical level, for example, the biosynthesis of metabolites. Depending on the 

nature of metabolites, this can be beneficial. For instance, studies in the past have investigated 

the effect on the levels of different nutraceuticals such as lipids produced by microalgae when 

grown under different nutrient concentrations [35, 99-101]. These studies have been conducted 

in the environment as well as in a laboratory setting. In the laboratory setting, the growth medium 

can be altered to increase or decrease that particular nutrient of interest and the organism can be 

grown in that medium compared to the same organism being grown in a standard medium. The 

metabolites or compounds produced and the levels can be compared between these two different 

growth conditions. In plants including Arabidopsis [13, 23, 36], Tithonia diverifolia [24], wheat [31], 

citrus [95], soybean [37], tea plants [34] and Ettlia o/eoabundans [32] it was found that altering 

the concentrations of various nutrients during growth affects the levels of many biologically 

valuable metabolites. Some of these metabolites affected include: pyrimidine [23], purine [23, 36], 

and their metabolites, nucleosides [24], amino acids [23, 24, 31, 34, 37, 95], organic acids [31, 

34, 36, 37], carbohydrates [23, 24, 34, 36, 95], folate [23], glutathione [23], salicylic acid [13], and 

lipids [31, 32]. 

These type of nutrient perturbation conditions could be used to our advantage to 

determine the optimal conditions for the increased production of specific value-added 

biochemicals of interest. Some of these compounds of interest include nutraceuticals (i.e. vitamins 

and phytosterols) and lipid precursors (i.e. triacylglycerol (TAG)) for biodiesel production. 
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Biofuel production is an important topic because as shown in Figure 2.2 A according to 

the U. S. Energy Information Administration, currently a majority (81.5%) of our energy 

consumption in the United States is from fossil fuels [102]. Fossil fuels are considered to be a 

non-renewable fuel source because the organic material they are composed of takes millions of 

years to decompose [102]. In addition, use of fossil fuels introduces carbon dioxide (CO2) into the 

environment [102]. According to the U.S. Environmental Protection Agency (EPA) and as shown 

in Figure 2.2 B, CO2 makes up 81 % of the greenhouse gases in our atmosphere which leads to 

global warming [103]. Also according to the EPA and as shown in Figure 2.2 C, the CO2 emissions 

have been on a substantial incline since the 1950s [103]. According to the U. S. National Centers 

for Environmental Information (NCEI) and the U. S. National Oceanic and Atmospheric 

Administration (NOAA), shown in Figure 2.2 D, before this increase in CO2 levels beginning in 

the 1950s, these CO2 levels had maintained a consistent cycle reaching a maximum of 300 ppm 

in the atmosphere [104]. The earth's atmosphere is currently at a CO2 level of approximately 403 

ppm (Figure 2.2 D) [104]. Also according to NCEI and NOAA, shown in Figure 2.2 E, carbon 

dioxide is of most importance compared to other greenhouse gases because it is the greenhouse 

gas that has been increasing the most over the last 35+ years [104]. According to U. S. National 

Aeronautics and Space Administration (NASA) and shown in Figure 2.2 F, the temperature of the 

earth's surface has increased by over 1°C since the 1950s when our CO2 emissions began to 

increase [105]. This 1 °C increase is related to the extreme weather and melting of the ice which 

are of vital importance to our environment [105]. 
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Figure 2.2: Energy consumption, greenhouse gas percentages, carbon dioxide emissions, 

and global temperature. Energy consumption in the United States since 1776 separated into 

different energy sources (A). From the U. S. Energy Information Administration report: Monthly 

Energy Review, July 1, 2016 (A) [102]. Percentage breakdown of greenhouse gases in the 

atmosphere (B). Carbon dioxide (CO2) emission in million metric tons over the last century (C). 

U. S. Environmental Protection Agency report: Inventory of U.S. Greenhouse Gas Emissions and 

Sinks: 1990-2016 (Band C) [103]. CO2 levels in the atmosphere in ppm up to 800,000 years 

before 2016 (D). Influence of all human produced greenhouse gases comparing contributions to 

heating imbalance and annual greenhouse gas index compared to 1990 (E). From the U. S. 
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National Centers for Environmental Information and the U. S. National Oceanic and Atmospheric 

Administration report: Climate Change: Atmospheric Carbon Dioxide, October 1, 2017 (D and E) 

[104]. Global mean surface temperature measuring the change in the temperature of the surface 

of the earth in °C (F). From the U.S. National Aeronautics and Space Administration report: 2016 

Climate Trends Continue to Break Records, July 19, 2016 (F) [105]. 

Strategies that allow us to use a clean, renewable energy source are strongly desired to 

decrease our CO2 emissions. Some examples of clean, renewable energy sources include 

biofuels such as biohydrogen, biogas, bio-ethanol and biodiesel. Figure 2.3 shows how these 

different types of biofuel are produced from organismal biomass [106]. Typically plant biomass is 

used for the production of biofuels and other value-added compounds such as proteins, vitamins, 

lipids, and starch (Figure 2.3). Plants are advantageous for value-added bioproduct formation for 

many reasons. One advantage of plants for bioproduct formation is that they take in CO2 for 

carbon fixation; therefore, reducing its atmospheric levels (Figure 2.3). Plants can also directly 

use the water from waste water treatment plants as part of their nutrient source because these 

water sources typically contain higher levels of nutrients such as nitrogen and phosphorous 

(Figure 2.3) [44, 45, 107-113]. 
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Figure 2.3: Schematic of plant biomass - based biofuel production. This biofuel schematic 

includes four types of biofuels: biodiesel, biohydrogen, biogas, and bio-ethanol [106]. 

Plants are typically separated into two major classes: terrestrial and aquatic. Aquatic 

plants such as microalgae are advantageous for the biofuel production because they do not use 

up the arable crop land needed to grow food for human and animal agricultural consumption. 

Certain species of microalgae can also be grown directly in the water from waste water treatment 

plants and utilize the higher concentrations of nitrogen and phosphorous for nutrition [114]. Also, 

for biodiesel production in particular, microalgae are advantageous because they have a much 

higher lipid yield than terrestrial plants which is good because biodiesel can be produced from 

TAGs [115-117]. This information is summarized in Table 2.1 which shows the seed oil content, 

oil yield, land use, and biodiesel productivity of each of the plant sources analyzed. As reported, 

microalgae require the lowest amount of land, have the highest oil yield, and the highest biodiesel 

productivity as compared to some other terrestrial plants and therefore are the most 

advantageous source of lipids for biodiesel production (Table 2.1 ). 
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Table 2.1: Lipid production levels in various plants including terrestrial and aquatic plants. 

Land use in m2 year/ kg biodiesel, seed oil content in % oil by wt in biomass, oil yield in L/ ha year, 

and biodiesel productivity in kg/ ha year in many terrestrial and aquatic plant species. 

wt, weight; ha, hectare; 1 ha= 10,000 m2 or 2.471 acres. 

Reprinted from Microalgae for biodiesel production and other applications: A review, 14, T.M. 

Mata, A.A. Martins, N.S. Caetano, 217-232., Copyright (2010), with permission from Elsevier 

[118]. 

Plant source 

Land use 

(m2 year/ 

kg 
biodiesel) 

Seed oil 
content 

(% oil by wt 

in biomass) 

Oil yield 

(Loil/ 

ha year) 

Biodiesel 
productivity 

(kg biodiesel/ 

ha year) 

Corn/ maize (Zea mays L.) 66 44 172 152 

Hemp (Cannabis sativa L.) 31 33 363 321 

Soybean (Glycine mas L.) 18 18 636 562 

Jatropha (Jatropha curcas L.) 15 28 741 656 

Camelina (Camelina sativa L.) 12 42 915 809 

Canola/ rapeseed (Brassica napus L.) 12 41 974 862 

Sunflower (Helianthus annus L.) 11 40 1,070 946 

Castor (Ricinus communis) 9 48 1,307 1,156 

Palm (Elais guineensis) 2 36 5,366 4,747 

Microalgae (low oil content) 0.2 30 58,700 51,927 

Microalgae (medium oil content) 0.1 50 97,800 86,515 

Microalgae (high oil content) 0.1 70 136,900 121,104 

The lipid levels can be studied using various techniques. Some analytical techniques for 

lipid analysis include thin-layer chromatography, mass spectrometry (MS), colorimetric analysis, 

or nuclear magnetic resonance. Among these, MS -based analysis of lipids is the most sensitive 

and rapid approach. 
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High resolution MS (HR-MS) typically paired to liquid chromatography (LC-MS) is the most 

commonly used separation and detection instrument for lipidomics analysis [67]. Typically soft 

ionization techniques are used because they do not cause extensive fragmentation and 

electrospray ionization (ESI) is the most common soft ionization source for LC-MS [67]. This is 

beneficial to analyze the intact precursor of a lipid for untargeted analysis. This is an 

advantageous technique because it can be used in a high-throughput manner, with small sample 

sizes to give sensitive and accurate mass results. This allows for the targeted or untargeted MS

based analysis to determine which lipids are changing between the conditions analyzed. 

Previous LC-MS - based lipidomic analyses have been performed on different model, 

green microalgae species where the microalgae was grown at varying concentrations of nitrogen 

in the form of nitrate in the growth medium to determine its effect on the levels of lipids produced 

[84]. Most of these studies have focused on TAGs because TAGs can go through a process called 

transesterification, shown in Figure 2.4, for the production of fatty acid methyl esters which can 

be used as biodiesel. Many previous studies have reported that under nitrogen depleted 

conditions TAG levels were higher as compared to nitrogen replete conditions [100, 119, 120]. 

Most of these studies use concentrations of nitrate that are higher than basal levels for both the 

replete and deplete conditions. For example, in Martin et al, nitrate concentrations of 31 mg/ L 

and 310 mg/ L were used for nitrogen deplete and replete, respectively [100] when the basal 

levels of nitrate in the environment are < 4 mg/ L [29]. 
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Figure 2.4: Transesterification of a triacylglycerol into three fatty acid methyl esters. 

Transesterification of triacylglycerols (TAGs) using methanol along with an acid catalyst to 

produce fatty acid methyl esters which can be used as biodiesel. 

Typically these lipidomic analyses have focused on model, green microalgae species 

some of which are: Chlamydomonas reinhardtii [101, 120-125], Ch/ore/la sp.[21, 99, 100, 126-

130], and Nannoch/oropsis sp. [82, 126, 128, 131 ]. However, much fewer studies have been done 

on non-model, green microalgae species that are highly oleaginous such as Ettlia o/eoabundans 

[6, 21, 126, 132]. In addition, a majority of these studies are static in that they only analyze these 

effects at one time point and they typically only look at the effects of the variation of the 

concentration of one nutrient. These comparisons in analysis are discussed in more detail in 

Chapter 3 section 3.1 LC-MS-based analysis of the effects of varying nutrient concentration 

on the metabolites and lipids produced by microalgae. 

The limitations of previous studies as described above include the strict interest in TAG 

levels produced by model species when grown under variation to only one nutrient and at only 
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one time point. This limited approach typically focuses on the changes in TAG levels to 

understand how and why they accumulate because they are used for biodiesel production. These 

limitations have demonstrated the need for more untargeted, dynamic analyses (i.e. more than 

one perturbation, more than one time point, and analyzing a broad range of metabolites) of an 

oleaginous microalgae species such as the analysis performed by Sui et al [133]. In Sui et al, a 

time-series metabolomic analysis was performed to determine the effect that two compounds 

have on the lipid production of Crypthecodinium cohnii [133]. From this analysis they determined 

that one of the compounds caused an accumulation of lipids while the other had no effect. This is 

discussed in more detail in Chapter 3 section 3.1 LC-MS-based analysis of the effects of 

varying nutrient concentration on the metabolites and lipids produced by microalgae. 

The aim of this chapter was to develop a method for the untargeted and targeted analysis 

of lipids and other hydrophobic metabolites produced by a non-model, oleaginous, green 

microalgae species, Ettlia o/eoabundans, when grown under varying concentrations of nitrate or 

phosphate. The application of this method to study the lipid regulation throughout different phases 

of growth is discussed in Chapter 3. These will shed light on the effect of nutrient concentrations 

and growth phase on the lipids produced by microalgae. 

2.2 Research objectives 

The objectives of this work were to: 

a. Determine the nitrate and phosphate concentrations and the growth periods to study 

b. Develop a method for extracting the hydrophobic metabolites produced by microalgae 

c. Develop a method for the liquid chromatography- mass spectrometry - based analysis of these 

extracted metabolites 
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The analysis of the effect of varying nutrient concentrations and growth periods on the microalgal 

metabolite production is described in Chapter 3. 

2.3 Results and discussions 

2.3.1 Determination of time points of interest based on growth curves and concentrations 

of nitrate and phosphate in the media 

In order to study the effect of nutrient concentration on growth and metabolite production, 

E. o/eoabundans was grown for 11 days in photobioreactors (PBRs) where the only variability 

was the original concentration of nitrate (N03-) or phosphate (POl-) in the media (a more detailed 

description can be found in section 2.5.2 Microalgae growth and harvesting). The four different 

variable growth conditions were as follows: nitrogen deplete (N-, 0. 714 mM); nitrogen replete (N+, 

7.14 mM); phosphorous deplete (P-, 0.064 mM), and phosphorous replete (P+, 1.808 mM). We 

note that the concentration of nutrients we used are higher than basal levels for both the replete 

and deplete conditions. For example, in Martin et al, nitrate concentrations of 31 mg/ L and 310 

mg/ L were used for nitrogen deplete and replete, respectively [100] when the basal levels of 

nitrate in the environment are < 4 mg/ L [29]. Each day, aliquots were taken from the PBRs to 

measure the optical density (OD) at 730 nm and the concentration of N03- and POl- remaining 

in the media (a more detailed description can be found in section 2.5.3 Analysis of the optical 

density and the nitrate and phosphate concentration in the media). 

Figure 2.5 A displays the OD-based growth curve of the microalgae at each growth 

condition. This clearly shows the effect of the original nutrient concentration on the microalgae 

growth. The divergence in the growth curve between the replete and deplete growth conditions 

can be seen after day 2 (as shown in Figure 2.5 B and C). It is important to note here that at day 

2, both N03- and POl- are below the detection limit of the assay. However, this corresponds to 
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the complete internalization of these nutrients by the organism to be used up at the later stages 

of growth. As such, these concentrations do not reflect the cellular levels of these nutrients. From 

this growth curve, four time points were selected for LC-MS-based metabolomic analysis. These 

four time points were at days 2, 4, 7 and 10 and represented early and late exponential phase 

and early and late stationary phase, respectively [32]. 
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Figure 2.5: Growth curve and remaining nitrate and phosphate in the media at different 

periods of time throughout the microalgae growth curve. Optical density (OD) of each growth 

condition at each day measured at 730 nm, representing a growth curve (A), concentration of 

nitrate (B) and phosphate (C) remaining in the media at different time points throughout the 

microalgae growth for the replete and deplete conditions [32]. 
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2.3.2 Biomass calculations 

The biomass was measured and calculated through filtration, drying, and weighing (a 

more detailed description can be found in section 2.5.4 Determination of biomass). For this 

biomass measurement, an aliquot was taken from each of the PBRs representing a biological 

replicate (n=5) at each time point of interest for each growth condition (day 2, 4, 7, and 1 0 and N

, N+, P- and P+, 16 conditions). These biomasses were used to calculate a normalized 

resuspension value for each individual replicate to maintain a consistent biomass-based injection 

quantity for LC-MS analysis. This information is represented in Table 2.2 in which the replicate 

with the lowest biomass is bolded [32]. The replicate with the lowest biomass was set to a 

resuspension volume of 1 ml of chloroform for LC-MS injection and the corresponding 

concentration in mg/ ml was calculated. The resuspension volumes of chloroform for the 

remaining replicates were calculated accordingly as to have the same concentration in mg/ ml 

when resuspended. When resuspended based on biomass-normalization each microalgae 

replicate was consistent at a concentration of 9.20 mg/ ml which equates to an injection biomass 

of 0.28 mg in the 30 µL injected for LC-MS analysis. 

Table 2.2: Biomass-based normalization calculations and resulting normalized 

concentrations. The replicate with the lowest biomass used to determine the normalization for 

all other samples is bolded. The biological replicates (n=3) used in lipidomics analyses in Chapter 

3 are highlighted in gray [32]. 

mg/ml mlBiomass total mg perGrowth mg per chloroformReactor (mg/ 10 ml 1/8 of (afterCondition pelletml media) media pellet resuspension) re-suspended 

A 4.06 340 138.04 17.26 9.20 1.86 

N-2 B 3.80 335 127.30 15.91 9.20 1.72 

C 2.14 350 74.90 9.36 9.20 1.00 
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1.91 D 4.21 335 141.04 17.63 9.20 

E 4.64 331 153.58 19.20 9.20 2.09 

F 4.93 344 169.59 21.20 9.20 2.28 

G 5.45 340 185.30 23.16 9.20 2.50 

N+2 H 5.28 326.5 172.39 21.55 9.20 2.35 

I 4.15 333 138.20 17.27 9.20 1.87 

J 3.21 347 111.39 13.92 9.20 1.49 

A 5.27 333 175.49 21.94 9.20 2.38 

B 4.86 360 174.96 21.87 9.20 2.32 

N-4 C 5.05 349 176.25 22.03 9.20 2.36 

D 5.63 333 187.48 23.43 9.20 2.54 

E 5.23 334 174.68 21.84 9.20 2.37 

F 6.33 340 215.22 26.90 9.20 2.90 

G 7.33 343 251.42 31.43 9.20 3.38 

N+4 H 5.81 340 197.54 24.69 9.20 2.66 

I 5.36 318 170.45 21.31 9.20 2.34 

J 6.27 330 206.91 25.86 9.20 2.81 

A 6.90 353 243.57 30.45 9.20 3.24 

B 7.90 356 281.24 35.16 9.20 3.74 

N-7 C 7.20 336 241.92 30.24 9.20 3.27 

D 6.90 343 236.67 29.58 9.20 3.18 

E 8.70 338 294.06 36.76 9.20 3.97 

F 14.30 334 477.62 59.70 9.20 6.47 

G 12.60 346 435.96 54.50 9.20 5.84 

N+7 H 13.10 332 434.92 54.37 9.20 5.90 

I 11.80 340 401.20 50.15 9.20 5.40 

J 11.20 322 360.64 45.08 9.20 4.94 

A 11.83 331 391.57 48.95 9.20 5.32 

B 10.57 325 343.53 42.94 9.20 4.69 

N-10 C 10.13 337 341.38 42.67 9.20 4.61 

D 9.61 316 303.68 37.96 9.20 4.18 

E 9.74 346 337.00 42.13 9.20 4.51 

N+10 F 11.31 348 393.59 49.20 9.20 5.26 
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G 12.63 340 429.42 53.68 9.20 5.78 

H 12.80 339 433.92 54.24 9.20 5.85 

I 12.18 336 409.25 51.16 9.20 5.53 

J 12.67 349 442.18 55.27 9.20 5.91 

F 4.13 337 139.18 17.40 9.20 1.87 

G 3.81 348 132.59 16.57 9.20 1.78 

P-2 H 3.22 353 113.67 14.21 9.20 1.53 

I 2.98 336 100.13 12.52 9.20 1.35 

J 2.85 344 98.04 12.26 9.20 1.32 

A 4.14 368 152.35 19.04 9.20 2.05 

B 4.65 360 167.40 20.93 9.20 2.25 

P+2 C 5.21 344 179.22 22.40 9.20 2.41 

D 5.42 343 185.91 23.24 9.20 2.50 

E 5.14 353 181.44 22.68 9.20 2.44 

A 6.04 335 202.34 25.29 9.20 2.72 

B 5.84 334 195.06 24.38 9.20 2.62 

P-4 C 5.02 359 180.22 22.53 9.20 2.42 

D 5.47 342 187.07 23.38 9.20 2.51 

E 5.75 345 198.38 24.80 9.20 2.67 

F 7.52 347 260.94 32.62 9.20 3.51 

G 7.40 347 256.78 32.10 9.20 3.45 

P+4 H 6.94 337 233.88 29.23 9.20 3.14 

I 6.44 355 228.62 28.58 9.20 3.07 

J 8.32 326 271.23 33.90 9.20 3.65 

A 5.99 348 208.45 26.06 9.20 2.80 

B 5.29 340 179.86 22.48 9.20 2.42 

P-7 C 6.17 337 207.93 25.99 9.20 2.79 

D 5.43 349 189.51 23.69 9.20 2.55 

E 5.21 341 177.66 22.21 9.20 2.39 

F 12.91 340 438.94 54.87 9.20 5.90 

P+7 
G 12.23 348 425.60 53.20 9.20 5.72 

H 13.76 333 458.21 57.28 9.20 6.16 

I 14.56 322 468.83 58.60 9.20 6.30 
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J 14.78 326 481.83 60.23 9.20 6.48 

F 6.10 314 191.54 23.94 9.20 2.57 

G 6.63 336 222.77 27.85 9.20 2.99 

P-10 H 6.34 338 214.29 26.79 9.20 2.88 

I 7.23 332 240.04 30.00 9.20 3.23 

J 6.73 359 241.61 30.20 9.20 3.25 

F 9.46 346 327.32 40.91 9.20 4.40 

G 10.60 347 367.82 45.98 9.20 4.94 

P+10 H 12.11 350 423.85 52.98 9.20 5.70 

I 12.76 356 454.26 56.78 9.20 6.11 

J 14.27 358 510.87 63.86 9.20 6.87 

2.3.3 Extraction of hydrophobic metabolites 

The microalgae grown under N-7 and N+7 conditions were chosen for method 

development and experimental design due to two major reasons. Previous studies have focused 

more so on the effect of nitrogen depletion on lipid production in microalgae as compared to 

phosphorous. As a result, a comparison between the results from this study and others would be 

most feasible for nitrogen-based growth conditions. Also, since day 7 is at the early stationary 

phase, it was hypothesized that most lipids would already be produced at a high extent by this 

growth phase. 

In order to analyze how the nutrient concentrations and growth phases affect the lipid 

production in microalgae, a method to extract the metabolites from the microalgae and prepare 

the samples for LC-MS analysis was developed. 

Prior to the metabolite extractions, an exogenous lipid, referred to as a surrogate, was 

spiked to determine the extraction efficiency based on the recoveries after the extraction. A known 

concentration of an isotopically labeled fatty acid (FA), oleic acid-d9, was spiked to the methanol 

used for bead milling which was the initial step in the metabolite extraction, to investigate the 
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efficiency of the entire extraction. This metabolite extraction was discussed in detail in section 

2.5.5 Hydrophobic metabolite extraction and sample preparation. In brief, the split 

microalgae pellets were bead milled in methanol and following this a dounce homogenization in 

2:1 :1 chloroform/ methanol/ water was used to extract the metabolites from the microalgae cells. 

Prior to extraction, the initial and theoretical final concentrations of the surrogate were calculated 

based on initial and final volumes of the samples. LC-MS analysis in negative mode for the 

electrospray ionization (ESI-) for the oleic acid-d9 was performed on the spiked and extracted 

samples along with matrix matched calibration curve. The matrix matched calibration curve was 

prepared by spiking samples immediately before the LC-MS to produce a linear calibration curve 

which includes the theoretical concentration of the sample spiked before the extraction. The LC

MS data acquisition method used was discussed in detail in section 2.5.6 LC-MS analysis. The 

concentrations of oleic acid after extraction were calculated based on the abundance of the oleic 

acid-d9 in the spiked samples and in the matrix matched calibration curve samples. The 

abundances in the matrix matched calibration curve samples along with the known concentrations 

were used to plot a calibration curve. The concentration of the extraction efficiency sample was 

calculated using the abundance and the plot from the matrix matched calibration curve. These 

analyses and calculations are discussed in detail in section 2.5. 7 Extraction efficiency analysis 

of an exogenous lipid surrogate. 

As an example, the matrix matched calibration curve for the spiked oleic acid-d9 into one 

biological replicate in the N+7 growth condition which is shown in Figure 2.6 A. The percent 

recoveries were calculated as actual concentration (µM)/ theoretical concentration (µM) * 100. 

Figure 2.6 B displays the results of the percent recoveries analyzed and calculated. 

From the results shown in Figure 2.6 B the extraction efficiency in each growth conditions 

is approximately 87%. Therefore, this shows that the procedure used was successful at 

recovering a large percentage of the metabolite extracted using this procedure. 
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Figure 2.6: Calibration curve and percent recovery results. Example matrix matched 

calibration curve to calculate the concentration of oleic acid-d9 remaining after the extraction of 

E. o/eoabundans grown under a higher nitrate concentration (N+) in one biological replicate for 7 

days (A). Percent recoveries of oleic acid-d9 in the extracted microalgae samples grown under 

varying original nitrate concentrations at day 7 (B). 

2.3.4 LC-MS-based analysis of representative endogenous lipids 

In order to analyze the metabolites extracted from these microalgae samples we need to 

develop an LC-MS method. The lipid families chosen for this targeted analysis were FAs, 

diacylglycerols (DAGs), TAGs, phosphatidylglycerols (PGs), monogalactosyldiacylglycerols 

(MGDGs), digalactosyldiacylglycerols (DGDGs), and sulfoquinovosyldiacylglycerols (SQDGs). 

These were chosen because they represent different lipid families and especially the families of 

particular interest for this work. These include the simple lipids that make up most other lipids, 

FAs; lipids of interest for biodiesel production, TAGs; and lipids that compose the chloroplast and 

thylakoid membranes, PGs, MGDGs, DGDGs, and SQDGs. Another reason for choosing these 

lipid classes is that FAs, PGs, MGDGs, DGDGs, and SQDGs are ionized in ESl-while DAGs and 

T AGs are ionized in positive mode for the electrospray ionization (ESI+) and we can therefore 

assess both LC-MS methods based on these lipid families. 
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To test the LC-MS analysis method as part of the experimental design before running a 

full profiling set of all conditions and replicates, the two conditions, N-7 and N+7, were analyzed 

in a targeted manner for these chosen lipid families. The values of analysis to test the LC-MS 

method were: the relative standard deviations, the retention times, and the fold changes between 

two independent runs for the targeted theoretical mass to charge ratios (m/z's). Prior to analysis 

of the extracted samples, a mixture of multiple lipid standards was analyzed via LC-MS and the 

retention times for these lipids were determined. Typically, varying lipids in one family will be in a 

relatively small retention time window, approximately ranging from 4 to 7 minutes, for a 60 minute 

LC-MS method (the LC-MS data acquisition method is discussed in detail in section 2.5.6 LC-MS 

analysis). Along with full scan LC-MS analysis, targeted LC-MS/MS was also performed on both 

the standards and the resulting theoretical m/zs detected to compare the fragmentation patterns 

and confirm their identities. The method used for the targeted analysis of lipids can be found in 

section 2.5.8 Targeted analysis of representative endogenous lipids and the method used for 

LC-MS/MS identification can be found in Chapter 3 section 3.5. 7 LC-MS/MS-based 

identification. 

Figure 2.7 shows overlapped extracted ion chromatograms (EICs) of representative lipids 

from each lipid family of interest extracted from one replicate of the microalgae samples grown in 

each condition, N-7 and N+7, in ESI+ (Figure 2.7 A and B) and ESI- (Figure 2.7 C, D, E, and 

F). The resulting retention time windows for FAs, DAGs, TAGs, PGs, MGDGs, DGDGs, and 

SQDGs were: 20-27, 39-43, 45-49, 31-36, 42-44, 41-47, and 31-35 minutes, respectively. The 

fold changes were also calculated as [the abundance in N-7]/ [the abundance in N+7] and these 

results are shown in Table 2.3. Table 2.3 shows that TAGs and SQDGs are accumulating while 

most DGDGs and PGs are depleting. These results show that this method is developed to analyze 

hydrophobic metabolites in an untargeted manner because the targeted endogenous lipid families 

were detected, had good peak shapes, and had good separation throughout the LC-MS method. 
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Figure 2.7: Extracted ion chromatograms of representative lipids from each lipid family 

targeted. The targeted analysis resulted in extracted ion chromatograms in ESI- and ESI+ in 

microalgae grown under N-7 and N+7 conditions, ESI+ N+7 (A), ESI+ N-7 (B), ESI- N+7 (C), ESI

N-7 (D), zoomed in ESI- N+7 without the FA (E), and zoomed in ESI- N-7 without the FA (F). 
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FAs, fatty acids; DAGs, diacylglycerols; TAGs, triacylglycerols; PGs, phosphatidylglycerols; 

MGDGs, monogalactosyldiacylglycerols; DGDGs, digalactosyldiacylglycerols; and SQDGs, 

sulfoquinovosyldiacylglycerols. 

Table 2.3: Targeted LC-MS analysis of fatty acids, diacylglycerols, triacylglycerols, 

phosphatidylglycerols and galactolipids [84]. Retention time, fold change and p value 

analyzed and calculated based on LC-MS targeted data analysis of extracted ion chromatograms. 

tR, retention time; FC, fold change; N-, nitrogen deplete; N+, nitrogen replete; FA, fatty acid; DAG, 

diacylglycerol; TAG, triacylglycerol; SQDG, sulfoquinovosyldiacylglycerol; DGDG, 

digalactosyldiacylglycerol; MGDG, monogalactosyldiacylglycerols; and PG, phosphatidylglycerol. 

a FC was determined as [Abundance N-7]/ [Abundance N+7] for each lipid. Abundance is the 

total ion count for a given ion. Each ion corresponds to a mass-to-charge ratio (m/z), which is 

used to assign the lipid. b ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. c 

m/z's corresponding to [M-HJ-. d m/zs corresponding to [M+Hr. e m/z's corresponding to 

[M+NH4r. fFold increase could not be determined due to the low abundance in either N- or N+. 

FC[a] plb] FClaJ plb]Lipid lipid mlz lipid mlz tRfamily tR (N-7/N+7) value (N-7/N+7) value 
C12:0 199.1704 20 1.5 *** C18:0 283.2637 28 0.9 ns 
C14:0 227.2011 24 1.3 ** C20:5 301.2168 21 1.3 ns 
C16:1 253.2168 22 0.5 **** C20:4 303.2324 21 1.3 ns u 
C16:0 255.2324 26 0.7 * C20:1 309.2799 28 0.3 **** ~ 

LL C18:3 277.2168 22 0.5 **** C20:0 311.295 24 0.9 ns 
C18:2 279.2324 25 0.6 ** C24:0 367.3576 33 0.9 ns 
C18:1 281.2481 26 0.7 ** 
C32:2 547.4729 43 0.6 **** C34:1 577.5196 44 1.1 * 
C32:1 549.4883 43 1.3 ns C36:4 599.5039 41 0.3 **** 

;§: C32:0 551.5039 43 2.2 *** C36:3 601.5196 44 5.7 **** (!) 
<C C34:4 571.4729 43 0.3 **** C36:2 603.5352 44 4.1 **** 
C C34:3 573.4883 43 0.2 **** C36: 1 605.5509 45 3.4 **** 

C34:2 575.5039 43 0.4 **** 
C48:0 824.7707 49 0.9 **** C54:4 900.8020 49 3.4 **** ~ 

(!) CS0:2 848.7707 49 4.5 **** C54:3 902.8177 49 5.0 **** 
<C 
t- CS0:1 850.7864 49 5.3 **** C54:2 904.8333 50 5.8 **** 
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C52:2 876.8020 49 6.3 **** C54:1 906.8490 50 4.3 **** 
C54:6 896.7707 48 2.5 **** C56:2 932.8646 50 7.9 **** 
C54:5 898.7864 49 3.5 **** 
C32:3 787.4672 32 AccumYl C34:2 817.5141 34 25.0 **** 
C32:2 789.4828 33 AccumYl C34:1 819.5298 35 8.6 **** 

~ C32:1 791.4985 34 AccumYl C34:0 821.5454 36 AccumYl 
(!) C32:0 793.5141 35 1.7 **** C36:6 837.4828 33 Accum_[flC 
0 C34:5 811.4672 32 Accum_[fJ C36:5 839.4985 33 15.0 **** en 

C34:4 813.4828 33 Accum_[fJ C36:4 841.5141 34 Accum_[fl 
C34:3 815.4985 34 52.4 **** 
C32:4 883.5424 42 Deplete[fl C34:2 915.6050 45 0.9 **** 
C32:3 885.5581 43 Deplete[fl C34:1 917.6207 46 1.0 ** 

~ 
(!) C32:2 887.5737 44 0.3 **** C36:6 935.5737 43 0.2 **** 
C C34:5 909.5581 43 0.4 **** C36:5 937.5894 44 0.2 **** (!) 
C C34:4 911.5737 43 0.5 **** C36:4 939.6050 45 0.2 **** 

C34:3 913.5894 44 0.5 **** 
C28:0 673.4896 30 4.4 **** C34:3 751.5366 45 1.9 **** 
C30:2 697.4896 29 4.0 **** C34:2 753.5522 46 1.3 **** 

~ 
(!) C32:4 721.4896 43 0.4 **** C36:6 773.5209 44 1.1 ns 
C C34:6 745.4896 43 0.9 **** C36:5 775.5366 45 0.5 **** (!) 
::!!: C34:5 747.5053 44 1.6 **** C36:4 777.5522 45 0.3 **** 

C34:4 749.5209 44 2.2 **** 
LPG C16:0 483.2723 26 0.03 **** C34:2 745.5020 35 0.2 **** 

LPG C18:1 509.2879 27 Deplete[fl C34:3 743.4863 34 0.3 **** 
~ 
(!) C32:1 719.4863 35 1.5 **** C36:4 769.5020 34 0.7 **** 
a. C32:0 721.5020 35 0.7 **** C36:2 773.5333 36 2.1 *** 

C34:1 747.5176 35 0.4 **** 

In order to assess the reproducibility of the LC-MS data acquisition, fold changes from two 

independent LC-MS experiments were obtained and plotted. The correlation based on the R2 

value was investigated (Figure 2.8). Figure 2.8 shows that the resulting fold changes were 

consistent between two independent LC-MS data acquisitions with an R2 value of 0.9867. This 

also shows that this method was consistent because the same trends determined and analyzed 

in one independent data set were also detected in another independent data set. 
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Figure 2.8: Correlation of fold changes between two independent LC-MS analyses. Fold 

changes were calculated based on the chromatographic abundances of five biological replicates 

and were plotted for two independent data sets to calculate the correlation between data sets as 

R2 [84]. 

2.4 Conclusions 

In this chapter we designed an experiment to analyze the effects of the concentrations of 

nitrate or phosphate in the media along with the growth phase on the microalgal lipid production. 

After analyzing the optical density results, concentrations of nitrate and phosphate were decided 

upon to show a difference in the amount of microalgal growth between the N- and N+ and P- and 

P+ conditions. These concentrations were 0.71, 7.1, 0.064, and 1.808 mM for N-, N+, P-, and P+, 

respectively. Also, after observing the growth curves and the concentrations of nitrate and 

phosphate remaining in the media at different days, the early and late exponential phases at days 

2 and 4 and the early and late stationary phases at days 7 and 10 were chosen for total lipid 

content analysis, biomass calculations, and LC-MS-based metabolomics analysis. 

We also developed and optimized a method for hydrophobic metabolite extraction in which 

we altered the Bligh and Dyer method [48] by adding in an additional bead milling step before the 
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dounce homogenization to fully break the cell wall and membrane and extract the metabolites. 

We also used the biomass calculation to perform a biomass-based normalization in which the 

final metabolite extract was evaporated and resuspended in a calculated amount as to inject the 

same concentration of microalgal biomass in mg/ ml for each replicate. This method was 

validated based on the extraction efficiency which was determined by the calculation of the 

percent recovery of an exogenous lipid surrogate. The surrogate was spiked into the sample 

before the extraction, a matrix matched calibration curve was used to determine the concentration 

after the extraction, and this was compared to the theoretical concentration. The actual and 

theoretical concentrations were used to calculate a percent recovery which resulted in an average 

percent recovery of around 87%. This result shows that the extraction procedure used resulted in 

a high recovery of the exogenous surrogate and therefore should be sufficient for the extraction 

of hydrophobic metabolites from the microalgae cells. 

We also developed an LC-MS-based metabolomic analysis method to analyze the levels 

of metabolites extracted from the microalgae samples. Biological replicates (n=3) from two 

chosen growth conditions (N-7 and N+?) were analyzed by LC-MS in a randomized order via full 

scan MS to collect all m/z's detected. To validate the method developed, specific lipid families 

were targeted and analyzed to determine the relative standard deviation. The m/zs from different 

lipid families, FAs, DAGs, TAGs, PGs, MGDGs, DGDGs, and SQDGs, were extracted and the 

resulting abundances were compared for standard deviations between biological replicates. 

Especially for TAGs, we compared the abundances between the N-7 and N+7 growth conditions 

and there were accumulations in the TAGs produced in the N-7 condition as compared to the N+7 

[84]. This result is in agreement with the literature and therefore helps to further validate our 

method. 
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The next step in this work was to use this method to develop a time-series LC-MS-based 

metabolomics method and analyze the microalgae grown under these varying nitrate and 

phosphate concentrations and different growth periods. 

2.5 Materials and methods 

2.5.1 Materials 

LC-MS grade methanol, HPLC grade isopropanol, formic acid, ammonium formate, and 

ammonium hydroxide were purchased from Millipore Sigma (Burlington, MA). HPLC grade 

chloroform was purchased from Honeywell Burdick and Jackson (Muskegon, Ml). Various lipid 

standards were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Nanopure water was 

used for all analyses (resistivity 18.2 MO-cm at 25°C). Glass beads (0.1 and 0.5 mm) were 

purchased from Bertin Technologies (Montigny, France). The LC columns were purchased from 

Phenomenex (Torrance, CA). These included a C18 Gemini and a CS Luna column used for 

negative and positive mode, respectively. Both columns have dimension of 50 x 4.6 mm, 5 µm. 

2.5.2 Microalgae growth and harvesting 

E. o/eoabundans (UTEX 1185) from the Culture Collection of Algae at the University of 

Texas at Austin microscopically shown in Figure 2.9 A were grown in 500 ml photobioreactors 

(PBRs) shown in Figure 2.9 B in Modified Bold 3N (MB3N) media (Table 2.4) at room 

temperature (25°C ± 2°C) for 11 days. The light dark cycle was 14:10 h using fluorescent lights 

(32 W Ecolux, General Electric, Fairfield, CT) and there was a 110 µmol-photon/ m2/ s 

photosynthetic photon flux density. There was also a 200 ml/ min flow rate to aerate the PBRs 

with sterile, activated carbon-filtered air from a mass flow controller (Cole-Parmer Instrument 

Company, IL). This aeration was done so without additional CO2. 
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~ C) UT-Austin BA IOOQX 

UTEX LB #1185 
Neochloris o/eoabundans 

Figure 2.9: Microscope image and image of photobioreactors growing E. o/eoabundans. 

Microscope image of E. o/eoabundans (formerly known as Neoch/oris o/eoabundans) courtesy of 

the UTEX Culture Collection of Algae at the University of Texas at Austin, https://utex.org. Scale 

bar = 10 µm (A) and photobioreactors (500 ml) that microalgae was grown in along with the 

aeration apparatus and fluorescent lights used (B). 

Table 2.4: Standard Modified Bold 3N (MB3N) media used for microalgae growth from the 

Culture Collection of Algae at the University of Texas at Austin (UTEX). The only 

concentrations altered for various growth conditions was that of the nitrate and phosphate. 

Soilwater: GR+ Medium is a combination of green house soil, water, and CaCQ3_ 

Component MB3N* 

NaNQ3 8.82 mM 

CaCl2 · 2H2O 0.17 mM 

MgSQ4 · ?H2O 0.3mM 

K2HPQ4 0.43 mM 

KH2PO4 1.29 mM 

NaCl 0.43 mM 

Na2EDT A · 2H2O 12 µM 

FeCb · 6H2O 2.16 µM 
MnCb · 4H2O 1.26 µM 

ZnCl2 0.222 µM 

CoCl2 · 6H2O 0.0504 µM 

Na2MoQ4 · 2H2O 0.108 µM 
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Soilwater: GR+ Medium 40 ml/ L 
Vitamin B12 0.135 mg/ L 
Biotin Vitamin Solution 0.025 mg/ L 
Thiamine Vitamin 

1.1 mg/ L
Solution 
*Deionized water was used to prepare 
the growth medium 

All E. o/eoabundans PBRs were grown under the same growth conditions except for the 

original concentrations of NO3- or PO43- in the media were varied to analyze the effect that has on 

the optical density (OD), the total lipid content, the biomass, and the metabolites produced. 

Biological replicates (n=5) were grown under four differing nutrient concentrations from the MB3N 

which were 0.714 mM NO3-, 7.14 mM NOf, 0.064 mM PO43-, and 1.808 mM Poi-. Henceforth, 

these will be referred to as nitrogen deplete (N-), nitrogen replete (N+), phosphorous deplete (P

), and phosphorous replete (P+), respectively. Each biological replicate grown in its own PBR for 

all conditions was harvested using serological pipettes and approximately 70% was pelleted down 

for LC-MS-based metabolomics analysis [32]. 

Throughout the growth curve until the microalgae begin dying, as indicated by the OD -

based growth curve, different aliquots were taken from each PBR to analyze different growth 

values such as: OD, nitrate and phosphate concentration in the media, total lipid content, and 

algal biomass. 

2.5.3 Analysis of the optical density and the nitrate and phosphate concentration in the 

media 

Each day the OD was analyzed to determine the effects of varying concentrations of nitrate 

and phosphate on microalgae growth. This OD analysis was also done to determine appropriate 

concentrations that varied the growth enough to distinguish between replete and deplete growth 

conditions and to determine dynamic time points of interest for LC-MS-based metabolomics 
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analysis. The OD was measured at 730 nm using a microwell-plate reader (SpectraMax i3, 

Molecular Devices, CA) to represent the growth curve [32]. 

Another type of analysis was performed in order to determine the time point in which there 

was no more nitrate or phosphate remaining in the media. This nitrate and phosphate 

concentration analysis used a Microplate Nitrate Kit (NECi, Lake Linden, Ml) or a Phosphate 

Colorimetric Assay Kit (BioVision, Milpitas, CA), respectively [32]. To use these kits, 1 ml from 

each PBR was taken each day and microalgae cells were removed by filtration through 0.45 µm 

filters. The assays were carried out as per the manufacturer's instructions. 

2.5.4 Determination of biomass 

The biomass was also analyzed at each time point of interest for the calculation of 

biomass-based sample normalization for LC-MS-based metabolomic analysis. This biomass 

analysis was performed through filtration and weighing. In more detail, 1.2 µm glass microfiber 

filters were dried and weighed. 10 ml aliquots were taken from each PBR for each condition, and 

these were passed through the glass microfiber filters using vacuum filtration. These filters were 

dried at 105°C for 2 hours and reweighed. This biomass was calculated as (weight of filter + 

weight of microalgae) - (original weight of filter) [32]. 

2.5.5 Hydrophobic metabolite extraction and sample preparation 

Microalgae pellets from approximately 70% of each PBR were resuspended in phosphate 

buffer saline and were split into eight individual 1.5 ml centrifuge tubes. These split 

resuspensions were centrifuged and decanted. Six out of the eight newly aliquoted pellets were 

stored in a -80°C freezer. The two remaining pellets were extracted and used for either extraction 

efficiency analysis or LC-MS-based metabolomics analysis. 
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The pellet used for LC-MS-based metabolomics analysis was resuspended in 700 µL of 

methanol. 250 mg of glass beads were weighed out in solvent resistant plastic tubes. The 700 µL 

of microalgae mixture in methanol was added to the vial with the beads. This vial was vortexed to 

bead mill the microalgae five times, one minute on/ one minute off on ice in between. The 

microalgae mixture in methanol was removed and added to a dounce homogenizer. The glass 

beads were rinsed with an additional 400 µL of methanol and vortexed for 1 minute. This rinse 

was also removed and added to the same dounce homogenizer. In addition, 2 ml of chloroform 

and 1 ml of water were added to the dounce homogenizer. The resulting 2: 1: 1 chloroform/ 

methanol/ water mixture was homogenized forty times while on ice using a modified Bligh and 

Dyer method [48]. This mixture was transferred to an 8 ml glass vial and was centrifuged at 3000 

xg at 4 °C for 40 minutes. The resulting bottom chloroform layer was transferred to a separate 8 

ml glass vial. After this, two additional extractions were performed on the same methanol/ water 

mixture by the addition of 2 ml of chloroform each time. These subsequent extraction mixtures 

were vortexed for one minute each and the chloroform layer was separated. The combined 

chloroform layers from the three serial extractions were combined and evaporated by roto

evaporation. After evaporation they were resuspended in chloroform at a volume determined by 

biomass-based normalization [32]. 

The pellets of the biological replicates (n=3) for each condition used for the extraction 

efficiency analysis were extracted following the same procedure as the one used for the LC-MS

based metabolomics analysis but were spiked with an exogenous lipid, henceforth referred to as 

a surrogate, before the extraction. This was used to assess for the percent recovery of the 

surrogate after the extraction and therefore the extraction efficiency. An isotopically labeled FA, 

oleic acid-d9, was added before the bead milling step [32]. The chemical structure of this 

exogenous lipid surrogate is shown in Figure 2.10. 
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Figure 2.10: Chemical structure of oleic acid-d9. The exogenous lipid, oleic acid-d9, used as 

a surrogate spiked into the sample before the extraction to calculate for percent recovery and 

extraction efficiency. 

2.5.6 LC-MS analysis 

LC-MS-based metabolomics analysis was performed using an Agilent 1260 high 

performance liquid chromatography (HPLC) instrument paired with an Agilent 6530 jet stream 

electrospray ionization (ESI) quadrupole time-of-flight (Q ToF) mass spectrometer (MS). The 

liquid chromatography - mass spectrometry (LC-MS) analysis was performed in extended 

dynamic range with an m/z window of 250-1700. For each analysis, 30 µL of each biological 

replicate (n=3) was injected from each of the 16 growth conditions (N-, N+, P-, and P+ and days 

2, 4, 7, and 10) in random order. Two independent full scan analyses were performed and 

separated using a CS column for ESI+ and a C18 column for ESI-. 

The LC separation was done using two mobile phases: one mostly aqueous to help the 

hydrophobic metabolites to be retained to the column and one mostly organic to help elute the 

metabolites at different times throughout the gradient. Mobile phase A was 95:5 water/ methanol 

and mobile phase B was 60:35:5 isopropanol/ methanol/ water. For ESI+ and ESI-, 0.1 % formic 

acid and ammonium formate and 0.1 % ammonium hydroxide were added to the mobile phases, 

respectively to improve adduct formation. The total LC run time was 63 minutes and consisted of 

a gradient going from mostly aqueous to mostly organic and back. In detail, a starting flow rate of 

0.1 mu min of 100% mobile phase A was used to retain hydrophobic metabolites to the column. 

This flow rate was increased to 0.5 ml/ min after 5 minutes. From 5 to 45 minutes the mobile 
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phase composition changed gradually from 100% A to 100% B. This 100% B was maintained for 

10 minutes to elute the very hydrophobic compounds. The mobile phase was returned to 100% 

A and was maintained there for 8 minutes to equilibrate for the next injection [32]. 

2.5.7 Extraction efficiency analysis of an exogenous lipid surrogate 

After the hydrophobic metabolite extraction and sample preparation, the samples that 

were spiked with exogenous lipid surrogates before the extraction were analyzed along with 

samples that were spiked immediately before LC-MS analysis. The concentrations of the spiked 

surrogates was based on what the theoretical concentrations of the surrogates would be after the 

extraction. A matrix matched calibration curve was produced and analyzed at the same time as 

the extraction efficiency samples. 

After the LC-MS analysis, the m/z of the exogenous lipid surrogate was extracted from the 

total ion chromatogram (TIC) in Agilent MassHunter Qualitative Analysis software (version 

8.06.00) to produce an extracted ion chromatogram (EiC). Based on the retention time and the 

accurate mass the corresponding chromatogram was located and integrated. From the integration 

of the matrix matched calibration curve samples, the abundances and corresponding 

concentrations from the matrix matched samples were plugged into a matrix matched calibration 

curve and an equation was determined. An abundance was obtained from the integration of the 

m/z of the surrogate in the samples spiked before the extraction. This abundance was plugged 

into the equation of the matrix matched calibration curve and the actual remaining concentration 

was calculated. The percent recovery was calculated as the actual concentration/ theoretical 

concentration * 100. A more detailed description of this can be found in section 2.5.5 Optimized 

hydrophobic metabolite extraction and sample preparation 
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2.5.8 Targeted analysis of representative endogenous lipids 

After the hydrophobic metabolite extraction and sample preparation, the samples that 

were not spiked with exogenous lipid surrogates were analyzed by LC-MS and targeted analysis 

was performed to determine if the extraction method and analysis was reproducible and 

consistent. To do this, an excel database of the m/z's of lipids was prepared based on elemental 

accurate masses, the lipid chemical formulas, and the corresponding adducts. Each class of lipids 

was considered and the m/z's for those with acyl chain lengths from 12-22 carbons and 

corresponding possible number of double bonds for that given acyl chain length were calculated 

for the corresponding adduct. 

For this analysis FAs, DAGs, TAGs, PGs, MGDGs, DGDGs, and SQDGs were targeted 

(a more detailed description of this method can be found in section 2.3.4 LC-MS-based analysis 

of representative endogenous lipids). The m/z of each lipid was extracted from the TIC in the 

qualitative analysis software to produce an EiC. Based on the retention time and the accurate 

mass, the corresponding chromatogram was located and integrated. For this method validation, 

the consistency and reproducibility were important and therefore the standard deviations between 

biological replicates were calculated. 
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Chapter 3: Time series metabolomic analysis of Ettlia o/eoabundans when grown under 

varying nutrient conditions 

* A slightly different version was published in BioMed Central Biotechnology for Biofuels (DOI: 

10.1186/s13068-018-1026-y) and BioMed Central is duly identified as the original publisher. 

3.1 LC-MS-based analysis of the effects of varying nutrient concentrations on the 

metabolites and lipids produced by microalgae 

As described in Chapter 2, according to the U. S. Energy Information Administration the 

energy sources currently used most in the United States are not considered to be renewable and 

release carbon dioxide into the environment. Therefore, strategies to develop and implement a 

clean and renewable energy source is of great interest. One possible energy source is biodiesel, 

a type of biofuel. Biodiesel is produced through the process of transesterification, which converts 

triacylglycerols (TAGs) and methanol into fatty acid methyl esters and glycerol [115]. TAGs are a 

type of lipid and typically plants are used as the source of this lipid. Microalgae can be an 

advantageous source of TAGs for biodiesel production since they have a high seed oil content, 

oil yield, biodiesel productivity, and a low land use [118]. 

Many nutrients are vital for plants to survive and grow. When these nutrient levels are 

lower or higher than optimal levels there can be consequences [30]. One example of this is algal 

blooms. According to the U. S. Geological Survey, these algal blooms typically occur when nitrate 

and phosphate, which are commonly found in fertilizer and agricultural excrement, reach water 

bodies through agricultural run-off. This increases the concentrations of two vital nutrients, 

nitrogen and phosphorous, in the water, which results in higher uptake by the microalgae growing 

in the water. Previous studies have focused on the growth of microalgae and production of TAGs 
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when nitrogen in the form of nitrate is limited in the growth medium [21, 82, 109, 119, 123, 128, 

134]. These have resulted in the conclusion that when nitrate is limited in the growth medium 

there is a growth arrest but there is also an increase in the overall production of TAGs and lipids 

in general [6, 21, 32, 82-84, 99-101, 119-121, 125, 127, 128, 132, 135-137]. These analyses and 

conclusions are discussed in detail in Chapter 2. 

Lipids are a very diverse and complex class of compounds. There are different classes of 

lipids which vary based on their backbone structure. One example of a class of lipids are 

glycerolipids which have a glycerol backbone. These glycerolipids can be monoacylglycerols 

(MAGs), diacylglycerols (DAGs), or TAGs depending on the number of acyl chains on the glycerol 

backbone. Some examples of endogenous plant lipids are shown in Figure 3.1. Not only are there 

many different families of lipids but within these families there are many individual lipids. These 

individual lipids vary based on their acyl chain lengths and number of double bonds which are 

represented as R in Figure 3.1. Examples of these variations are illustrated by oleic acid (FA 

C18:1) (Figure 3.2 A) and palmitic acid (FA C16:0) (Figure 3.2 B). 

FAs Glycerolipids (Gls) 0 0 0 Phytosterols 
0 R1)l_O~ OH R1)l_O~ O)lR3 

MAGS R,)l_O~ OH DAGs R2 y 6 TAGS R,lf'o 
OH 0 0 

Plant lipids (Pl s) Glycerophospholipids (GPLs) HO 

Campesterol 

A0 0 
II OH 

R, o~o-,P,O~OHMGDGs PGS R 6 HO2y 
0 

HO 

13 sitosterol 

SQDGs HO 

Stigmasterol 
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Figure 3.1: Representative endogenous plant lipid classes. Simplified representative 

chemical structures of some endogenous plant lipid classes where R represents the acyl chain, 

which can vary in length (carbon number) and degree of unsaturation, resulting in a diverse and 

complex lipidome. 

FAs, fatty acids; MAGs, monoacylglycerols; DAGs, diacylglycerols; TAGs, triacylglycerols; 

MGDGs, monogalactosyldiacylglycerols; DGDGs, digalactosyldiacylglycerols; SQDGs, 

sulfoquinovosyldiacylglycerols; PGs, phosphatidylglycerols; PCs, phosphatidylcholines; and PEs, 

phosphatidylethanolamines. 

0 0A B 
OH OH 

Figure 3.2: Chemical structure of two fatty acids. As illustrated, fatty acids (FAs) can have 

varying numbers of carbons and of double bonds, FA C18:1 or oleic acid (A) and FA C16:0 or 

palmitic acid (B). 

Previous microalgae-based lipid analyses have focused on the effect that varying the 

concentration of a nutrient in the growth medium has on total lipid content or specific lipid families 

[100, 120]. The results of this show that total lipids and TAGs accumulate while SQDGs, MGDGs, 

and DGDGs are depleted under nitrogen deplete conditions. This is typically done using a lipid 

extraction and weighing compared to total algae biomass weight or number of cells. This results 

in a ratio of lipid mass to total biomass. The results can elucidate which lipid classes are up or 

down regulated with respect to the nutrient variation but fails to provide molecular level 

information. 
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A majority of untargeted or targeted lipidomic analysis on microalgae have been limited 

when it comes to the assessment of the effect of growth conditions. For instance, several studies 

have only analyzed the variation in one nutrient in a static manner in which only one time point 

was used [21, 35, 82, 109, 119, 123, 128, 134]. Some examples of these analyses, along with 

those that focused more on the broad lipid or lipid class levels, and a summary of their findings 

are shown in Table 3.1 [6, 21, 32, 82, 84, 99-101, 120-132]. Table 3.1 shows that TAGs and 

DAGs accumulate under nutrient deprivation, while DGDGs and MGDGs are depleted, and in 

some instances SQDGs and PGs are either accumulated or depleted. 

Table 3.1: The effect of nutrient concentration on the lipid production in different green 

microalgae species. Lipid changes in four green microalgae species grown under varying 

nitrogen (N-, deplete and N+, replete) or phosphorous (P-, deplete and P+, replete) 

concentrations [32]. 

N-, nitrogen deplete; P-, phosphorous deplete; DCW, dry cell weight; TAGs, triacylglycerols; 

SQDGs, sulfoquinovosyldiacylglycerols; DGDGs, digalactosyldiacylglycerols; PAs, phosphatidic 

acids; PGs, phosphatidylglycerols; Pis, phosphatidylinositols; PCs, phosphatidylcholines; 

MGMGs, monogalactosylmonoacylglycerols; DAGs, diacylglycerols; MGDGs, 

monogalactosyldiacylglycerols; FAs, fatty acids; and PEs, phosphatidylethanolamines. 

Species 
Lipid% 
(DCW) 
range 

Lipid% 
(DCW) 

Nutrient 
Stress 

Lipid response 

29.9 
Lipid% (DCW) increased, TAGs and SQDGs 
accumulated, DGDGs depleted [84] 

Ettlia 

o/eoabundans 

35-54 
[126] 

58 

38 

N-
Lipid% (DCW) and productivity increased [21] 

Lipid concentration, productivity and lipid % 
(DCW) increased [132] 

35 TAGs accumulated [6] 
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38.9 

19.5 

NA 

NA 

Chlamydomonas 19-21 NA 
reinhardtii [122, 124] 

NA 

NA 

NA 

50.3 

54 

24.6 

NA 
Ch/ore/la 28-32 

sp. [126] NA 

46-48 

34.3 

23.6 

NA 

Nannochloropsis 

sp. 

31-68 
[126] 

NA 

DAGs accumulated over time, T AGs 
accumulated in exponential growth phase, 
PAs, PGs, Pis, and PCs depleted, MGMGs, 
DGDGs, and SQDGs depleted over time [32] 

P-

DAGs accumulated over time, T AGs 
accumulated in P-4 vs P+4, PGs, Pis, and 
PCs depleted, DGDGs and SQDGs depleted 
over time [32] 

TAGs accumulated [121] 

MGDGs, DGDGs, SQDGs, and PGs 
depleted, TAGs accumulated [120] 

N- saturated TAGs depleted, unsaturated TAGs 
accumulated [101] 

FAs accumulated over time [123] 

TAGs % (DCW) increased [125] 

P- TAGs % (DCW) increased [125] 

Lipid and TAG productivity increased [99] 

Yield of lipids increased [127] 

N-

Lipid % (DCW) increase [128] 

MGDGs, DGDGs, SQDGs, PEs, and PCs 
depleted, PGs and TAGs accumulated [100] 

Total FA% (DCW) increased [129] 

Lipid% (DCW) and productivity increased [21] 

P-

Lipid productivity increased in the beginning 
of growth ( day 1-4) but not later ( day 5-7) [99] 

Lipid % (DCW) and productivity increased, 
Neutral lipid and glycolipid increased [130] 

N-

MGDGs, DGDGs, SQDGs, PEs, and PCs 
depleted, PGs and TAGs accumulated [100] 

MGDGs, DGDGs, SQDGs, PGs, PCs, PEs, 
and Pis depleted, DAGs, TAGs, and FAs 
accumulated [82] 

P- Total lipid accumulation and biomass yield 
lower [131] 

There have also been a few studies where multiple perturbations have been analyzed in 

a time-series manner. For example, Sui et al analyzed the effects of butylated hydroxyanisole 
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(BHA) and propyl gallate on the lipid accumulation in Crypthecodinium cohnii in a time-series 

manner [133]. Sui et al found that BHA increased the lipid accumulation while propyl gallate had 

no effect on the lipids [133]. Although valuable, we still lack a clear understanding of the lipid 

metabolism pathways that are affected by these different stresses. Therefore, our aim was to 

develop a lipidomics method in which we could determine the effect that growth conditions had 

over time on microalgae. The dynamic growth conditions chosen for the experimental design 

determined in Chapter 2 were: 

1. the nitrate or phosphate concentrations in the media 

2. the length of the growth period 

An oleaginous, non-model, green microalgae species, Ettlia o/eoabundans, was chosen 

because it is a high oil producing species and it was isolated in a sand dune [138] which suggests 

that it is highly adaptable and can survive under stressed growth conditions. Along with the 

lipidomic and metabolomic analyses, an RNA extraction method was developed to allow for the 

eventual integration of the results and conclusions from various omics techniques including 

transcriptomic analysis. This integration is crucial for elucidating the biochemical mechanisms 

responsible for the observed changes. 

3.2 Research objectives 

The objectives of this work were to: 

a. Assess the production of lipids by microalgae when grown under varying nitrate and phosphate 

concentrations and for various lengths of time. 

b. Develop a profiling method for the analysis of hydrophobic metabolites produced by microalgae 

grown under varying nitrate or phosphate concentrations and grown for different lengths of time. 

55 



c. Integrate the untargeted and targeted results to determine which hydrophobic metabolites and 

lipids are up or down regulated and form hypothesis on how these changes occur. 

3.3 Results and discussions 

3.3.1 Microalgae growth and harvesting and total lipid content 

In brief, Ettlia o/eoabundans was obtained from the Culture Collection of Algae at the 

University of Texas at Austin and was grown in photobioreactors for 11 days in Modified Bold 3N 

media. The only variability in growth was the starting concentration of nitrate and phosphate in 

the media. Additional information and the full procedure for the microalgae growth and harvesting 

is discussed in detail in Chapter 2, section 2.5.2 Microalgae growth and harvesting. The 

resulting optical density-based growth curve can be found in Chapter 2, Figure 2.5. 

The total lipid content was analyzed in order to understand how the varying growth 

conditions effect the total lipid production. The total lipid content was measured by taking the ratio 

of total extracted lipid to total extracted biomass (more detailed description can be found in section 

3.5.3 Total lipid content analysis). For this total lipid content calculation, an aliquot was taken 

from each of the PBRs representing a biological replicate (n=S) at each time point of interest for 

each growth condition (day 2, 4, 7, and 10 and N-, N+, P- and P+, 16 conditions) [32]. Figure 3.3 

displays the total lipid content of each growth condition of interest which was calculated as lipid 

(mg)/ total biomass (mg) *100. The results of this analysis showed an increase in total lipid content 

in the N- growth condition which is in agreement with the literature [100, 120]. The p values were 

calculated for varying nutrient concentrations grown for the same length of time (e. g. N-7 vs. 

N+?). 
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Figure 3.3: Microalgal total lipid content of each growth condition. Total lipid content was 

calculated as precipitated lipid (mg)/ total extracted biomass (mg) *100 for the 16 different growth 

conditions of interest: nitrogen deplete (N-), nitrogen replete (N+), phosphorous deplete (P-), and 

phosphorous replete (P+) (*, p < 0.05 and***, p <0.001) [32]. 

Table 3.2 shows the p values of the total lipid content for each of the growth conditions 

compared. All varying nitrate concentrations grown for the same period of time were considered 

to be significant (p < 0.05). Only the lipid composition between P-4 vs. P+4 and P-10 vs. P+10 

were considered to be significant for varying phosphate concentrations grown for the same length 

of time. 

Table 3.2: Statistical significance of the total lipid content in microalgae grown under 

varying conditions. The conditions highlighted in gray have a p value < 0.05. 

Growth Conditions p value 

N-2 vs. N+2 0.0006 

N-4 vs. N+4 0.0109 

N-7 vs. N+7 0.0162 

N-10 vs. N+10 0.0002 

P-2 vs. P+2 0.3343 
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P-4 vs. P+4 0.0251 

P-7 vs. P+? 0.0689 

P-10 vs. P+10 0.0142 

3.3.2 Hydrophobic metabolite extraction, sample preparation, LC-MS analysis, and 

extraction efficiency results 

The hydrophobic metabolite extraction is discussed briefly in section 3.5.4 Hydrophobic 

metabolite extraction and extraction efficiency and in detail in Chapter 2, section 2.5.5 

Optimized hydrophobic metabolite extraction and sample preparation. This includes the 

biomass normalization determined by the biomass analysis and calculation (a more detailed 

discussion can be found in Chapter 2, section 2.5.4 Determination of biomass). These biomass 

calculations and normalization results are represented in Table 2.2 in Chapter 2 in which the 

biological replicates (n=3) used in lipidomics analyses are highlighted in gray [32]. 

The extraction procedure for the calculation of the extraction efficiency was slightly altered 

from the normal metabolite extraction performed. During different parts of the metabolite 

extraction, two exogenous lipids, referred to as surrogates, were spiked to determine the 

extraction efficiency based on their recoveries after the extraction. A known concentration of an 

isotopically labeled FA, oleic acid-d9, was spiked into the methanol used for bead milling. This 

was the initial step in the metabolite extraction; therefore, the recovery of this surrogate would 

show the efficiency of the entire extraction. Along with this FA, a known concentration of an 

exogenous odd chain TAG, TAG (19:0/ 19:0/ 19:0), was spiked into the chloroform used for 

dounce homogenization. This was a middle step in the extraction and therefore would show where 

a decrease in the recovery occurred. Prior to extraction, the theoretical final concentrations of the 

surrogates were calculated based on the initial concentration spiked and the initial and final 

volumes of the samples. 

58 



LC-MS analyses in negative mode for the oleic acid-d9 and positive mode for the TAG 

(19:0/ 19:0/ 19:0) were performed on the spiked and extracted samples along with matrix matched 

calibration curve samples. The matrix matched calibration curve samples were spiked 

immediately before the LC-MS analysis with a concentration corresponding to the theoretical final 

concentrations of the extraction efficiency samples. A calibration curve was prepared based on 

the abundances in the calibration curve samples along with the known concentrations. The 

concentration of the sample spiked before extraction was calculated using the abundance and 

the plot from the calibration curve. The percent recoveries were calculated as actual concentration 

(µM)/ theoretical concentration (µM) * 100. 

Figure 3.4 A and B displays the results of the percent recoveries in the microalgae grown 

under varying nitrate and phosphate concentrations, respectively. The LC-MS analysis performed 

for the calibration curve and extraction efficiency analysis was done as described briefly in section 

3.5.5 LC-MS analysis and in more detail in Chapter 2, section 2.5.6 LC-MS analysis. 

As an example, the matrix matched calibration curve for the spiked TAG ( 19:0/ 19:0/ 19:0) 

into the sample NE-10 (N-, day 10, reactor E) can be seen in Figure 3.4 C. In this example, the 

theoretical concentration of TAG ( 19:0 19:0/ 19:0) after the extraction was 9.52 µM; therefore, a 

matrix matched calibration curve of 3. 75 7.5, 11.25 and 15 µM was prepared and the abundances 

were plotted. The resulting percent recovery for TAG ( 19:0/ 19:0/ 19:0) in this biological replicate 

using this extraction procedure was 103% (Figure 3.4 C). 

These results (Figure 3.4 A and B) show that the extraction procedure that was used 

allowed for a high percent recovery of the surrogate that was spiked but that there was some loss 

at the bead milling step. We conclude from these results that the extraction protocol is suitable to 

extract and analyze a wide range of hydrophobic metabolites. 
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Figure 3.4: Extraction efficiency results. Percent recoveries of oleic acid-d9 (blue) and TAG 

( 19:0/ 19:0/ 19:0) (orange) in the extracted microalgae samples grown under varying original 

nitrate (A) and phosphate (B) concentrations. Example calibration curve to calculate the 

concentration of TAG (19:0/ 19:0/ 19:0) remaining after the extraction of E. o/eoabundans grown 

under a lower nitrate concentration (N-) in one biological replicate for 10 days (C). 

3.3.3 Untargeted metabolomics of the hydrophobic metabolites 

The same LC-MS analysis procedure was used for the data acquisition for the untargeted 

and targeted analysis of lipids and hydrophobic metabolites. This was described briefly in section 

3.5.5 LC-MS analysis and in more detail in Chapter 2, section 2.5.6 LC-MS analysis. The 

sample that were grown under varying nitrate concentration were analyzed by LC-MS separately 

from those grown under varying phosphate concentrations. 

After data acquisition via LC-MS, untargeted analysis was performed as discussed in 

section 3.5.6 Untargeted analysis. In brief, the data from the varying nitrate and phosphate 
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concentration samples were analyzed separately. The data was aligned, extracted, underwent 

statistical analysis, and was compared between two independent profiling sets. 

After data alignment and extraction but prior to the statistical analysis, the m/zs were 

filtered based on their detection at a frequency of two out of three biological replicates in one or 

more growth conditions. The statistical analysis consisted of an analysis of variance (ANOVA) in 

which the p value cut off was< 0.05. This ANOVA was performed with a Tukey post hoc significant 

difference test and a Benjamini-Hochberg false discovery rate correct. Following this statistical 

analysis a fold change cut off was also set to > 2. The resulting hydrophobic metabolites following 

this frequency, statistical analysis, and fold change cut offs were compared between two 

independent profiling sets. The common metabolites between the two profiling sets were analyzed 

via LC-MS/MS for identification. 

LC-MS/MS analysis was used to identify the hydrophobic metabolites that were 

determined to be statistically significant in this analysis. This was performed as discussed in 

section 3.5. 7 LC-MS/MS-based identification. 

In the microalgae grown under varying nitrate concentrations 55 out of 86 metabolites 

were identified and under varying phosphate concentrations 15 out of 36 metabolites were 

identified. In total 70 out of 122 of the detected hydrophobic metabolites were identified. Figure 

3.5 A and B displays the relative abundance-based heat maps for the statistically significant 

hydrophobic metabolites identified which were further arranged into groups based on their 

metabolite families. The relative abundance was calculated as the abundance of one metabolite 

in one biological replicate divided by the average of the abundances of that metabolite in all 

biological replicates. 

This figure also shows a pie chart of the percentages of different hydrophobic metabolite 

families identified in both varying nitrate and phosphate growth conditions combined (Figure 3.5 

C). Figure 3.5 C shows that a majority of the hydrophobic metabolites determined to be 
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statistically significant were: chlorophylls (~31 %), fatty acids (FAs) (~29%), phosphatidylcholines 

(PCs) (~20%), and plant galactolipids (Gls) (~?%). 
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Figure 3.5: Relative abundances of untargeted hydrophobic metabolites identified and a 

pie chart of different metabolite families identified. Heat maps of the relative abundances of 

untargeted hydrophobic metabolites considered to be statistically significant and identified in 

microalgae grown under varying nitrate concentrations (A) and varying phosphate concentrations 

(B) along with a pie chart of the combined list of hydrophobic metabolites detected, considered to 

be statistically significant, and identified grown under varying nitrate and phosphate conditions 

(C) [32]. Heat maps produced in R Studio [139]. FAs, fatty acids; and PCs, phosphatidylcholines. 

3.3.4 Targeted analysis of endogenous lipids 

After LC-MS analysis was performed in a full scan MS-based manner, different lipids from 

20 different endogenous lipid families were extracted from the resulting data using a qualitative 
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analysis software. This is discussed in detail in section 3.5.8 Targeted analysis of endogenous 

lipids. 

In brief, the chromatograms for these lipids were determined based on the retention times 

of previously run standards and the comparison of the accurate mass from the resulting spectrum. 

The chromatograms for each corresponding lipid were integrated for the raw abundances and the 

relative abundances, as well as averages, standard deviations, and relative standard deviations 

between biological replicates were calculated. From this targeted analysis, individual lipid families 

and related lipid groups were compared to determine if there were any trends such as specific up 

or downregulations based on the carbon length of the acyl chains or number of double bonds. 

These related lipid groups are: FAs, glycerolipids, galactolipids, and glycerophospholipids and the 

resulting relative abundances and trends between these groups were compared and will be 

discussed. 

3.3.4.A Changes in fatty acids and glycerolipids 

As discussed in Chapter 2 and in section 3.1 LC-MS-based analysis of the effects of 

varying nutrient concentration on the metabolites and lipids produced by microalgae, a 

majority of the lipidomic analyses performed on microalgae have focused on how the nitrate 

concentration in the media has affected the production of T AGs. Most of these previous studies 

have yielded the same conclusion: that TAGs accumulate under nitrogen deplete conditions. 

Our results were in agreement with those conclusions in that the relative abundances of 

T AGs in our nitrate deplete conditions were higher than those in our nitrate replete conditions 

especially during the exponential phase (days 2 and 4), which corresponds to the time period in 

which the nutrients in the media run out, day 2 (Figure 3.6 A). There was also an upregulation in 

the relative abundance of TAGs when comparing N-2 to N-4. This upregulation seems to level off 
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resulting in no change in the relative abundance between days 4 and 7 and the same between 

days 7 and 10. Similar trends were shown in the microalgae grown under varying phosphate 

concentrations, especially at day 4 and the same apparent upregulation when comparing day 2 

to 4 and leveling off at days 7 and 10 were observed. 

We hypothesized that when there is no more nitrate or phosphate in the media for the cell 

to take in as necessary nutrients, which for this experiment began at day 2 (shown in Figure 2.5 

B and C, in Chapter 2), the microalgae increased their production of T AGs, which can be stored 

and used as an energy source. We also hypothesized that as they reach the stationary phase of 

growth, which for this experiment is from day 7 to 10, they began to breakdown these TAGs for 

energy to survive; therefore, evening out the production and use, resulting in the relative 

abundances leveling off. 

There was also a trend in monoacylglycerols (MAGs) and diacylglycerols (DAGs) in each 

condition, except phosphate deplete, in which the time period with the highest relative abundance 

was day 7 (Figure 3.6 B and C). In correlation to our previous hypothesis about TAGs, it was 

hypothesized that when these TAGs begin to be used up as an energy source, at day 7, they are 

broken down into the corresponding DAGs and FAs. It was also hypothesized that the resulting 

DAGs were broken down into MAGs leading to the upregulation we see in MAGs at day 7. 
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Figure 3.6: Relative abundances of fatty acids and various glycerolipids. Heat maps of the 

relative abundances of triacylglycerols (TAGs) (A), fatty acids (FAs) and monoacylglycerols 

(MAGs) (B), and diacylglycerol (DAGs) (C) produced by microalgae grown under varying nutrient 

concentrations for various lengths of time [32]. Heat maps produced in R Studio [139]. 

Based on the trends discussed above, it is possible that the overall de novo biosynthesis 

is being activated by this nutrient stress. The enzymes involved in the production of TAGs in 

plants are: diacylglycerol acyltransferase (DGAT), phospholipid:diacylglycerol acyltransferase 

(POAT), and diacylglycerol transacylase (DGTA) (Figure 3.7). DGAT, POAT, and DGTA are 

enzymes that use different starting lipids to produce TAGs. DGAT typically uses a DAG and an 

Acyl-CoA to produce a TAG and a CoA. POAT typically uses a DAG and a membrane 

phospholipid such as a phosphatidylcholine (PC) to produce a TAG and a lysophospholipid. 

DGTA typically transfers an acyl chain from one DAG to another to result in the production of a 

TAG and a MAG. 
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The breakdown of TAGs into DAGs, DAGs into MAGs, and MAGs into glycerol and FAs 

requires the activities of three lipases (Figure 3.7). These enzymes are: adipose triacylglycerol 

lipase (ATGL), hormone-sensitive lipase (HSL), and monoacylglycerol lipase (MGL). ATGL 

catalyzes the hydrolysis of TAGs to DAGs and FAs. HSL catalyzes the hydrolysis of DAGs to 

MAGs and FAs. MGL catalyzes the hydrolysis of MAGs to glycerol and FAs [82, 121, 140-143]. 

The changes we observed at the metabolite level could be a result of an activation or 

deactivation of either the synthesis or breakdown of T AGs. Further transcriptomic analysis is 

needed to determine which of these enzymes are up or downregulated in order to determine the 

biochemical pathway responsible for the observed TAG accumulation. 
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Figure 3.7: Triacylglycerol biosynthesis pathway. Enzymes involved in: TAG biosynthesis in 

green, DAGs biosynthesis in blue or purple and MAG biosynthesis in red or purple. 
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A TGL, adipose triacylglycerol lipase; CPT, CDP-choline: 1,2-diacylglcyerol 

cholinephosphotransferase; DAG, diacylglycerol, DGAT, diacylglycerol acyltransferase; DGTA, 

diacylglycerol transacylase; FA, fatty acid; G3P, sn-glycerol-3-phosphate; GPAT, sn-glycerol-3-

phosphate acyltransferase; HSL, hormone-sensitive lipase; LPA, lysophosphatidic acid; LPAAT, 

lysophosphatidic acid acyltransferase; LPC, lysophosphatidylcholine; LPCAT, 

lysophosphatidylcholine acyltransferase; MAG, monoacylglycerol; MGAT, monoacylglycerol 

acyltransferase; MGL, monoacylglycerol lipase; PA, phosphatidic acid; PAP, phosphatidate 

phosphatase; PC, phosphatidylcholine; POAT, phospholipid:diacylglycerol acyltransferase; PE, 

phosphatidyl ethanolamine; PG, phosphatidylglycerol; and TAG, triacylglycerol. 

3.3.4.B Changes in glycerophospholipids, galactolipids, and chlorophylls 

Two very important groups of lipids for plants are galactolipids and glycerophospholipids 

because they make up the cellular membrane along with the chloroplast and thylakoid 

membranes. These groups of lipids can be further broken down into lipid families. For 

galactolipids these include monogalactosylmonoacylglycerols (MGMGs), 

monogalactosyldiacylglycerols (MGDGs), digalactosyldiacylglycerols (DGDGs), and 

sulfoquinovosyldiacylglycerols (SQDGs). For glycerophospholipids these include phosphatidic 

acids (PAs), phosphatidylcholines (PCs), phosphatidylethanolamines (PEs), 

phosphatidylglycerols (PGs), phosphatidylinositols (Pis), and phosphatidylserines (PSs). In 

plants, the most abundant glycerophospholipids are PGs, PCs, and PEs. It should be noted that 

PGs and galactolipids make up part of the thylakoid and chloroplast membranes while the cellular 

membrane is composed of PGs, PCs, PEs, and galactolipids. 

Targeted LC-MS analysis was performed to determine if there were any changes in 

specific lipid families or in lipid groups. LPAs, PAs, PGs, DAGs, MAGs, DGDGs, and MGMGs 
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shared the same trend in that they were depleted in the nutrient depleted conditions over time as 

compared to those grown in the nutrient replete conditions (Figure 3.8). 

Endoplasmic 
Reticulum 

,___,_2 _4 7 10 
N• ( ,. 

Figure 3.8: Schematic of lipid production in the endoplasmic reticulum, lipid bodies, and 

chloroplast in a plant cell. Most lipids are synthesized in the endoplasmic reticulum and the 

chloroplast in plant cells. The heat maps of averaged relative abundance of endogenous lipid 

families produced by E. o/eoabundans when grown under these varying conditions are shown in 

the plant organelle in which they are synthesized [32]. Heat maps produced in R Studio [139]. 

DAG, diacylglycerol; DGDG, digalactosyldiacylglycerol; FA, fatty acid; LPA, lysophosphatidic 

acid; MAG, monoacylglycerol; MGDG, monogalactosyldiacylglycerol; MGMGs, 

monogalactosylmonoacylglycerols; PA, phosphatidic acid; PC, phosphatidylcholine; PE, 

phosphatidylethanolamine; PG, phosphatidylglycerol; SQDG, sulfoquinovosyldiacylglycerol; and 

TAG, triacylglycerol. 
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There is a consistent trend of depletion in the nutrient depleted conditions over time as 

compared to those grown in the nutrient replete conditions throughout individual lipids in those 

families previously discussed with varying chain lengths and number of double bonds. This is 

illustrated by the relative abundance heat maps of endogenous lipids targeted and detected, 

including the glycerophospholipids, PAs and PGs (Figure 3.9) and the galactolipids, MGMGs and 

DGDGs (Figure 3.10). 
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Figure 3.9: Relative abundances of glycerophospholipids. Heat maps of relative abundances 

of glycerophospholipids including phosphatidic acids (PAs), phosphatidylglycerols (PGs), 

phosphatidylinositols (Pis), phosphatidylcholines (PCs), and phosphatidylethanolamines (PEs) 
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produced by microalgae grown under varying nitrate and phosphate concentrations for various 

lengths of time [32]. Heat maps produced in R Studio [139]. 
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Figure 3.10: Relative abundances of galactolipids. Heat maps of relative abundances of 

galactolipids including monogalactosylmonoacylglycerols (MGMGs), 

monogalactosyldiacylglycerols (MGDGs), digalactosyldiacylglycerols (DGDGs), and 

sulfoquinovosyldiacylglycerols (SQDGs) produced by microalgae grown under varying nutrient 

concentrations for various lengths of time [32]. Heat maps produced in R Studio [139]. 

The depletion in the nutrient depleted conditions over time was also seen in in the 

untargeted analysis results for the chlorophylls and derivatives produced by microalgae when 

grown under varying nitrate concentrations (Figure 3.11 A). But this trend was not seen in 

chlorophylls grown under varying phosphate conditions (Figure 3.11 B). 
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Figure 3.11: Relative abundances of chlorophylls and their derivatives. Heat maps of relative 

abundances of chlorophylls and derivatives including chlorophyllides produced by microalgae 

grown in varying concentrations of nitrate (A) and phosphate (B) for varying lengths of time [32]. 

Heat maps produced in R Studio [139]. 

The observed trends could be a result of the initial depletion of LPAs, which, as illustrated 

in Figures 3.7 and 3.12, are important precursors for the synthesis of PAs, DAGs, MAGs, PGs, 

DGDGs, and MGMGs. 

As mentioned, we observed a depletion in galactolipids, glycerophospholipids, and 

chlorophyll production. Given that the chloroplast and thylakoid membranes are composed of 

galactolipids and glycerophospholipids, their depleted levels could potentially affect the structural 

integrity of these membranes and therefore effects the chlorophyll production [11, 82]. This can 

be detrimental to the cells because chlorophyll is used for the absorption of light to provide energy 

for photosynthesis. This trend works in opposition with the trend seen in T AGs. As the 

chlorophylls, which aid in energy production, are depleted, the TAGs are hypothesized to be 

stored up as an energy source. This is followed by the hypothesized breakdown of these TAGs 

to produce energy in the stationary phase. 
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Figure 3.12: Galactolipid biosynthesis pathways. Enzymes involved in plant galactolipid 

biosynthesis. 

CDP-DAGS, cytidine-5'-diphosphate-diacylglycerol synthase; DAG, diacylglycerol; DGDG, 

digalactosyldiacylglycerol; DGDGS, digalactosyldiacylglycerol synthase; G3P, sn-glycerol-3-

phosphate; GPAT, sn-glycerol-3-phosphate acyltransferase; LPAAT, lysophosphatidic acid 

acyltransferase; MGDG, monogalactosylmonoacylglycerol; MGDGS, 

monogalactosylmonoacylglycerols synthase; PA, phosphatidic acid; PAP, phosphatidate 

phosphatase; PG, phosphatidylglycerol; PG3PP, phosphatidylglycerol-3-phosphate 

phosphatase; PGPS, phosphatidylglycerolphosphate synthase; and SLBP, sulfolipid biosynthesis 

protein. 

A different trend displayed by SQDGs showed a depletion over time, especially in the 

replete day 7 and 10 and the deplete day 10 conditions (Figures 3.8 and 3.10). Based on the 

growth curve, it was hypothesized that when the microalgae reaches the stationary phase it has 

shifted into survival mode and therefore breaks down the SQDGs and uses the sulfur for amino 

acid (cysteine and methionine), peptide, and protein production [33]. Further transcriptomic 
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analysis is needed to determine the biochemical machinery responsible for the observed 

changes. 

3.3.5 Isolation of RNA from different samples for RNA sequencing 

Along with metabolomic and lipidomic analyses by LC-MS, RNA extraction, 

spectrophotometric analysis, and gel electrophoresis were performed on the microalgae samples 

to prepare them for transcriptomic analysis. Transcriptomic analysis will complement the 

metabolomics and lipidomics analyses by elucidating how the enzymes involved in either the 

synthesis or breakdown of the observed metabolites are changing during this process. 

Before sending in the RNA samples for this transcriptomic analysis, optimization was 

performed to determine the RNA extraction and gel electrophoresis method that would produce 

the most pure and highest quality RNA possible. 

For optimization to the Qiagen RNeasy Plant Mini Kit, multiple parameters were varied 

and tested to determine the effect of these variations on RNA yield and quality. The concentration 

of RNA and RNA purity was assessed by spectrophotometric analysis, where the nucleic acid 

concentration and value for 260/280 was determined. This 260/280 represents the ratio of nucleic 

acid to proteins to show the successful removal of proteins from the sample. Gel electrophoresis 

was used as an additional RNA extraction purity optimization assessment. This was used to 

determine the presence of bands in the correct region corresponding to ribosomal RNA which 

showed that the RNA was not degraded and the amount of genomic DNA remaining could also 

be assessed. 

A few RNA extraction parameters were varied to test their effect on the RNA purity after 

extraction. The number of on column DNase digestions and whether to do DNase digestion on 

column, in solution, or both was tested. The use of RNA Later was tested. The addition of soaking 
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the solvent resistant tubes and glass beads for cell disruption in a solution used to inactivate 

RNase, 0.1 % diethyl pyrocarbonate (DEPC), overnight and autoclaving before the procedure 

began was tested. The results of this testing were that the optimized parameters included: soaking 

the glass beads and tubes used for cell disruption in a 0.1 % DEPC solution overnight followed by 

autoclaving, one on column DNase digestion, and the use of RNA Later. 

The gel electrophoresis preparation was also optimized to improve the visualization of the 

results which includes the strength of the band signal and the separation of the bands. A few 

parameters were tested one at a time to determine the optimal procedure for the gel preparation. 

The total percent gel was tested at 1 % and 2% to determine which lead to the best separation of 

bands. The voltage and length of time that the gel was run for was also tested. The first 5 minutes 

were always kept consistent at 110 V but the following time while the RNA moved down the gel 

was altered and tested. The times ranged from 50-75 minutes and the voltages ranged from 90-

98 V. Also, the volume of RNA and dye loaded into the gel was tested from 5 to 8 µL. The results 

of this testing were that the optimized parameters were: 8 µL of RNA and dye loaded, a 1% 

agarose gel and running the gels for 5 minutes at 110 V and switching to 90 V for another 55 

minutes. 

Figure 3.13 shows a gel electrophoresis image and Table 3.3 shows the 

spectrophotometric results of those corresponding RNA extracted samples using the optimized 

parameters. Figure 3.13 shows that the RNA extraction has been optimized based on the 

presence of bands, excluding those for genomic DNA which would be up in the 10,000 bp region. 

Table 3.3 shows that the RNA extraction is complete based on the high nucleic acid 

concentrations and 260/280 analyzed and calculated via spectrophotometry. These optimized 

parameters are discussed in section 3.5.9 RNA extraction, spectrophotometric analysis and 

gel electrophoresis. 
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Figure 3.13: Gel electrophoresis image of extracted RNA. Representative gel electrophoresis 

image of the extracted RNA from microalgae samples to determine the RNA quality of one 

biological replicate from 6 different growth conditions. 

Table 3.3: Spectrophotometric analysis results. Resulting calculations based on 

spectrophotometric analysis of extracted RNA from the samples shown in Figure 3.14. 

Sample Nucleic acid 260/280 

N+2+ 332.7 2.16 

N+4+ 496.6 2.15 

N+?+ 286.3 2.16 

P+2+ 521.4 2.13 

P+4+ 650.4 2.15 

P+?+ 551.6 2.15 

Once optimized this RNA extraction, spectrophotometric analysis, and gel electrophoresis 

separation and imaging was performed on two biological replicates per condition. The resulting 

extracted RNA, spectrophotometric analysis results, and gel electrophoresis images were sent to 
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GeneWiz for RNA sequencing. After transcriptomic analysis at GeneWiz the resulting 

transcriptomic data was sent to our collaborator who is currently working on assembling the 

genome of the non-model microalgae species. 

3.4 Conclusions 

The main goals of this chapter were to develop methods for untargeted and targeted 

analysis of hydrophobic metabolites and lipids, respectively, to analyze these resulting 

metabolites and lipids to determine what trends were occurring between growth conditions. Also, 

to develop and implement an RNA extraction, spectrophotometric analysis, and gel 

electrophoresis method for RNA preparation for transcriptomics analysis. 

In achieving these goals, we have confirmed the results of previous research on a different 

green microalgae species and made novel inferences on the biochemical changes that takes 

place. 

Previously, the upregulation of TAGs have been reported in microalgae grown under 

nitrate deplete conditions. These studies hypothesized and confirmed that TAG production 

increased once the nitrogen and phosphorous were completely internalized and when the 

microalgae reached the stationary phase, TAGs were broken down for energy [82, 121, 140-143]. 

We have also shown that galactolipids and PGs, which are components of the chloroplast 

and thylakoid membranes, were depleted when microalgae was grown under nutrient deplete 

conditions. Our analysis allowed us to make the link between the observed depletions of these 

lipids and their potential role in the depletion of chlorophylls reported when microalgae is grown 

under nitrogen deplete conditions. This is similar to trends found in previous lipidomic and 

metabolomic analysis in the model green microalgae species Nannochloropsis gaditana [82] and 

Chlamydomonas reinhardtii [11]. 
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Our analysis also confirmed that once in the stationary phase, SQDGs levels were 

depleted in the microalgae. We hypothesize that during this time of stress, SQDGs are being 

broken down and used as a source of sulfur to produce other important biomolecules, such as 

proteins [33]. 

We also developed an optimized RNA extraction, spectrophotometric analysis, and gel 

electrophoresis method. This method was implemented and used for the RNA extraction of two 

biological replicates from each condition. Following this, the resulting extracted RNA, 

spectrophotometric results, and gel images were sent to GeneWiz for transcriptomic analysis. 

Our collaborator is currently assembling the genome so that he can then analyze the RNA Seq 

data from GeneWiz. 

Our aim was to analyze the lipids and hydrophobic metabolites produced by microalgae 

grown under these varying conditions in an untargeted and targeted manner. In working towards 

accomplishing this aim we were able to analyze several lipid families. One major group of lipids 

that were below the detection limit were phytosterols. The next chapter will focus on the 

development of sample preparation and LC-MS analysis for improved abundance and signal to 

noise of phytosterols. 

3.5 Materials and methods 

3.5.1 Materials 

Materials included all of those used in Chapter 2 discussed in section 2.5.1 Materials 

along with a few additional materials for total lipid content analysis, RNA extraction and gel 

electrophoresis. These are described below. 

High purity grade (>97.5%) diethyl pyrocarbonate (DEPC) was purchased from VWR 

(Radnor, PA). A Qiagen RNeasy Plant Mini Kit was purchased from Qiagen (Hilden, Germany). 
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Agar, all gel making, and imaging tools were provided by the Gokcumen lab (Biology department, 

University at Buffalo, Buffalo, NY). HPLC grade 2-ethoxyethanol, hexane, toluene, and acetone 

were purchased from Thermo Fisher Scientific (Waltham, MA). 

3.5.2 Microalgae growth and harvesting 

Procedures used for microalgal growth and harvesting can be found in Chapter 2 sections 

2.5.2 Microalgae growth and harvesting. In brief, the microalgae were grown in a standard, 

optimized manner in which the only conditions varied were the original concentrations of the 

nitrate (NQ3-) or phosphate (PQ43-) in the growth media and the length of time they were grown 

for. The microalgae were grown under 16 different conditions consisting of the varying 

concentrations of NQ3- or Pol- (N-, N+, P-, or P+) and for four different lengths of time (days 2, 

4, 7, and 10). The microalgae were harvested for various calculations and procedures such as 

biomass calculation, total lipid content analysis, and metabolite extraction prior to LC-MS-based 

metabolomics analysis. The procedure and results for the biomass analysis and calculations can 

be found in sections 2.5.4 Determination of biomass and 2.3.2 Biomass calculations in 

Chapter 2. 

The experimental design was developed in Chapter 2 [84]. This chapter will focus on the 

results of the untargeted profiling of hydrophobic metabolites that are considered to be statistically 

significant and changing between growth conditions and the targeted analysis of endogenous 

lipids. 

3.5.3 Total lipid content analysis 

The total lipid content was analyzed from each PBR at the selected time points of interest. 

This analysis was performed by a microalgae homogenization and weighing followed by a lipid 
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precipitation and weighing. In more detail, 45 ml of each condition from the PB Rs were harvested, 

centrifuged at 2934 xg, and decanted to remove the media. These pellets were resuspended in 1 

ml of methanol, bead milled to homogenize (0.1 and 0.5 mm diameter glass beads), and 5 ml of 

2-ethoxyethanol was added and shaken at 200 rpm at 60°C for 30 minutes. These extracted and 

cleaned samples were passed through 1.2 µm glass microfiber filters, the solvent was evaporated, 

and the extract was weighed. This weight represented the total biomass. The evaporated samples 

were resuspended in 3 ml of 2:2:1 :1 hexane/ toluene/ acetone/ methanol to precipitate proteins 

and non-lipid components. The samples were centrifuged and decanted, and the supernatant was 

dried at 60°C and reweighed. This weight represents the lipid portion of the biomass. The total 

lipid content was calculated as lipid weight (mg)/ total dry weight (mg) * 100 [32]. 

3.5.4 Hydrophobic metabolite extraction and extraction efficiency 

An optimized metabolite extraction method was developed and discussed in detail in 

section 2.5.5 Hydrophobic metabolite extraction and sample preparation. In brief, this 

method combined bead milling with an optimized Bligh and Dyer [48] dounce homogenization in 

a serial manner to fully extract the hydrophobic metabolites from the algal cells. This method was 

tested and validated using extraction efficiency analysis. This extraction efficiency analysis was 

performed by calculating the percent recoveries of exogenous lipid surrogates spiked into the 

sample at different steps in the extraction procedure and comparing them to a matrix matched 

calibration curve. After extraction, the extracts were evaporated and resuspended in a specific 

volume calculated through a biomass-based normalization. 

For the extraction efficiency analysis of the microalgae grown under varying nutrient 

concentrations and time periods two exogenous lipids, referred to as surrogates, were spiked 

during different parts of the metabolite extraction. A known concentration of an isotopically labeled 

FA, oleic acid-d9, was spiked to the methanol used for bead milling which was the initial step in 
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the metabolite extraction, as to show the efficiency of the entire extraction. Along with this FA, a 

known concentration of an exogenous, odd chain TAG, TAG (19:0/ 19:0/ 19:0), was spiked to the 

chloroform used for dounce homogenization, as to show the efficiency of this step and beyond. 

Prior to extraction, the initial and theoretical final concentration of the surrogates were calculated 

based on initial and final volumes of the samples. LC-MS analyses in negative mode (ESI-) for 

the oleic acid-d9 and positive mode (ESI+) for the TAG (19:0/ 19:0/ 19:0) were performed on the 

spiked and extracted samples along with matrix matched calibration curve samples spiked 

immediately before the LC-MS analysis with a concentration corresponding to the theoretical final 

concentrations. The actual concentrations remaining after the extraction were calculated based 

on the abundance of the oleic acid-d9 and TAG (19:0/ 19:0/ 19:0) in the spiked samples plugged 

into the equation for the plotted matrix matched calibration curve produced based on the 

abundances of the matrix matched calibration curve samples with known concentrations. 

3.5.5 LC-MS analysis 

The method used for LC-MS analysis was previously discussed in detail in Chapter 2 

section 2.5.6 LC-MS analysis. In brief, the extracted and normalized samples were analyzed by 

LC-MS in a randomized order. LC-MS analysis was performed on an LC-ESI QToF MS system 

with two independent experiments per ionization mode, ESI+ and ESI-, to test the reproducibility 

of the results. This analysis was performed in full scan MS extended dynamic mode from 250-

1700 m/z to detect as many metabolites as possible. Mobile phase A was mostly aqueous while 

mobile phase B was mostly organic and the addition of select additives for ESI- and ESI+ allowed 

for the ionization of compounds at the ESI source. 
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3.5.6 Untargeted analysis 

LC-MS-based metabolomics analysis was performed on the biological replicates (n=3) for 

the 16 different conditions tested (N-, N+, P-, P+ and days 2, 4, 7, and 10) and were run in a 

randomized order. The replicates used for LC-MS analysis can be found highlighted in gray in 

Table 2.2 in Chapter 2. LC-MS conditions and parameters used were the same as those 

discussed in Chapter 2 section 2.5.6 LC-MS analysis. 

Following this LC-MS analysis the data was entered into a chromatographic alignment 

software (Agilent MassHunter Profinder, version 8.06.00) for peak alignment and extraction of 

features. To align molecular features in all samples, a recursive feature extraction was used. The 

goal of this was to deconvolute the chromatograms and to align the molecular features in all 

sample data based on accurate mass and retention time. A peak height of greater than or equal 

to 300 ion counts and decided upon possible adducts of [M+H]+, [M+Na]+, [M+NH4]+, and [M-H]

were the parameters for this extraction of molecular features. A peak spacing tolerance of 0.0025 

m/z and 7 ppm, a maximum charge state of 2 and two or more ions for a singular molecular 

feature were the parameters chosen for the isotope grouping restrictions for the peak alignment. 

A window of 0.3 minutes for the retention time tolerance along with a 20 ppm mass window was 

set for alignment and binning purposes. A filter for the absolute height at 3000 or greater ion 

counts and the molecular feature being present in at least two out of three replicates in one sample 

condition were used for post processing. Plus or minus 1.5 minutes was set for an expected 

retention time range, 5.6 ppm for the m/z and 0.2 minutes for the retention time was set for an 

acceptable variation in data across samples for each molecular feature. 

The results from this alignment and extraction were analyzed using a statistical analysis 

software (Agilent Mass Hunter Mass Profiler Professional, version B 12.6.1) to determine the 

statistically significant m/z's produced by the microalgae samples and detected by the LC-MS. 

There were a few parameters used to validate reproducibility and statistical significance for this 
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untargeted analysis. A frequency of 2/3 or greater meaning that the m/z must be detected in at 

least two out of three replicates in one condition. Following this a p value of less than 0.05 using 

analysis of variance (ANOVA) [80] representing a 95% confidence that there is a significant 

difference between specific samples that is not due to sampling or experimental error [79]. This 

analysis was performed with a post hoc Tukey [145] honest significant difference test and a 

Benjamini-Hochberg false discovery rate correction [146]. A fold change cut off of> 2 was set to 

confirm the up and down regulations. This fold change was calculated as the abundance of one 

condition over the abundance of another. Two independent LC-MS data acquisitions and profiling 

sets were performed. The m/z's determined to be changing and statistically significant between 

conditions in the two independent data sets were compared. This was done to eliminate m/z's 

only found to be statistically significant in one LC-MS run; therefore, eliminating instrumental error. 

The resulting list of m/z's that were statistically significant and common between the two 

independent sets were than manually inspected for mass accuracy within 20 ppm and were 

manually integrated to calculate and confirm a fold change of~ 2 and a p value of< 0.05 using a 

qualitative analysis software (Agilent Mass Hunter Qualitative Analysis software, version 8.06.00). 

This was done by inputting the data which is represented as a total ion chromatogram (TIC) and 

extracting the corresponding m/z's from those TICs resulting in extracted ion chromatograms 

(EiC). These EICs were manually integrated for the area under the chromatographic peak or the 

chromatographic abundance. These abundances were used to calculate the average abundance, 

standard deviations, and relative standard deviation between biological replicates. The 

abundances of the biological replicate groups were compared for their fold changes and p values. 

The resulting m/zs which passed this manual inspection were analyzed via targeted LC-MS/MS 

analysis for metabolite identification [32]. 
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3.5.7 LC-MS/MS-based identification 

After full scan LC-MS analysis and untargeted profiling using statistical analysis the 

resulting m/z's of interest were fragmented using targeted LC-MS/MS analysis. For this, the LC

MS parameters were kept the same with the exception of a list of m/z's to fragment, designated 

retention time windows, and set collision energies (CEs) being included in the method. A 4 minute 

retention time window was used and the CEs of 15, 35, 55 and sometimes also 75 eV were used 

to fragment the chemical structure of the compound gradually to determine the fragments and 

use this to identify the entire compound. 

Along with the targeted LC-MS/MS fragmentation analysis of the statistically significant 

m/z's, three other methods were utilized to aid in the identification process. Lipids make up a large 

portion of the hydrophobic metabolites so a database of endogenous lipid m/z's at the most 

abundant adduct along with common fragments of endogenous lipids was prepared. This 

prepared database included the whole and fragmented backbones and acyl chains of lipid families 

and individual lipids. This database can be used to compare these endogenous lipid m/z's and 

fragments to the parent m/z and fragments detected in the sample following LC-MS/MS analysis. 

The fragmentation pattern from the untargeted LC-MS/MS of the specific m/z in the sample can 

also be compared to reference MS/MS spectra typically either from a standard analyzed by LC

MS/MS directly in the lab or via an MS/MS spectrum available through a metabolite database 

such as METLIN [53]. Databases such as METLIN [53] and LipidMaps [54] can also be used to 

determine possible candidate metabolites using a two-step process. The databases can be 

analyzed for metabolites with m/z's and adducts that matched, within 20 ppm, that of the m/z and 

adduct of interest in the sample. It can also be determined whether that metabolite that matched 

the parent m/z and adduct was likely to be endogenous to that organism. No identifications were 

made strictly based on m/z and adduct matching from a database. All metabolites that were 
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determined to be possible candidates for the m/z were followed up with a comparison of the 

fragments [32]. 

3.5.8 Targeted analysis of endogenous lipids 

Along with untargeted profiling, targeted analysis of endogenous lipids was also 

performed. The same resulting full scan LC-MS data was used for this and the process for this 

was discussed previously in section 2.5.8 Targeted analysis of representative endogenous 

lipids. 

In brief, an excel database was prepared of accurate theoretical m/z's of the most likely 

adduct of each lipid in each lipid class. This was based on known structures and variations in lipid 

families based on acyl chain length and number of double bonds. This database was prepared 

and contained endogenous lipid classes and individual lipids in those classes with acyl chains 

ranging from 12-22 carbons in length and the correct corresponding possible numbers of double 

bonds for each length acyl chain. 

The targeted analysis was performed using the resulting LC-MS data and a qualitative 

analysis software previously mentioned in section 3.5.6 Untargeted analysis. The resulting LC

MS data was in the form of TICs and the m/zs of the lipids in the excel database were extracted 

from those TICs to give EICs. Lipids with the most likely adducts of [M+H]+, [M+H-H20t, and 

[M+NH4r were extracted from the ESI+ based LC-MS analysis and lipids with the most likely 

adduct of [M-H]- were extracted from the ESI- based LC-MS analysis. These EICs were manually 

inspected to determine the corresponding chromatogram for the lipid based on the known 

retention time windows of endogenous lipid families through previously analyzed lipid standards. 

The mass spectrum of the decided chromatogram for that lipid was checked for the accurate 

mass. Only those chromatograms with m/z's within 20 ppm of the theoretical m/z where 
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integrated. Also, the chromatogram was walked as to determine where to begin and end the 

integration to avoid integrating parts of the chromatogram where another m/z was interfering. For 

example, if the EiC was for TAG (52:2) at an m/z of 876.8020 and at a certain point down the left 

side of the chromatogram the mass spectra showed that an m/z of 87 4. 7864 became higher than 

that of 876.8020 that meant that at that point the TAG (52:2) was co-eluting with TAG (52:3). 

This targeted analysis mostly focuses on identification based on matching accurate mass 

and retention time but the m/z's detected and integrated in targeted analysis are also analyzed 

by LC-MS/MS to confirm these identifications based on fragmentation. This LC-MS/MS analysis 

is done in a similar manner to that in section 3.5. 7 LC-MS/MS-based identification. These 

representative lipid standards consist of a low, medium, and high carbon chain length member of 

that lipid family as to compare the fragmentation especially with respect to the backbone structure 

of that lipid family [32]. 

3.5.9 RNA extraction, spectrophotometric analysis, and gel electrophoresis 

Along with the LC-MS-based metabolomic and lipidomic analysis, RNA extraction, 

spectrophotometric analysis, and gel electrophoresis analysis were performed. This was done to 

separate the RNA and assess the RNA purity and quality for the transcriptomic analysis 

performed by GeneWiz. 

The Qiagen RNeasy Plant Mini Kit and its protocol, including cell disruption using glass 

beads, were used for RNA extraction. Based on the spectrophotometric and gel electrophoresis 

results it was determined that the extraction procedure needed to be optimized to improve RNA 

purity. Spectrophotometric analysis was performed using a NanoDrop 2000C spectrophotometer 

(Thermo Scientific, Waltham, MA). 
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This optimized method (discussed in more detail in section 3.3.5 RNA extraction, 

spectrophotometric analysis and gel electrophoresis) using the protocol from the kit with 

certain parameters altered lead to the best result. The final parameters altered for the optimized 

RNA extraction included: soaking the glass beads and tubes used for cell disruption in a 0.1 % 

DEPC solution overnight followed by autoclaving, one on column DNase digestion, and the use 

of RNA Later. The gel electrophoresis procedure was also optimized and those altered 

parameters were: 8 µL of RNA loaded, a 1% agarose gel used, and the gels were run for 5 minutes 

at 110 V and switched to 90 V for another 55 minutes. 

Two biological replicates from each condition were extracted and analyzed in this manner 

and the resulting extracted RNA, images of the gels, and results of the spectrophotometric 

analysis were sent to GeneWiz for transcriptomic analysis. Examples of the images of the gels 

and spectrophotometric results can be seen in Figure 3.13 and Table 3.3. 

86 



Chapter 4: Analysis of phytosterols produced by Ettlia o/eoabundans grown under 

different conditions 

4.1 Phytosterols are important lipids that are beneficial to human health 

A nutraceutical is a food item such as a dietary supplement which has nutritional value 

and can help to improve human health [90, 147-150]. These dietary supplements include dietary 

ingredients such as vitamins [150], minerals, amino acids, and other metabolites that are 

beneficial to human health [90, 147, 148, 151]. Another group of dietary ingredients that are 

beneficial to human health are phytosterols, which are derived from terpenoids [148, 149]. 

4.1.1 Phytosterol biosynthesis 

Phytosterols are produced by plants [152] and are part of a larger group of compounds 

called sterols. Sterols consist of a fused ring system with a hydrocarbon chain substituent on 

carbon 17 and a hydroxyl group on carbon 3 (Figure 4.1) [153]. This basic structure is shown in 

Figure 4.1 and consists of 4 hydrocarbon rings labeled A, B, C and D, with the carbon numbers 

labeled [153]. 

HO 

28 29 

Figure 4.1: Nomenclature for the basic sterol structure. This basic sterol structure includes 

four fused rings labeled A, B, C and D. Carbons in the rings and hydrocarbon chain are numbered. 
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Sterols can vary based on the number of methyl groups branched off of the fused rings and 

hydrocarbon chain along with the placement of double bonds. 

Sterols are a large group of lipids because more than 200 sterols and sterol-related 

compounds have been identified [152, 153]. Phytosterols are a diverse group of compounds 

because they can be produced in many forms [153]. These forms include free sterols, sterol esters 

(esterified at carbon 3), sterol glycosides (modified at carbon 3), and acylsterol glycosides [153]. 

Plants produce multiple phytosterols, predominantly including 13 sitosterol, stigmasterol, 

and campesterol [88, 89, 153, 154]. Ergosterol is also produced by green microalgae [89]. This is 

in contrast to animal cells which predominately produce cholesterol. The biosynthesis of 

phytosterols such as 13 sitosterol, stigmasterol, and campesterol can have many intermediate 

phytosterols [88, 89, 153, 155]. The biosynthetic pathways for campesterol, 13 sitosterol, 

stigmasterol, and ergosterol in microalgae are shown in Figure 4.2 [88, 89]. Figure 4.2 shows 

that ergosterol, campesterol, and stigmasterol are the end products of most phytosterol 

biosynthesis and therefore are typically present at the highest concentration in microalgae [153]. 

Different individual plant species have different ratios of phytosterols. In response to stress, plants 

can produce different ratios of different phytosterols than they normally do [153]. 
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Figure 4.2: Phytosterol biosynthesis pathway. 13 sitosterol, stigmasterol, campesterol, and 

ergosterol are synthesized from acetyl-CoA This produces many phytosterol intermediates such 

as: cycloartenol, 24-methylenelophenol, and cyclolaudenoL 

Plant phytosterols have many cellular functions. For example, phytosterols are involved in 

the regulation of membrane structure by modulating permeability and fluidity [154, 156]. This is 

similar to the function of cholesterol in the cell membranes of mammalian cells. Phytosterols can 

also regulate the activity of membrane-bound enzymes [91, 154]. 

4.1.2 Phytosterols for human health 

Phytosterols, including ones produced by aquatic plants like microalgae [157], are also 

involved in human health. High levels of cholesterol consumed and absorbed by the intestines 

can increase the amount of plaque buildup in the arteries. This plaque buildup can eventually lead 

to blocked arteries caused by blood clots. Phytosterols are mostly associated with decreasing the 
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absorption of cholesterol by 10% in the intestine [90, 91, 158]. Studies have also shown that they 

can help to lower the levels of triacylglycerols [90, 158], which can further prevent plaque buildup 

on the artery walls. This prevention of plaque buildup can help prevent some cardiovascular 

diseases [90]. Some examples of these cardiovascular diseases include atherosclerosis, heart 

disease, peripheral vascular disease, and stroke. 

Along with lowering lipid levels, phytosterols have also been associated with other benefits 

to human health. Some examples of these benefits include anti-inflammatory, anti-pyretic, anti

neoplastic, and immune-modulating activity when tested in vivo in animal and human clinical trials 

[92, 159]. Phytosterols can also serve as precursors to synthesize some bioactive compounds 

of importance. One of these groups of important bioactive compounds that can be produced by 

phytosterols are vitamins. Figure 4.3 shows the conversion of phytosterols to different forms of 

vitamin D, for example the conversion of ergosterol to vitamin D2 [150]. Another group of bioactive 

compounds that can be produced from phytosterols are plant hormones, referred to as plant 

steroids, such as brassinosteroids [150, 153]. These plant steroids are important because they 

regulate plant growth and development [153]. 

Ergosterol Vitamin D2 

-~~ ,.~ 
~~ ~~ 

7-Dehydrocholesterol Vitamin D3 

7-Dehydrocampesterol Vitamin D7 
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Figure 4.3: Sterols including phytosterols can be photo irradiated to produce vitamins. 

Sterols are also important because they are able to be converted to vitamins through UV 

irradiation [150, 157]. 

4.1.3 Phytosterol analysis techniques 

The mass spectrometric analysis of sterol-based lipids is sometimes referred to as 

"sterolomics" [160]. Typically sterols are analyzed in one of two ways: (1) gas chromatography -

tandem mass spectrometry (GC-MS/MS) using selected ion monitoring (SIM), or (2) liquid 

chromatography - tandem mass spectrometry (LC-MS/MS) using multiple reaction monitoring 

(MRM) [160]. Both of these methods utilize retention time in addition to fragmentation pattern for 

identification [49, 160]. Typically this analysis is performed in a strictly targeted manner in which 

the sterols of interest are isolated by design in the instrumental method [160]. The limitation with 

this method is that in targeting only for select sterols other untargeted sterols or sterol metabolites 

can be missed. Sometimes derivatization is also required for improved ionization for LC-MS

based analysis or to make the compound volatile for GC-MS-based analysis [84, 160]. 

Previous studies have been performed with our collaborators in the Aga lab in the 

Chemistry Department at the University at Buffalo. The aim of these studies was to extract, 

derivatize, and analyze the microalgae samples for phytosterols and other value-added products 

via GC-MS/MS (Table 4.1) [84]. The microalgae was extracted following the same procedure 

described in Chapter 2 section 2.5.5 Optimized hydrophobic metabolite extraction and 

sample preparation. The microalgae extracts were derivatized using tert-butyldimethylsilyl in 

substitution for the hydroxyl groups [84]. Table 4.1 shows that vitamin A, squalene, and alpha

tocopherol are accumulating in nitrogen deplete conditions while the other value-added products 

do not show significant differences [84]. 
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Table 4.1: Results from GC-MS/MS analysis of derivatized phytosterols and other value

added products. GC-MS/MS analysis results for targeted metabolites based on their derivatized 

m/z. The results are reported based on fold change and standard deviation. Fold changes were 

calculated as abundance of metabolite produced in microalgae grown under N-7 conditions/ 

abundance of metabolite produced in microalgae grown under N+7 conditions. 

tR, retention time, ; FC, fold change; N-7. nitrogen replete concentration grown for 7 days; N+7, 

nitrogen deplete concentration grown for 7 days; Std. Dev., standard deviation [84]. 

Std.tR FCMetabolite mlz
(min) (N-7/N+7) Dev. 

Vitamin A 6.01 255 1.51 0.38 

Oxidosqualene 8.25 341 1.36 0.18 

Squalene 9.13 69 2.79 0.59 

a-tocopherol 10.46 545 3.44 1.71 

Campesterol 10.76 457 1.21 0.27 

Stigmasterol 10.83 469 0.88 0.09 

(3-sitosterol 10.96 471 0.95 0.10 

Instead of using a targeted analysis, which could possibly neglect important phytosterols, 

an untargeted analysis method could be used [77]. This could be done by using a full scan MS 

approach which would allow for the detection and separation of the different phytosterols. The 

resulting phytosterols m/z's detected could be analyzed by a targeted LC-MS/MS method for 

structure determination. The full scan MS method allows for the user to go back to the data and 

search for additional sterols. 

Previously, as described in Chapters 2 and 3, an integrated untargeted and targeted 

lipidomic analysis method was developed [84]. This method was used to analyze the effect of 

varying nutrient concentrations and growth periods on the lipid production in microalgae [32]. 

However, only five phytosterol metabolites were detected via this untargeted analysis method. 
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Therefore, we were unable to detect most endogenous phytosterols because they were below 

the detection limit. It was hypothesized that this was due to either signal suppression from the 

complex matrix or poor ionization of the phytosterol structure via electrospray ionization (ESI). 

In order to study the levels of various phytosterols produced by microalgae, the aim was 

to develop a method for the improved signal to noise of phytosterols. Method development 

included testing various sample preparation techniques and optimizing LC-ESI MS analysis 

methods. After method development, the aim was to analyze the effects that varying growth 

conditions have on the phytosterol production in microalgae. 

4.2 Research objectives 

The objectives of this work were to: 

a. Develop a method to improve the signal to noise of phytosterols via improved sample 

preparation and LC-MS analysis techniques 

b. Determine the effect of the various growth conditions on the phytosterol production in 

microalgae 

4.3 Results and discussions 

4.3.1 Strategies tested 

The goal of the work described in this chapter was to develop and utilize a method for 

analyzing the effect that varying growth conditions have on phytosterol production in microalgae. 

Three different sample preparation techniques and various LC-MS methods for improved 

detection of phytosterols were tested. Figure 4.4 shows the three different sample preparation 

techniques tested including: solubility-based extraction and separation (Figure 4.4 A), solid phase 
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extraction (SPE) -based separation (Figure 4.4 B), and chemical derivatization (Figure 4.4 C). 

Also, three different chemical derivatization methods were tested including: picolinic acid-, dansyl 

chloride-, and dimethylglycine-based derivatizations (Figure 4.4 C). 

A Solubility-based separations B SPE-based separations 

Extractions: methanol , hexane, Extraction: water and then ethanol 
acetone, ethanol, water, petroleum SPE: 4:1 acetonitrile/ ethanol 
ether, ethanol and water combined 
with glass beads and vortexing or 

probe sonication 

C Chemical derivatizations 

~~-~.. 
Picolinic acid derivatization 

6
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Dansyl chloride derivatization 
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Figure 4.4: Sample preparation strategies tested. Solubility-based extractions and separations 

(A), solid phase extraction (SPE)-based separations (B), and chemical derivatizations (C) 

including picolinic acid-, dansyl chloride-, and dimethylglycine-based derivatizations. 
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The dimethylglycine derivatization was determined to be the best sample preparation 

technique tested based on its improved signal to noise, low fragmentation, and low relative 

standard deviation between the technical replicates. Further analysis of microalgae extracts in the 

form of biological replicates are needed in order to form conclusions about the changes in the 

levels of phytosterols produced by microalgae grown under different growth conditions. 

4.3.2 Targeted analysis and different chromatographic conditions tested for LC-MS-based 

analysis of phytosterols 

LC-MS and sample preparation method development was evaluated based on targeted 

analysis of phytosterol standards. For the solubility-based extraction and separation, the SPE

based separation, and the phytosterol standards analyzed via LC-MS, the adduct with the highest 

abundance was [M+H-H2Or. For the picolinic acid derivatization, the adduct with the highest 

abundance was [M+Nar. For the dansyl chloride and dimethylglycine derivatizations, the adduct 

with the highest abundance was [M+Hr. This targeted analysis was performed using Agilent 

MassHunter Qualitative Analysis software (version 8.06.00). The resulting data from the LC-MS 

analysis was in the form of total ion chromatograms (TICs). The m/zs of the sterols of interest 

were extracted into extracted ion chromatograms (EICs). For LC-MS method development, the 

resulting EICs were used to determine if there was an improvement in the detection, retention 

times, peak shapes, peak widths, and separation of the peaks. After this LC-MS optimization, 

targeted analysis was also used to determine if there was an improvement in the sample 

preparation method. 

LC-MS method development began with a similar method to that discussed in the LC-MS 

analysis sections 2.5.6 and 3.5.5 in Chapters 2 and 3. Variations to this method included the 

run time, gradient, flow rate, and injection volume. 
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In brief, the run began with a mobile phase composed of 100% A for 5 minutes in order to 

allow the compounds to be retained by the column. A gradient from 100% A to 100% B was 

applied from 5 to 42 minutes to gradually elute compounds from the column. After reaching 100% 

B, the mobile phase was maintained at 100% B for 10 minutes to elute the remaining hydrophobic 

compounds. At 52.1 minutes the mobile phase was switched back to 100% A for 8 minutes to 

equilibrate the column for the next injection. The total run time was 60 minutes, the flow rate was 

0.3 ml/min, and the injection volume was 10 µL. 

This LC-MS method was optimized by altering one parameter at a time to determine how 

that variation affected the abundance, signal to noise, peak shape, retention time, and separation 

of the peaks. The first parameters tested included: the ionization mode (ESI+ and ESI-), the LC 

column used (CS, Zorbax, and C18), and the fragmentor voltage (50, 120, and 175 V). 

The parameters were tested based on the abundance, signal to noise, and improvement 

of the peak shape of the phytosterol standards injected. The optimized parameters included an 

LC-MS run in ESI+, with a CS column, and a fragmentor voltage of 50 V. Therefore, all further 

method developments were performed using these parameters. Also, this initial optimization was 

performed on a phytosterol standard mix. 

Following this initial optimization slightly different LC-MS methods were developed for the 

samples that underwent: 

1) solubility-based extraction and separation or SPE-based separation 

2) chemical derivatization 

This was necessary because the phytosterol structure was altered during the chemical 

derivatizations. Therefore, the following results and discussions are split accordingly. 
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4.3.2.A Chromatographic conditions tested for LC-MS-based analysis of phytosterols 

prepared by solubility-based and solid phase extraction-based separations 

The LC-MS method was developed further for the solubility-based extraction and 

separation and the SPE-based separation. The mobile phase A and B compositions were kept 

the same for these samples and these mobile phases have been previously used to separate 

lipids [32]. 

To improve the separation of these phytosterols, the next parameter altered was the LC 

mobile phase percentages throughout the acquisition. The previous method used a gradient 

elution; therefore, the other possible mobile phase composition is an isocratic method. The 

isocratic mobile phase compositions chosen were determined based on the percentage of organic 

phase, also referred to as % B, in which the phytosterols eluted. The sterols eluted from the 

previous method at 85-90% B; therefore, the isocratic mobile phase compositions chosen were 

65, 70, 75, and 80% B. The results of this lead to the conclusions that the isocratic mobile phase 

compositions lead to faster elution and improved separation of the sterols. However, because the 

methods were isocratic and therefore did not go up to 100% B, only the 80% B isocratic method 

allowed for the elution of all sterol standards. Therefore, the method development continued with 

this isocratic 80% B method. 

Since ultimately this method will be used for the analysis of extracted microalgae samples 

not just phytosterol standards the final method must be able to elute all compounds bound to the 

column. Therefore, the method was altered to include an elution period in which the mobile phase 

composition went up to 100% B and remained there to elute any remaining compounds from the 

column. After this elution period, the mobile phase composition went back to 80% B to equilibrate 

the column for the next injection. This resulted in the method with the best detection, peak shape, 

retention time, and separation of the peaks for the samples prepared either by solubility-based 

extraction and separation or SPE-based separation. 
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4.3.2.B Chromatographic conditions tested for LC-MS-based analysis of derivatized 

phytosterols prepared by chemical derivatizations 

For the derivatized samples a new LC-MS method was developed because the structure 

of the phytosterols were altered. The conclusions of the method development from the previous 

paragraphs based on the ionization mode (ESI+), the column (CS), and the fragmentor voltage 

(50 V) were maintained. 

The mobile phases used for this were water (A) and 47.5:47.5:5 acetonitrile/ methanol/ 

water (B) with 0.1 % formic acid and sodium acetate. A similar gradient and run time as that 

discussed and used in the LC-MS analysis sections 2.5.6 and 3.5.5 in Chapters 2 and 3 was 

used. In brief, the mobile phase composition started at 97% A for 3 minutes for the retention of 

compounds. After this, a gradient from 97% A to 100% B was used from 3 to 35 minutes. 100% 

B was maintained for 8 minutes to elute all hydrophobic metabolites. The mobile phase returned 

to 97% A for 7 minutes to equilibrate the column before the next injection. 

Based on the% Bat which sterols eluted, between 80-85% B, the method was altered to 

start at 50% B for 5 minutes for the compounds to be retained to the column. This was increased 

to 100% B gradually from 5 to 40 minutes to gradually elute compounds from the column. This 

remained at 100% B from 40 to 50 minutes to help the hydrophobic compounds elute from the 

column. This returned to 50% B from 50 to 60 minutes to equilibrate the column for the next 

injection. This method development lead to the improved separation of sterols. 

The total run time was shortened to 45 minutes and the different lengths of phases in the 

run were altered accordingly. In order to ensure the retention of all of the compounds of interest, 

the method was altered to begin at 90% A for 3 minutes for retention of all compounds. The mobile 

phase immediately increased to 70% B (instead of 50% B). A gradient from 70% B up to 100% B 

from 3 to 30 minutes was applied. Following this, the method stayed at 100% B to elute all 

remaining compounds from 30 to 38 minutes. The mobile phase returned to 90% A for 7 minutes 
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to equilibrate the column for the next injection. This resulted in the LC-MS method with the highest 

abundance, signal to noise, and the peak shape, retention time, and peak separation for the 

samples prepared by derivatization. 

4.3.3 Various strategies tested for improved signal to noise of phytosterols via sample 

preparation 

Along with the method development for the LC-MS analysis, there was also method 

development performed for the sample preparation. Three different types of sample preparation 

techniques were tested to determine if they improved the signal to noise of the phytosterols when 

analyzed by LC-MS. 

4.3.3.A Solvent solubility-based extraction and separation method development and 

results 

If signal suppression from the complex matrix is the reason for the lack of detection of 

most endogenous phytosterols produced by microalgae, then the sample preparation technique 

to test is a solvent-based extraction and separation technique. This technique was chosen to test 

because it is similar to the previous metabolite extractions performed [32, 49, 161] but uses 

different solvents with the goal of separating phytosterols from other possibly matrix suppressing 

compounds. One major group of compounds that was thought to be suppressing the signal of the 

phytosterols were chlorophylls because based on the untargeted analysis performed previously 

[32] these are a very prevalent group of compounds in microalgae. After assessing the solubility 

of sterols [93, 94] and chlorophylls [12, 162], metabolite extraction [47, 49, 161] using solubility

based extraction and separation was tested using different solvents including hexane, acetone, 

methanol, ethanol, water, and petroleum ether. 

99 



The solubility-based extraction and separation was tested in microalgae pellets. Glass 

beads for bead milling or sonication were used to aid the metabolite extractions in each individual 

solvent, in combinations of solvents, or by sequential addition of solvents. A summary of the 

solvent systems used is given in Table 4.2. Each solvent was used individually for solubility-based 

extraction and separation. The solvents used sequentially were: hexane then methanol, acetone 

then methanol, hexane then acetone then methanol, ethanol then water, and water then ethanol. 

The solvent combination tested was ethanol and water. 

Table 4.2: Solvents used for solvent solubility-based extractions and separations. 

Extraction via bead milling (BM) or sonication (S) and solubility-based extraction and separation 

using solvents of interest individually, sequentially, or in combination. 

Solvents used for solubility-based extractions and separations 

Individually Sequentially In combination 

Hexane (BM) Hexane then Methanol (1 :1) (BM) Ethanol and Water (1:1) (S) 

Acetone (BM) Acetone then Methanol (1 :1) (BM) 

Methanol (BM) 
Hexane then Acetone then 

Methanol (1 :1 :1) (BM) 

Ethanol (S) Ethanol then Water (1 :1) (S) 

Water (S) Water then Ethanol (1 :1) (S) 

Petroleum ether (S) 

Depending on the previously studied solubility of phytosterols [94], either the supernatant 

or precipitate was taken after the centrifugation step if the sterols were described as soluble or 

insoluble, respectively. The final steps for each solubility-based extraction and separation tested 

was evaporation and resuspension in chloroform in the same volume as the original resuspension 

of the pellet. The newly resuspended sample was filtered using polyethersulphone (PES) 

membrane syringe filters. 
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The volumes and parameters used for a representative method tested are discussed in 

detail in section 4.5.3.A Solubility-based extraction and separation. Figure 4.5 shows the 

resulting microalgae extracts following solubility-based extraction and separation when: 1) 

hexane followed by acetone then methanol, 2) acetone then methanol, 3) hexane then methanol, 

and 4) methanol only, are used, from left to right. 

Figure 4.5: Solvent solubility-based extraction and separation. This image shows the 

resulting microalgae extracts after the solvent-based extraction and separation using: 1) hexane 

followed by acetone then methanol, 2) acetone then methanol, 3) hexane then methanol, and 4) 

methanol only, from left to right. 

Each of these solubility-based extractions and separations tested were analyzed by LC

MS using the optimized method described in section 4.5.2.A Solubility-based extractions and 

separations or solid phase extraction-based separations LC-MS data acquisition and 

targeted data analysis methods. The solubility-based extractions and separations of the 

microalgae extracts did not result in improved signal to noise of phytosterols: none of the species 

targeted were detected by LC-MS. 
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4.3.3.B Solid phase extraction-based separations method development and results 

If signal suppression from the complex matrix was the reason for the lack of detection of 

most endogenous phytosterols produced by microalgae and the solubility-based extraction and 

separation did not improve the signal to noise of those phytosterols, then the next method to test 

was a SPE-based separation. 

The SPE-based separation was tested in a few solvents of interest. The original method 

was developed around the use of a particular SPE cartridge, the Chlorofiltr™. Our goal was to 

eliminate chlorophylls without lowering the recovery of phytosterols to potentially reduce signal 

suppression of the phytosterols. This SPE cartridge was of particular interest because it is 

specifically designed for the removal of chlorophylls without removing planar metabolites. 

The method suggested by the manufacturer for the retention and elution of phytosterols 

and removal of chlorophylls was used. A workflow for this procedure is shown in Figure 4.6. This 

began with SPE cartridge equilibration using acetonitrile. The sample was loaded in 4:1 

acetonitrile/ ethanol with 0.1 % formic acid and the flow through was collected. Two individual 

washes with acetonitrile [161, 163] were performed for elution and these washes were also 

collected. 

Equilibrate SPE Add extract to SPE 
~ 

Collect flow Wash SPE 
cartridge cartridge to bind through 

~ 
cartridge to elute 

Filter, evaporate, and Collect Wash SPE cartridge Collect first 
resuspend each portion second wash to elute (2nd time) wash 

for LC-MS analysis 

Figure 4.6: Scheme for Chlorofiltr™ solid phase extraction (SPE) workflow. The cartridge 

was equilibrated, the sample was added, and the flow through was collected. Following this, the 
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cartridge was washed two times individually and collected each time. All collected portions were 

prepared for LC-MS analysis. 

To evaluate the effectiveness of this method, a microalgae pellet was split into four 

technical replicates. These replicates were prepared via a sequential solvent extraction and 

separation method using water followed by ethanol using sonication. This resulting ethanol 

microalgae extract (1 ml) was combined with acetonitrile (4 ml) and formic acid (0.1 %). This 4:1 

acetonitrile/ ethanol 0.1 % formic acid extract was separated using the SPE method as previously 

described. 

An exogenous sterol surrogate, estrone-d4, at 10 µM (2.7 ng/ µL), was spiked into the 

technical replicates at different steps to determine the recovery. The surrogate was spiked: 1) 

before the tested extraction, 2) before the SPE method, and 3) before the LC-MS injection. Along 

with these spiked samples, a technical replicate that was not spiked was also prepared in the 

same manner. Fractions including the flow through and the first and second wash were collected 

from each technical replicate. Each fraction was evaporated, resuspended in chloroform, and 

filtered. These prepared samples were analyzed using the optimized LC-MS method for SPE

based separations discussed in section 4.5.2.A Solubility-based extractions and separations 

or solid phase extraction-based separations LC-MS data acquisition and targeted data 

analysis methods. Figure 4.7 shows the SPE set up with Chlorofiltr™ SPE cartridges, centrifuge 

tubes used for collection, and the microalgae extract loaded into the cartridges. 

103 



Figure 4.7: Solid phase extraction set up. Solid phase extraction (SPE) set up including 

Chlorofiltr™ SPE cartridges, microalgae extracts flowing through the cartridges, and centrifuge 

tubes loaded for collection. 

Three conclusions could be made based on the LC-MS analysis of these samples. The 

earlier the surrogate was spiked, the more the percent recovery decreased. The surrogate was in 

the highest abundance in the second wash. Also, the endogenous phytosterols were still below 

the detection limit in all of the samples. 

It was hypothesized that a large portion of the endogenous phytosterols were still bound 

to the column after the second wash. Therefore, a method with different wash solvents was tested 

for elution. These wash solvents were 4: 1 acetonitrile/ ethanol for the first wash and isopropanol 

for the second wash. The specific volumes and parameters used for this last method tested are 

discussed in section 4.5.3.B Solid phase extraction-based separation. 

After this extraction and SPE method was tested, the samples were analyzed via LC-MS. 

None of these methods resulted in improved signal to noise of phytosterols. 
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Based on these results combined with those from the solubility-based extraction and 

separation method, a new hypothesis was formed. It was hypothesized that the matrix 

suppression was not the major issue with the lack of detection, but instead was due to low 

ionization efficiency of the sterol structures. To test this hypothesis, three chemical derivatization 

techniques were tested and the resulting samples were analyzed. 

4.3.3.C Derivatization of phytosterols method development and results 

Three different derivatization techniques were tested. To determine if the derivatizations 

were working successfully and reproducibly the resulting samples were analyzed via LC-MS. 

These were analyzed using an optimized LC-MS method discussed in detail in section 4.5.2.B 

Chemical derivatization LC-MS data acquisition and targeted data analysis methods. An 

underivatized sterol standard mixture was run at the same time as the derivatized samples to 

determine the retention time of the underivatized sterols. This was done for each altered method 

to determine if there was any underivatized sterols remaining in the derivatized samples. Method 

performance was evaluated by comparing abundances of derivatized sterols (intact molecule and 

fragmented molecule) vs. the underivatized sterols, as well as the standard deviations between 

technical replicates. 

4.3.3.C.i Picolinic acid derivatization method development and results 

The first derivatization method tested included the reaction of the hydroxyl group at C3 

position of the A-ring (Figure 4.1) with a picolinic acid group [60, 62]. The mechanism for this 

reaction is shown in Figure 4.8. Dimethylaminopyridine (1) acts as a nucleophilic catalyst on 

methylnitrobenzoic anhydride (2) to produce an activated acyl carboxamide (3) (Step 1). The 

carboxyl group in the picolinic acid (4) attacks the activated acyl carboxamide obtaining the mixed 
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anhydride (5) (Step 2). Following this, 1 acts selectively on the carbonyl group of the picolinic acid 

part of 5 due to the steric hindrance produced by the methyl and nitro groups (Step 3). This 

reaction yielded an activated amide (6). The hydroxyl group in the phytosterol (7) attacks 6 

through nucleophilic attack (Step 4) with subsequent deprotonation by triethylamine (9) (Step 5). 

The procedure was adapted from previous protocols [60, 62]. Figure 4.9 shows a workflow 

of the procedure for the picolinic acid derivatization discussed in Honda et al [62] and Yamashita 

et al [60]. 
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Figure 4.8: Mechanism for the picolinic acid derivatization. Hydroxyl group formed a picolinic 

acid (4) group with a nucleophilic catalyst (dimethylaminopyridine, 1), a benzoic anhydride 

(methylnitrobenzoic anhydride, 2), and a proton acceptor (triethylamine, 9). 
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Evaporate sample 

I 
Add derivatization compounds 

(DMAP, PA and MNBA in dry THF and TEA) 

l 
Stir at room temperature for 30 mins 

Evaporate reacted sample 

Clean up sample 

Figure 4.9: Workflow for picolinic acid derivatization. Samples were derivatized using 

dimethylaminopyridine (DMAP), picolinic acid (PA), and methylnitrobenzoic anhydride (MNBA) in 

dry tetrahydrofuran (THF) and with triethylamine (TEA). From Honda et al [62] and Yamashita et 

al [60]. 

Different experimental parameters were varied to identify the optimal derivatization 

conditions based on the abundance of derivatized vs. underivatized phytosterols and the relative 

standard deviations between replicates. These parameters included: the separation of the 

derivatization compounds, ratios of sterols to derivatization compounds, reaction time, reaction 

temperature, and clean up procedure. 

Since methylnitrobenzoic anhydride is water sensitive all steps were carried out under 

inert conditions. The sample of interest was added to a glass dual neck flask with a stir bar. For 

these experiments the sample of interest was a phytosterol standard mixture at a concentration 

of approximately 4 ng/ µL (1.5 nmol, 10 µM). This sample was evaporated. The derivatization 

mixture was prepared by adding 100 mg of methylnitrobenzoic anhydride, 40 mg of 

dimethylaminopyridine, and 40 mg of picolinic acid in 1.5 ml of dry tetrahydrofuran. 300 µL of the 

derivatization mixture was added to the dried sample along with 40 µL of triethylamine. The molar 
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ratio between the phytosterol standards and the derivatization compounds was 1 :38,750. This 

reaction mixture was stirred for 30 minutes at room temperature. After 30 minutes, the reacted 

sample was evaporated. This evaporated sample was resuspended in 100 µL of acetonitrile. This 

acetonitrile suspension was centrifuged at 2000 x g for 1 minute at room temperature. The 

supernatant was collected and 10 µL of this was injected to the LC-MS. The results showed that 

the derivatization was in fact occurring but was not complete because there was still underivatized 

sterol remaining in the standard mixture. 

The derivatization mixtures were split into individual flasks because when previously 

combined they did not seem to be fully soluble. The individual compounds were 40 mg of 

dimethylaminopyridine in 500 µL dry tetrahydrofuran, 40 mg of picolinic acid in 1.0 ml dry 

tetrahydrofuran, and 100 mg of methylnitrobenzoic anhydride in 1.5 ml dry tetrahydrofuran which 

were soluble when stirred under nitrogen. 100 µL of the dimethylaminopyridine mixture, 200 µL 

of the picolinic acid mixture, and 300 µL of the methylnitrobenzoic anhydride mixture were added 

to each sample along with 40 µL of triethylamine. This increased the abundance of derivatized 

sterols and decreased the abundance of underivatized sterols in the standard mixture. 

The volume of triethylamine added to each sample was varied, including 40 and 120 µL. 

This showed an increase in the chromatographic abundance of the derivatized phytosterols. 

Following this, the molar ratios were varied including 1 :1,000, 1 :3,000, 1 :5,000, 1:10,000, 

1 :30,000, and 1 :50,000. This showed that the abundance of derivatized sterols in reactions with 

1 :50,000, 1 :30,000, and 1:10,000 molar ratios were similar while those with 1 :5,000, 1 :3,000, and 

1 :1,000 molar ratios were lower. 

The reaction length was varied including 15. 30, 45, and 60 minutes. This showed that the 

abundance of the derivatized sterols was the highest in the 30 minute reaction. After this, the 

temperature of the reaction was varied including room temperature and 40°C. This showed that 

there was no difference in the abundance between the two temperatures tested. An additional 
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clean-up step after the derivatization was added. A 1:1 methanol/ water mixture was used, the 

resuspension was centrifuges, and the precipitate was kept and resuspended in acetonitrile. This 

resulted in increased abundance of the derivatized sterols and a decrease in the abundance of 

the underivatized sterols in the standard mixture. 

This partially optimized picolinic acid derivatization (discussed in detail in section 4.5.3.C.i 

Picolinic acid derivatization) was tested on the phytosterol standard mixture at a concentration 

of approximately 4 ng/ µL (1.5 nmol, 10 µM) split into four technical replicates. This was performed 

to test for the standard deviation of the picolinic derivatization alone. The resulting relative 

standard deviations of the phytosterol standards were high for technical replicates, at 18-32%. 

The resulting EICs of the partially optimized method for the picolinic acid derivatization 

(discussed in detail in section 4.5.3.C.i Picolinic acid derivatization) of a phytosterol standard 

mixture is shown in Figure 4.10 A and B. Figure 4.10 A is the EiC of cholesterol, while Figure 

4.10 B is the EiC of campesterol. In each EiC the chromatograms of the intact derivatized sterol, 

the fragmented derivatized sterol, and the underivatized sterol are represented in blue, red, and 

green, respectively. The fragmented derivatized sterol is the m/z that corresponds to the 

underivatized sterol but at the same retention time as the intact derivatized sterol. Based on this, 

it was hypothesized that this is a fragment of the intact derivatized sterol in which the picolinic 

acid group has fragmented off during ESI. Figure 4.10 A and B show that there is a high 

percentage of fragmentation with this LC-MS analysis method. Based on this high percentage of 

fragmentation and high relative standard deviation another derivatization method was tested and 

optimization steps were performed. 
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Figure 4.10: Extracted ion chromatograms of the derivatized cholesterol and campesterol 

in the partially optimized picolinic acid derivatization methods. Intact derivatized sterol 

chromatograms in blue, fragment of derivatized sterol chromatograms in red, and underivatized 

sterol chromatograms in green. Extracted ion chromatograms (EICs) of cholesterol ([M+H-H20r 

= 369.3516 and [M+Nar = 514.3656) after picolinic acid derivatization (A) and campesterol 

([M+H-H20t = 383.3672 and [M+Nat = 528.3812) after picolinic acid derivatization (B). 

4.3.3.C.ii Dansyl chloride derivatization method development and results 

The next derivatization reaction tested included the formation of a sterol sulfonate by the 

reaction of the hydroxyl group on carbon-3 with dansyl chloride [59]. The mechanism is depicted 

in Figure 4.11. Dansyl chloride (1) and dimethylaminopyridine (2) react via nucleophilic attack of 

the amine, which leads to an activated sulfonamide group (3) (Step 1 ). The hydroxyl group in the 

phytosterol (4) attacks 3 through nucleophilic attack (Step 2). Subsequently, 

diisopropylethylamine (6) acts as a deprotonation agent (Step 3). 

The procedure was adapted from a previous protocol [59]. Figure 4.12 shows a workflow 

of the basic procedure for the dansyl chloride derivatization discussed in Tang et al [59]. 
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Figure 4.11: Mechanism for the dansyl chloride derivatization. Hydroxyl group formed a 

dansyl chloride (1) with a nucleophilic catalyst (dimethylaminopyridine, 2) and a proton acceptor 

(diisopropylethylamine, 6). 

Evaporate sample 

Add derivatization compounds 
(DIPEA, DMAP, and DC in dry DCM) 

l 
Stir at 45°C for 1 hour 

l 
Clean up sample 

Figure 4.12: Workflow for the dansyl chloride derivatization. The samples were derivatized 

using dimethylaminopyridine (DMAP), dansyl chloride (DC), and diisopropylethylamine (DIPEA) 

in dry dichloromethane (DCM). From Tang et al [59] 
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The length of the reaction was varied to identify the optimal derivatization conditions based 

on the abundance of derivatized vs. underivatized phytosterols and the relative standard 

deviations between replicates. The sample of interest was added to a glass vial. For these 

experiments the sample of interest was a phytosterol standard mixture at a concentration of 

approximately 4 ng/ µl (1.5 nmol, 10 µM) which was evaporated. The dichloromethane needed 

was dried with molecular sieves. 8 µl of diisopropylethylamine was added to 392 µl of dry 

dichloromethane in a vial and vortexed to mix. 4 mg of dansyl chloride, 4 mg of 

dimethylaminopyridine, and 400 µl dry dichloromethane were added to a separate vial and 

vortexed to mix. 100 µl of the diisopropylethylamine mixture was added to the dried sample and 

vortexed. 100 µl of the dimethylaminopyridine and dansyl chloride mixture was added to the 

sample and vortexed. The reaction mixture was heated at 45°C and shaken for 1 hour. After 1 

hour, 100 µl of methanol was added to each sample vial to quench the reaction. This was followed 

by the addition of 1.8 ml of dichloromethane, 0.9 ml of methanol, and 1 ml of water. This mixture 

was vortexed and the bottom dichloromethane layer was removed and put into a separate glass 

vial. A second extraction was performed with the addition of more dichloromethane to the upper 

layer. The two dichloromethane portions were combined and evaporated. These evaporated 

samples were resuspended in 150 µl of acetonitrile. This acetonitrile resuspension was 

centrifuged and the supernatant was collected. 10 µl of the supernatant was injected to the lC

MS. This analysis showed that the derivatization was in fact occurring but that it was not fully 

derivatizing all of the sterols because some underivatized sterols remained. 

The reaction length was also varied, including 1 and 2 hours. The results showed that the 

chromatographic abundances were similar between the 1 and 2 hour reactions. 

This dansyl chloride derivatization was also tested on the phytosterol standard mixture at 

a concentration of approximately 4 ng/ µl (1.5 nmol, 10 µM) split into four technical replicates. 
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This was performed to test for the standard deviation of the dansyl chloride derivatization alone. 

This resulting relative standard deviation were also high for technical replicates, at 17-21 %. 

The resulting EICs of the most optimized method for the dansyl chloride derivatization 

(which is described in detail in section 4.5.3.C.ii Dansyl chloride derivatization) of a phytosterol 

standard mixture is shown in Figure 4.13 A and B. Figure 4.13 A is the EiC of cholesterol, while 

Figure 4.13 Bis the EiC of campesterol. In each EiC, the chromatograms of the intact derivatized 

sterol, the fragmented derivatized sterol, and the underivatized sterol are represented in blue, red, 

and green, respectively. The same m/z that corresponds to the underivatized sterol but at the 

same retention time as the intact derivatized sterol is the fragmented derivatized sterol. It was 

hypothesized that the dansyl chloride group had fragmented off and this is the resulting fragment 

of the intact derivatized sterol. Figure 4.13 B shows that there is still a small percentage of 

underivatized sterol remaining after the derivatization method. Based on this underivatized sterol 

remaining and high relative standard deviation another derivatization method was tested and 

optimization steps were performed. 
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A 1,200,000 B 1,200,000 
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Figure 4.13: Extracted ion chromatograms of the derivatized cholesterol and campesterol 

in the partially optimized dansyl chloride derivatization methods. Intact derivatized sterol 

chromatograms in blue, fragment of derivatized sterol chromatograms in red, and underivatized 

sterol chromatograms in green. Extracted ion chromatograms (EICs) of cholesterol ([M+H-H20r 
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= 369.3516 and [M+Ht = 620.4132) after dansyl chloride derivatization (A) and campesterol 

([M+H-H2Ot = 383.3672 and [M+Ht = 634.4288) after dansyl chloride derivatization (B). 

4.3.3.C.iii Dimethylglycine derivatization method development and results 

The next derivatization method tested included the reaction of the hydroxyl group on 

carbon-3 with dimethylglycine [61 ]. The mechanism for this reaction is shown in Figure 4.14. The 

dimethylglycine (2) reacts with the electron deficient carbon of the dimethylaminopropyl 

ethylcarbodiimide (1) through nucleophilic attack (Step 1). The dimethylaminopyridine (3) reacts 

with O-acylisourea (4) on the carbonyl of the acyl group to produce an activated amide (5) through 

nucleophilic attack (Step 2). The hydroxyl group in the phytosterol (6) attacks the activated 

carbonyl through nucleophilic attack (Step 3). The formed isourea (7) deprotonates the sterol 

ester (8) producing the desired compound (9) (Step 4). 

The procedure was adapted from a previous protocol [61 ]. Figure 4.15 shows a workflow 

of the basic procedure for the dimethylglycine derivatization discussed in Jiang et al [61]. 
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Figure 4.14: Mechanism for the dimethylglycine derivatization. Hydroxyl group formed a 

dimethylglycine (2) group with a nucleophilic catalyst (dimethylaminopyridine, 3) and a 

nucleophile (dimethylaminopropyl ethylcarbodiimide, 1). 

Evaporate sample 

Add derivatization compounds 
(DMAP, DMG and EDC in dry CHC1 3) 

l 
Stir at 45°C for 1 hour 

l 
Clean up sample 

Figure 4.15: Workflow for the dimethylglycine derivatization. The samples were derivatized 

using dimethylaminopyridine (DMAP), dimethylglycine (DMG), and dimethylaminopropyl 

ethylcarbodiimide (EDC) in dry chloroform (CHCb). From Jiang et al [61]. 

115 



Different experimental parameters were varied to identify the optimal derivatization 

conditions based on the abundance of derivatized vs. underivatized phytosterols and the relative 

standard deviations between replicates. The parameters varied included: length and temperature 

of the reaction and clean-up procedures. 

The sample of interest was added to a glass vial. For these experiments the sample of 

interest was a phytosterol standard mixture at a concentration of approximately 4 ng/ µL (1.5 

nmol, 10 µM) which was evaporated. The chloroform needed was dried with molecular sieves. 

19.6 mg of dimethylaminopyridine, 5.6 mg of dimethylglycine, and 400 µL of dry chloroform were 

added to a vial and vortexed to mix. 15.2 mg of dimethylaminopropyl ethylcarbodiimide and 400 

µL of dry chloroform were added to a separate vial and vortexed to mix. 100 µL of the 

dimethylaminopyridine and dimethylglycine mixture was added to the sample vial and vortexed. 

100 µL of the dimethylaminopropyl ethylcarbodiimide mixture was added to the sample vial and 

vortexed. The molar ratio between the phytosterol standards and the derivatization compounds 

were 1 :20,000, 1 :40,000, and 1 :10,000 for dimethylaminopropyl ethylcarbodiimide, 

dimethylaminopyridine, and dimethylglycine, respectively. The vial was shaken at 45°C for 1 hour 

followed by the addition of 100 µL of methanol to quench the reaction. This was followed by the 

addition of 1.8 ml of chloroform, 0.9 ml of methanol, and 1 ml of water. This mixture was 

vortexed and the bottom chloroform layer was removed and put into a separate glass vial. A 

second extraction was performed with the addition of more chloroform to the remaining methanol 

and water. The chloroform portions were combined and evaporated. This evaporated sample was 

resuspended in acetonitrile, centrifuged, and the supernatant was collected. 10 µL of this 

supernatant was injected to the LC-MS. The results of this analysis showed that the derivatization 

was indeed occurring but that the derivatization was not complete because underivatized sterols 

were still detected. 
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The reaction length was also varied, including 20, 40, 60, and 120 minutes. This showed 

that the abundances of the derivatized sterols were the highest at a reaction length of 20 minutes. 

The temperature of the reaction was also varied, including room temperature and 45°C. 

The resulting abundances of the derivatized sterols were higher in the 20 minutes at 45°C than 

the 20 minutes at room temperature. 

The clean-up procedure was also varied including a 2:1 :1 chloroform/ methanol/ water 

extraction [48], a 4:1 methanol/ water resuspension, and an acetonitrile resuspension and 

centrifugation. The sterol derivatization was not affected by the clean-up procedure. 

This same dimethylglycine derivatization sample preparation was performed on a 

phytosterol standard mixture at a concentration of approximately 4 ng/ µL (1.5 nmol, 10 µM) split 

into three technical replicates. The results of this showed that the derivatization was indeed 

occurring and that the derivatization was complete because there was no signal from the 

underivatized sterols. The relative standard deviations for these technical replicates were 0.9-

2.3%, shown in Table 4.3, which showed profound improvement in comparison to the relative 

standard deviations of the other two derivatization methods tested (i.e. up to 32%). 

Table 4.3: Relative standard deviations of dimethylglycine derivatized sterols. Relative 

standard deviations (Rel. Std. Dev.) in the sterol standard mixture (A) between technical 

replicates. 

Phytosterol Rel. Std. Dev. 

Cholesterol 1.0 

Ergosterol 1.8 

Campesterol 2.3 

Stigmasterol 0.9 

Beta sitosterol 1.7 
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The resulting EICs of the most optimized method for the dimethylglycine derivatization 

(which is described in detail in section 4.5.3.C.iii Dimethylglycine derivatization) of a 

phytosterol standard mixture is shown in Figure 4.16 A and B. Figure 4.16 A is the EiC of 

cholesterol, while Figure 4.16 B is the EiC of campesterol. In each EiC, the chromatograms of 

the whole derivatized sterol, the fragmented derivatized sterol, and the underivatized sterol are 

represented in blue, red, and green, respectively. The fragmented derivatized sterol has the same 

m/z as the underivatized sterol. It is hypothesized that the dimethylglycine group fragmented off 

at the ionization source leaving the fragmented derivatized sterol to be detected. Figure 4.16 B 

shows that this dimethylglycine derivatization technique leads to the highest ion counts and 

chromatographic abundance. 
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Figure 4.16: Extracted ion chromatograms of the derivatized cholesterol and campesterol 

in the most optimized dimethylglycine derivatization methods. Intact derivatized sterol 

chromatograms in blue, fragment of derivatized sterol chromatograms in red, and underivatized 

sterol chromatograms in green. Extracted ion chromatograms (EICs) of cholesterol ([M+H-H20t 

= 369.3516 and [M+Hr = 472.4149) after dimethylglycine derivatization (A) and campesterol 

([M+H-H20t = 383.3672 and [M+Ht = 486.4306) after dimethylglycine derivatization (B). 
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Based on the low relative standard deviations for technical replicates derivatized for 60 

minutes at 45°C and the fact that this method lead to the highest chromatographic abundances 

of cholesterol and campesterol, this was the method chosen for future analyses. 

A table showing the signal-to-noise ratio for campesterol in each sample type using each 

derivatization method is shown below (Table 4.4). As Table 4.4 shows the signal-to-noise ratio 

increased from the underivatized campesterol with an m/z of 383.3672 to the derivatized 

campesterol with an m/z of 528.3812, 634.4288, or 486.4306 for picolinic acid, dansyl chloride, 

and dimethylglycine, respectively, in each case except for those shown in red font. 

Table 4.4: Signal-to-noise ratio of-from different derivatization methods. Signal-to-noise ratio 

of campesterol in each sample type using each derivatization technique and m/z of campesterol 

in the underivatized or derivatized form for picolinic acid, dansyl chloride, and dimethylglycine, 

respectively. 

Sample type Campesterol m/z's Signal-to-Noise 

standard underivatized 383.3672 6.0 
standard underivatized 528.3812 No signal 
microalgae extract underivatized 383.3672 No signal 
microalgae extract underivatized 528.3812 No signal 
standard derivatized with picolinic acid 383.3672 1.4 
standard derivatized with picolinic acid 528.3812 5.6 
microalgae extract derivatized with picolinic acid 383.3672 1.8 
microalgae extract derivatized with picolinic acid 528.3812 3.3 

standard underivatized 383.3672 6.0 
standard underivatized 634.4288 No signal 
microalgae extract underivatized 383.3672 No signal 
microalgae extract underivatized 634.4288 No signal 
standard derivatized with dansyl chloride 383.3672 5.3 
standard derivatized with dansyl chloride 634.4288 37.1 
microalgae extract derivatized with dansyl chloride 383.3672 No signal 
microalgae extract derivatized with dansyl chloride 634.4288 6.0 

standard underivatized 383.3672 6.0 
standard underivatized 486.4306 No signal 
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microalgae extract underivatized 383.3672 No signal 
microalgae extract underivatized 486.4306 No signal 
standard derivatized with dimethylglycine 383.3672 3.3 
standard derivatized with dimethylglycine 486.4306 49.0 
microalgae extract derivatized with dimethylglycine 383.3672 No signal 
microalgae extract derivatized with dimethylglycine 486.4306 20.0 

4.4 Conclusions and future work 

In Chapter 3, the only phytosterol detected in some microalgae samples was ergosterol. 

The original hypothesis as to why the signal of phytosterols produced by microalgae was below 

the detection limit in Chapter 3 was that this was either due to: 

1) signal suppression from the complex matrix 

2) poor ionization of the phytosterol structure. 

The aim of this chapter was to develop a method for the improving the signal to noise of 

the phytosterols and to use this method to analyze the affect that nutrient concentrations and 

growth periods have on the phytosterols produced by microalgae. Three different sample 

preparation types were tested and optimized including: 

1) solubility-based extraction and separation 

2) solid phase extraction-based separations 

3) chemical derivatization 

These sample preparation techniques also required LC-MS-based data acquisition and 

targeted analysis methods, which were also developed. These methods were tested based on 

the resulting abundance, signal to noise, peak shape, retention time, and peak separation for the 

sterols targeted. 

The hypothesis for why there was no detection of the endogenous phytosterols produced 

by microalgae when prepared using the solubility-based extraction and separation or the SPE-
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based separation was because our first hypothesis for why they were below the detection limit 

was incorrect. This hypothesis was that the phytosterols were below the detection limit because 

of matrix signal suppression caused by highly abundant compounds such as chlorophylls and that 

if the phytosterols were separated from these compounds the signal would increase, leading to 

improved signal to noise. This hypothesis was incorrect. 

The second hypothesis was that the ionization efficiency of the phytosterols was poor and 

therefore the chemical structure needed to be altered to improve this ionization efficiency. To test 

this second hypothesis three different chemical derivatizations methods were tested. This 

hypothesis was proven to be correct by the improved signal to noise of the phytosterols after 

derivatization. 

The resulting derivatization method with the best abundance, signal to noise, peak shape, 

retention time, separation of the peaks, and relative standard deviation was the dimethylglycine 

derivatization. However, this method still needs to be used for the analysis in microalgae extract 

biological replicates to determine the effect of the different growth conditions on the phytosterols 

produced. 

In the future, we will derivatize and analyze the time-series microalgae extracts which were 

grown under varying nutrient conditions. This will improve our understanding of the effect that 

nutrient concentrations and growth phases have on the production of phytosterols produced by 

microalgae. 
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4.5 Materials and methods 

4.5.1 Materials 

The materials used in this chapter included all of those used in Chapter 2 discussed in 

section 2.5.1 Materials along with a few additional materials for the sample preparation, LC-MS 

method testing, and optimizations performed. These are described below. 

Stigmasterol, 13-sitosterol, campesterol, ergosterol, cholesterol, and dihydrolanosterol 

standards were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). 2-methyl-6-nitrobenzoic 

anhydride and picolinic acid were purchased from Tokyo Chemical Industry (Portland, OR). 4A 

molecular sieves, 4-(Dimethylamino)pyridine, dansyl chloride, N-(3-Dimethylaminopropyl)-N'

ethylcarbodiimide hydrochloride, N,N-diisopropylethylamine, and triethylamine were purchased 

from Alfa Aesar (Haverhill, MA). Dry tetrahydrofuran was obtained from the Chemler lab 

(Chemistry Department, University at Buffalo, Buffalo, NY). Petroleum ether was obtained from 

the Cook lab (Chemistry Department, University at Buffalo, Buffalo, NY). Chlorofiltr™ SPE 

cartridges were obtained from United Chemical Technologies (Bristol, PA). SPE set up was 

supplied by the Aga lab (Chemistry Department, University at Buffalo, Buffalo, NY). LC-MS grade 

acetonitrile and ACS Reagent grade acetone were purchased from Millipore Sigma (Billerica, 

MA). N,N-dimethylglycine hydrochloride was purchased from Sigma-Aldrich (St. Louis, MO). 

Sodium acetate was obtained from the Neelamegham lab (Chemical and Biological Engineering 

Department, University at Buffalo, Buffalo, NY). LC-MS grade hexane was purchased from 

Honeywell Fluka (Muskegon, Ml). Methylene chloride, also known as dichloromethane, was 

purchased from J.T. Baker (Phillipsburg, NJ). 200 proof ethanol was purchased from Decon Labs, 

Inc. (King of Prussia, PA). A Zorbax Eclipse Plus C18 column with the dimensions 100 mm x 3 

mm, 5 µm was purchased from Agilent Technologies (Santa Clara, CA). Polyethersulphone (PES) 

membrane syringe filters with dimensions 17 mm, 0.20 µm were purchased from Thermo Fisher 

Scientific (Waltham, MA) 
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4.5.2 LC-MS data acquisition and targeted data analysis methods 

Separate LC-MS data acquisition and targeted data analysis methods were used for the 

two different types of sample preparation methods based on the phytosterol structure and the 

most abundant adduct expected. These separate methods were: 

1. solubility-based extractions and separations or SPE-based separations 

2. chemical derivatization. 

These are explained below. 

4.5.2.A Solubility-based extractions and separations or solid phase extraction-based 

separations LC-MS data acquisition and targeted data analysis methods 

The optimized LC-MS data acquisition method parameters for the analysis of the samples 

prepared by solubility-based extractions and separations or SPE-based separations are shown in 

Table 4.4. This method used the same LC-MS instrumentation, m/z range at 250-1700 in 

extended dynamic range, mobile phases, and CS column discussed in Chapters 2 and 3. This 

LC-MS analysis was performed in ESI+ with a fragmentor voltage of 50 V. The injection volume 

was 10 µL and the flow rate was 0.3 ml/ min. The mobile phase composition controlled by the 

binary pump was mostly isocratic which is shown in Table 4.5. In brief, the mobile phase 

compositions remained at 80% B for 25 minutes. This was immediately increased to 100% B and 

stayed there from 25 to 35 minutes. The mobile phase composition immediately decreased back 

to 80% B and stayed there from 35 to 40 minutes. 
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Table 4.5: LC-MS method parameters for the analysis of phytosterols produced by 

microalgae which was extracted and prepared via solubility-based and solid phase 

extraction-based separation. This LC-MS method was developed using these values based on 

the chemical structure of the phytosterols and the most abundant adduct and to result in the 

method with the highest abundance, signal to noise and the best peak shape, retention time, and 

separation of the peaks. 

Parameters Values used 

LC column Phenomenex CS Luna 

Mobile phase A 95:5 water/ methanol 

Mobile phase B 60:35:5 isopropanol/ methanol/ water 

Additives 0.1 % formic acid 

LC method type lsocratic 

Total run time 40 minutes 

Injection volume 10 µL 

Flow rate 0.3 ml/ min 

Ionization mode ESI+ 

Fragmentor 
voltage 50V 

m/z range 250-1700 

MS mode Extended dynamic range 

Table 4.6: LC-MS mobile phase composition over time throughout the data acquisition of 

phytosterols produced by microalgae which was extracted and prepared via solubility

based and solid phase extraction-based separation. The mobile phase composition is shown 

as the percentage of mobile phase B (% B) and is mostly an isocratic LC method. 

Time Mobile phase 
(minutes) composition (% B) 

0 80 
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25 80 

25.1 100 

35 100 

35.1 80 

40 80 

The targeted analysis was performed by extracting the m/z's of the highest abundant 

adduct of the sterols of interest from the TICs to yield EICs. For these samples the highest 

abundant adduct was [M+H-H2Or. These EICs were manually inspected to determine which 

chromatographic peak represented the elution of the correct sterol. This was determined based 

on the retention time compared to standards and the accurate mass within 20 ppm. These 

chromatographic peaks were integrated to determine the chromatographic abundances. These 

abundances were used to calculate the corrected abundances, the average corrected 

abundances, the relative standard deviations, the fold changes, and the p values. 

4.5.2.B Chemical derivatization LC-MS data acquisition and targeted data analysis 

methods 

The optimized LC-MS data acquisition method for the analysis of the samples prepared 

by chemical derivatization is shown in Table 4.6. This method used the same LC-MS 

instrumentation, m/z range, and column discussed in Chapters 2 and 3. This LC-MS analysis 

was also performed in the same ionization mode, with the same fragmentor voltage, with the 

same injection volume, and the same flow rate as the method discussed in section 4.5.2.A 

Solubility-based extractions and separations or solid phase extraction-based separations 

LC-MS data acquisition and targeted data analysis methods. The mobile phases used were 

water (A) and 47.5:47.5:5 acetonitrile/ methanol/ water (B) with 0.1 % formic acid and sodium 

acetate as additives. The mobile phase composition controlled by the binary pump was mostly a 
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gradient which is shown in Table 4.7. In brief, the mobile phase composition began at 90% A for 

3 minutes for the retention of compounds to the column. This composition was immediately 

increased to 70% B. A gradient from 70% B up to 100% B from 3 to 30 minutes was performed 

to elute the compounds from the column. The method stayed at 100% B to elute all remaining 

compounds from the column from 30 to 38 minutes. The mobile phase composition returned to 

90% A for 7 minutes to equilibrate the column for the next injection. 

Table 4.7: LC-MS method parameters for the analysis of phytosterols produced by 

microalgae which was extracted and prepared via chemical derivatization. Developed based 

on the chemical structure of the derivatized phytosterols and the most abundant adduct. 

Parameters Values used 

LC column Phenomenex CS Luna 

Mobile phase A 100% water 

Mobile phase B 47.5:47.5:5 acetonitrile/ methanol/ water 

Additive(s) 0.1 % formic acid and sodium acetate 

LC method type Gradient 

Total run time 45 minutes 

Injection volume 10 µL 

Flow rate 0.3 ml/ min 

Ionization mode ESI+ 

Fragmentor 
voltage 50 V 

m/z range 250-1700 

MS mode Extended dynamic range 

Table 4.8: LC-MS mobile phase composition over time throughout the data acquisition for 

samples that were prepared via chemical derivatization. The mobile phase composition is 

shown as the percentage of mobile phase B (% B) and is mostly a gradient LC method. 
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Time Mobile phase 
(minutes) composition (% B) 

0 10 

3 10 

3.1 70 

30 100 

38 100 

38.1 10 

45 10 

The targeted analysis was performed in the same way as discussed in section 4.5.2.A 

Solubility-based extractions and separations or solid phase extraction-based separations 

LC-MS data acquisition and targeted data analysis methods. The only difference was that the 

m/z's of the highest abundant adducts for these samples were [M+Nar and [M+Hr for the 

picolinic acid derivatization and the dansyl chloride and dimethylglycine derivatizations, 

respectively. 

4.5.3 Method development of various sample preparation techniques 

Three methods were tested for the improvement of the signal of phytosterols: 

1. solubility-based extractions and separations 

2. solid phase extraction-based separations 

3. chemical derivatization 

4.5.3.A Solubility-based extraction and separation 

A representative solubility-based extraction and separation used the combination of 

ethanol, water, and sonication to separate the sterols from other endogenous compounds. In 
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detail, 500 µL of water and 500 µL of ethanol were added to a microalgae pellet. This pellet 

mixture was vortexed to resuspend and was sonicated for 10 minutes in 10 second pulses on an 

ice block. After sonication, the sample was centrifuged for 5 minutes at 16,900 xg and 4 °C and 

the supernatant was decanted. The resulting precipitate was resuspended in 1 ml of chloroform 

and vortexed. This solution was filtered with PES syringe filters and evaporated. This evaporated 

sample was resuspended in 200 µL of chloroform to concentrate and 10 µL of this resulting 

solution was used for LC-MS analysis. Other solvents and methods tested are discussed in detail 

in section 4.3.3.A Solvent solubility-based extractions and separations method 

development and results. 

4.5.3.B Solid phase extraction-based separation 

The final SPE-based separation method optimized used an extraction of the microalgae 

in water and ethanol using sonication followed by Chlorofiltr™ SPE cartridges for SPE. A workflow 

for this optimized SPE-based separation is shown in Figure 4.17.ln detail, 1 ml of water was 

added to a portion of a microalgae pellet. This resuspension was sonicated for 10 minutes in 10 

second pulses on an ice block. This sonicated sample was centrifuged for 5 minutes at 16,900 xg 

and 4 °C and the supernatant was decanted. The resulting precipitate was resuspended in 1 ml 

of ethanol. This ethanol suspension proceeded through the same sonication and centrifugation 

procedure. The resulting supernatant was transferred to a 15 ml centrifuge tube and 4 ml of 

acetonitrile with 1% formic acid was added. The Chlorofiltr™ SPE cartridges were prepared by 

passing through acetonitrile on the SPE set up. The 4:1 acetonitrile/ ethanol microalgae extracts 

were loaded onto the cartridges and passed through into separate centrifuge collection tubes. 

The cartridges were washed with 5 ml of 4:1 acetonitrile/ ethanol. The second wash was 

performed with 5 ml of isopropanol and each wash was collected. These flow through and 

washes were evaporated and resuspended in 200 µL of chloroform. These resulting extracted 
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and separated solutions were filtered through PES syringe filters and 10 µL of the remaining 

solution was used for LC-MS analysis. 

Resuspend algae sample aliquot in 1 ml Hp 

Split sample into 4 replicates, then added 750 µL of HP to each replicate 

add 1 ml of ethanol
Sonicate Centrifuge Discard supernatant 

to samples 

Add 4 ml ACN with 1 % 
formic acid to supernatant 

Wash SPE cartridge Equilibrate SPE Add algae extract to ~ Collect flow 
~ with 4: 1 ACN/ ethanol with cartridge with ACN ~ SPE cartridge to bind through 

1% formic acid to elute 

Filter, evaporate, and Wash SPE cartridge Collect first Collect 
resuspend each portion with IPA to elute washsecond wash 

for LC-MS analysis (2nd time) 

Figure 4.17: Workflow for the Chlorofiltr™ solid phase extraction (SPE). The samples were 

extracted using a sequential water (H2O) then ethanol method with sonication. The cartridge was 

equilibrated with acetonitrile (ACN). 4 ml of ACN and 1% formic acid was added to the sample in 

ethanol. The sample was added and the flow through was collected. The cartridge was washed 

two times individually, first with 4: 1 ACN/ ethanol 1% formic acid and then with isopropanol (IPA) 

and collected each time. All collected portions were prepared for LC-MS analysis. 

4 5.3.C Chemical derivatization 

4.5.3.C.i Picolinic acid derivatization 

The method for the picolinic acid derivatization was similar to the original published 

methods [60, 62] but the derivatization compounds were separated into individual mixtures. 
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Methylnitrobenzoic anhydride is water sensitive; therefore, everything was done under 

inert conditions. A workflow for this optimized picolinic acid derivatization is shown in Figure 4.18. 

The samples to be derivatized were added to the flasks (150 µL) and were evaporated. The 

individual compound mixtures, which included: 40 mg of dimethylaminopyridine in 500 µL dry 

tetrahydrofuran, 40 mg of picolinic acid in 1.0 ml dry tetrahydrofuran, and 100 mg of 

methylnitrobenzoic anhydride in 1.5 ml dry tetrahydrofuran, were prepared. These derivatization 

mixtures were stirred for 5 minutes. 100 µL of the dimethylaminopyridine mixture, 200 µL of the 

picolinic acid mixture, and 300 µL of the methylnitrobenzoic anhydride mixture were added to 

each sample along with 120 µL of triethylamine. These samples containing derivatization 

compounds were stirred at room temperature for 30 minutes. After the 30 minutes, the resulting 

liquid was evaporated and a 1:1 methanol/ water mixture was added to wash the product via 

resuspension and centrifugation. The resulting supernatant was decanted. This precipitate was 

resuspended in 150 µL of acetonitrile and 10 µL of this resulting solution was used for LC-MS 

analysis. 

8 mg DMAP + 8 mg PA+ 20 mg MNBA+ 
1120 µL TEA I100 µL dry THF 200 µL dry THF 300 µL dry THF 

l 
Add to dried algae extract, allow to stir at room temperature for 30 mins 

Evaporated and add 1: 1 methanol/ H2O 

Resuspended, centrifuged, and supernatant decanted 

Precipitate resuspended in acetonitrile 

Figure 4.18: Workflow for the picolinic acid derivatization. The samples were evaporated and 

derivatized using dimethylaminopyridine (DMAP), picolinic acid (PA), and methylnitrobenzoic 
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anhydride (MNBA) in dry tetrahydrofuran (THF) along with triethylamine (TEA). The samples were 

evaporated and cleaned up using 1:1 methanol/ water (H2O) [62] [60]. 

4.5.3.C.ii Dansyl chloride derivatization 

The method for the dansyl chloride derivatization was similar to the original published 

method [59] but the reaction took place at 45°C and a more thorough clean up procedure was 

established. 

A workflow for this optimized picolinic acid derivatization is shown in Figure 4.19. In brief, 

the samples to be derivatized were added to the vials (150 µL) and were evaporated. 8 µL of 

diisopropylethylamine was added to 392 µL of dry dichloromethane in a vial and vortexed to mix. 

4 mg of dansyl chloride, 4 mg of dimethylaminopyridine, and 400 µL dry dichloromethane was 

added to a separate vial and vortexed to mix. 100 µL of the diisopropylethylamine mixture was 

added to each sample vial and vortexed. 100 µL of the dimethylaminopyridine and dansyl chloride 

mixture was added to each sample vial and vortexed. The vials were shaken at 45°C for 1 hour. 

After the reaction, 100 µL of methanol was added to each sample vial to quench the reaction. 

After this, 1.8 ml of dichloromethane, 0.9 ml of methanol, and 1 ml of water were added. This 

mixture was vortexed, the bottom dichloromethane layer was separated and put into a separate 

glass vial. These steps were repeated to perform a second consecutive extraction with the 

addition of more dichloromethane. These dichloromethane portions were combined and 

evaporated. These evaporated samples were resuspended in 150 µL of acetonitrile and the 

resuspended mixture was centrifuged. The supernatant was collected and 10 µL was used for 

LC-MS analysis. 
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2 µl DIPEA + 98 µl dry DCM 1 mg DC, 1 mg DMAP, in 100 µl of dry DCM 

Add both to a vial containing dry algae extract, let stir for 1 hr at 45°C 

1 ml methanol , 1.8 ml DCM, 1 ml H20 added before being vortexed 

Extract DCM layer into a separate vial 

Evaporate and resuspend in acetonitrile for analysis 

Figure 4.19: Workflow for the dansyl chloride derivatization. The samples were evaporated 

and derivatized using dimethylaminopyridine (DMAP), dansyl chloride (DC), and 

diisopropylethylamine (DIPEA) in dry dichloromethane (DCM). The derivatized samples were 

extracted using 2:1 :1 DCM/ methanol/ water (H2O) [59]. 

4.5.3.C.iii Dimethylglycine derivatization 

The method for the dimethylglycine derivatization was similar to the original published 

method [61] but higher volumes of the derivatization compounds were prepared, dry chloroform 

was used, and a more thorough clean up step was added. 

A workflow for this optimized dimethylglycine derivatization is shown in Figure 4.20. In 

brief, the samples to be derivatized were added to the vials (150 µl) and were evaporated. 19.6 

mg of dimethylaminopyridine, 5.6 mg of dimethylglycine, and 400 µl of dry chloroform were added 

to a vial and vortexed to mix. 15.2 mg of dimethylaminopropyl ethylcarbodiimide and 400 µl of 

dry chloroform were added to a separate vial and vortexed to mix. 100 µl of the 

dimethylaminopyridine and dimethylglycine mixture was added to each sample vial and vortexed. 

100 µl of the dimethylaminopropyl ethylcarbodiimide mixture was added to each sample vial and 

vortexed. The vials were shaken at 45°C for 1 hour. After the reaction, 100 µl of methanol was 

added to each sample vial to quench the reaction. Following this, 1.8 ml of chloroform, 0.9 ml of 
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methanol, and 1 ml of water were added and this was vortexed. The bottom chloroform layer was 

separated and put into a separate glass vial. These steps were repeated to perform a second 

consecutive extraction with the addition of more chloroform. These chloroform portions were 

combined and evaporated. These evaporated samples were resuspended in 150 µL of acetonitrile 

and centrifuged. The resulting supernatant was taken and 10 µL was used for LC-MS analysis. 

4.9 mg DMAP + 1.25 mg DMG 3.8 mg EDC + 
+ 100 µl dry CHCl3 100 µl dry CHCl3 

Add both to dried algae extract, allow to stir at 45°C for 1 hr 

Add 1 ml of methanol, 1.8 ml of CHCl3, and 1 ml Hp, then vortex 

Extract CHCl3 layer into a separate vial 

Evaporate and resuspend in acetonitrile for analysis 

Figure 4.20: Optimized workflow for the dimethylglycine derivatization. The samples were 

evaporated and derivatized using dimethylaminopyridine (DMAP), dimethylglycine (DMG), and 

dimethylaminopropyl ethylcarbodiimide (EDC) in dry chloroform (CHCl3). The derivatized samples 

were extracted using 2:1 :1 CHCl3/ methanol/ water (H2O) [61]. 

133 



Chapter 5: Conclusions and future work 

5.1 Significance 

Fossil fuels make up a majority of the current U.S. energy sources, are considered to be 

non-renewable, and release carbon dioxide (CO2) into the atmosphere [102]. CO2 makes up the 

highest percentage of the greenhouse gases in the atmosphere [103]. CO2 is of most importance 

because the concentration in the atmosphere has been steadily increasing since the 1950s; 

therefore, it's contribution to the global heating imbalance has also been increasing [104]. This is 

in comparison to the contributions to the global heating imbalance of other greenhouse gases 

which have remained consistent over time [104]. Also, prior to 1950, the natural concentration of 

CO2 in the atmosphere has cycled between around 175 to 300 ppm, and as of 2016, the global 

average has reached 402.9 ppm [104]. This 100 ppm increase has contributed to global warming 

which has resulted in an increase in the temperature by 1 °C since the late 19th century [105]. 

Therefore we need to develop and utilize a clean, renewable energy source in order to 

halt this increase in temperature. Biodiesel, which is a type of biofuel, is a particular energy source 

of interest [115]. Biodiesel is produced by the transesterification of triacylglycerol (TAGs) and 

methanol to produce glycerol and fatty acid methyl esters [115]. Typically, these TAGs are 

extracted from plant biomass [115]. Some of the terrestrial plants used for biodiesel production 

are corn and soybeans [118]. Aquatic plants such as microalgae are advantageous because they 

are grown on the water and therefore do not use up arable land [118]. Microalgae is also 

advantageous because it has a higher seed oil content and oil yield and therefore a higher 

biodiesel productivity than terrestrial plants [118]. Also, particular species of microalgae are 

considered to be oleaginous, which means high oil yielding; therefore, these are the species most 

typically used for biodiesel production [118]. 
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Microalgae, just like other plants and organisms, need certain nutrients to survive. The 

balance of the levels of these nutrients can affect the biological processes of an organism. The 

level of T AGs and other lipids produced by microalgae can also vary depending on the conditions 

that the microalgae are grown in. Under varied growth conditions, such as varied nutrient 

concentrations, microalgae produce more TAGs and lipids in general [6, 32, 35, 84, 99, 122, 125, 

126, 130-132]. There is also an inverse correlation between the lipid production and the growth 

rate, where the lipid production increases while the growth rate decreases. 

A majority of the previous MS-based analyses on lipid levels have focused on the effect 

of the nitrate concentration on the microalgal production of TAGs. Many of these analyses have 

been static in that the only change was the nitrate concentration in the media. Most have also 

only focused on the levels of T AGs and lipids in general and in some instances other lipid families 

of interest but fail to provide molecular level information. 

Another group of compounds of interest are value-added products. For microalgae some 

of these include: vitamins, terpenoids, flavonoids, and certain lipids such as phytosterols, omega-

3 fatty acids (FAs), and TAGs. These are value-added because they can be extracted and utilized 

for human health. 

Therefore, the aim of this research was to: 

1) develop a method for the analysis of hydrophobic metabolites 

2) use that method to analyze the effects of the varying nitrogen and phosphorous 

concentrations along with the different growth periods on the production of hydrophobic 

metabolites in microalgae 

Ultimately, the goal of this research project was to better understand the inverse 

correlation of increased lipid production and decreased growth rate under different growth 

conditions. 
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5.2 Chapter 2 

5.2.1 Research aims 

The aim was to develop a method for the analysis of hydrophobic metabolites produced 

by the oleaginous, non-model, green microalgae species, Ettlia o/eoabundans. 

5.2.2 Summary of the experimental design 

The microalgae was grown using an optimized protocol and the only variation was the 

concentration of nitrate or phosphate in the media [32, 84]. The biomass and optical density was 

analyzed for five biological replicates (n=S) for each time point for experimental design in order to 

determine which conditions to select for further analysis. The biomass measurement allowed for 

a biomass-based normalization performed before the injection of the extracted samples to the 

LC-MS. The conditions selected were nitrogen replete (N+), nitrogen deplete (N-), phosphorous 

replete (P+), and phosphorous deplete (P-) and grown for 2, 4, 7, and 10 days (16 conditions). 

The conditions N-7 and N+ 7 were used to test the extraction efficiency and LC-MS 

analysis method for successful extraction and analysis of metabolites. The metabolite extraction 

was performed using a combination of bead milling and dounce homogenization. The extraction 

efficiency was performed by spiking the samples with an exogenous lipid surrogate, oleic acid

d9, at the beginning of the extraction, into the methanol for bead milling, in 3 biological replicates 

(n=3). LC-MS analysis was used to assess the percent recovery based on the abundance of this 

surrogate after the extraction compared to the abundances from a matrix matched calibration 

curve. Along with this extraction efficiency analysis, the LC-MS analysis was performed on the 

non-spiked extracts in order to determine if the lipids were detected and separation of the lipids 

was successful in a few specific endogenous lipid families of interest. One group of lipid families 

of interest were fatty acids (FAs), diacylglycerols (DAGs), and TAGs which are involved in TAG 
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biosynthesis which is used for biodiesel production. Another group was phosphatidylglycerols 

(PGs) and galactolipids which compose the chloroplast and thylakoid membranes. Also, 

phosphatidylcholines (PCs) and phosphatidylethanolamines (PEs) were of interest because along 

with PGs and galactolipids, PCs and PEs compose the cellular membrane. 

5.2.3 Results and conclusions from the experimental design 

The percent recoveries were 86% and 87% for N-7 and N+?, respectively. The relative 

standard deviations of these percent recoveries (n=3) were 13 and 15%, respectively. This high 

percent recovery showed that the procedure used was efficient at the recovery of the extracted 

metabolites for future LC-MS analysis. 

A large percentage of the individual lipids analyzed were detected in each lipid family 

which shows that the LC-MS method was sufficient. Also, there was a difference in retention times 

and therefore separation between the different lipid families. This shows that the LC method was 

suitable for this separation because of the low amount of peak overlap. 

5.3 Chapter 3 

5.3.1 Research aims 

The aim was to use the method developed in Chapter 2 to analyze the effect of varying 

nitrate or phosphate concentrations and growth phases on the hydrophobic metabolites and 

specifically the lipids produced by E. o/eoabundans. Extraction of RNA for the future 

transcriptomics analysis was also carried out. 

137 



5.3.2 Summary of the analysis of hydrophobic metabolites and the RNA extractions 

The total lipid content was analyzed to determine the effect of the different growth 

conditions selected (N-, N+, P-, and P+, days 2, 4, 7, and 10, 16 conditions, n=S) on the 

percentage of lipids in the total biomass. The hydrophobic metabolites were extracted and 

analyzed via LC-MS using an integrated untargeted and targeted approach (n=3). 

The Qiagen Plant RNAeasy Plant Kit was used to extract and purify the RNA. This 

extracted RNA was analyzed using spectrophotometric analysis and gel electrophoresis to 

determine the RNA integrity and purity. This extraction and analysis was performed on two 

biological replicates from each condition. The extracted RNA was sent to GeneWiz for 

transcriptomic analysis. 

5.3.3 Results and conclusions from analysis of lipids and hydrophobic metabolites 

The analysis of the total lipid content showed that the amount of lipids produced was 

higher in N- compared to N+. It also showed that there was more statistical significance, defined 

as having a p value < 0.05, between the nitrogen replete vs. deplete conditions growth for the 

same growth phase (e. g. N-7 vs. N+?, p = 0.0162) than the phosphorous replete vs. deplete 

growth for the same growth phase (e.g. P-7 vs. P+?, p = 0.0689). 

The LC-MS data acquisition and analysis have led to a few conclusions. The targeted 

analyses have led to the conclusion that T AGs begin accumulating as an energy source when 

the nitrate or phosphate is fully internalized and therefore no more is remaining in the media (N-

2 and P-2). Following this, when the cell reaches the stationary phase (N-7 and P-7) it was 

hypothesized that the cells break down these TA Gs for energy and therefore produce more F As 

and DAGs. Another group of lipids which show a trend are those that make up the chloroplast 

and thylakoid membranes: PGs and galactolipids such as monogalactosylmonoacylglycerols and 
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DGDGs. These lipids along with the more simple lipids which are upstream in the biosynthesis 

pathway are depleted and therefore it was hypothesized that the structure of the chloroplast and 

thylakoid membrane are affected. It was also hypothesized that this effect on the membrane 

structure leads to a decrease in the production of chlorophylls which is another trend that is shown 

with the untargeted analysis. The SQDGs exhibit a different trend. In the later time periods in the 

early and late stationary phases when the microalgae are not growing as rapidly, the SQDGs are 

depleted. It was hypothesized that the cells are using the sulfur from the SQDGs to produce other 

important compounds such as proteins. 

5.4 Chapter 4 

5.4.1 Research aims 

In Chapter 3 many hydrophobic metabolites were analyzed via untargeted analysis and 

many lipids were analyzed via targeted analysis. One endogenous lipid family of interest that was 

below the detection limit was phytosterols. In Chapter 4 the aim was to develop a method to 

improve the signal to noise of the phytosterols via LC-MS and to analyze how these varying 

growth conditions affect the phytosterol production in microalgae. 

5.4.2 Summary of the strategies tested 

Different strategies were tested for improved signal to noise including: 1) solubility-based 

extraction and separation, 2) solid phase extraction-based separation, and 3) chemical 

derivatization. Three different chemical derivatizations were tested: picolinic acid- [60, 62], dansyl 

chloride- [59], and dimethylglycine-based [61] derivatizations. 
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5.4.3 Results and conclusions from the strategies tested 

Based on the strategies tested and detection and separation results using LC-MS the 

method determined to be the best for improved phytosterol signal to noise was the 

dimethylglycine-based chemical derivatization. The optimized method resulted in complete 

derivatization of phytosterols in a standard sterol mixture. 

5.5 Overall conclusions 

Overall, the work presented in this dissertation sheds light on the biochemical regulation 

of value-added products in a microalgal species grown under different nutrient conditions. These 

results have also presented potentially important biochemical pathways that affect cell growth 

under these conditions. 

5.6 Future work 

In Chapter 3, since the microalgae analyzed was a non-model species, in order to analyze 

and interpret the transcriptomic data, the genome must be assembled. Therefore, the future work 

is to assemble the genome using a reference model species, use that to interpret the 

transcriptomic results, determine which genes are up or down regulated based on those 

interpretations, and compare those up and down regulations to the lipidomics results. 

In Chapter 4, various sample preparation techniques were tested and the dimethylglycine

based chemical derivatization method was optimized using standards. In the future, biological 

replicates of the microalgae extracts grown under different conditions will be derivatized using this 

dimethylglycine-based method. These will be analyzed by LC-MS to determine the effect of these 

growth conditions on the phytosterols produced by this microalgae species. 
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