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CHAPTER | — INTRODUCTION

The decline in fossil fuel reserves and the risks associated with reliance on foreign
oil has led to a massive movement to find alternative, renewable sources of fuel in the
United States. One of these renewable sources has been biofuel obtained through certain
forms of organic biomass (Chisti 2007; Williams and Laurens 2010; Christenson and
Sims 2011; Costa and de Morais 2011; Kirrolia et al. 2013; Moraes et al. 2016).
Microalgae are an extremely promising biofuel feedstock. Neutral lipids produced by the
microalgae can be converted to biofuel through a process known as transesterification
(Griffiths and Harrison 2009; Rodolfi et al. 2009; Borowitzka 2010; Day et al. 2012).
Protein content and the algal biomass that remains following lipid extraction can be used
for other important bioproducts such as animal feeds or fertilizer (Hu et al. 2008;
Christenson and Sims 2011; Costa and de Morais 2011; Razzak et al. 2013; Alam et al.
2015). Additionally, this “leftover” biomass can be anaerobically digested by bacteria to
produce natural gas in the form of methane (Weiland 2010; Abdel-Raouf et al. 2012).
Deriving fuel from algae, however, must be cost effective (Williams and Laurens 2010;
Kirrolia et al. 2013; Templeton and Laurens 2015). Wastewater can be used as a growth
medium for algae, where the algae remove nutrients from the wastewater while
simultaneously producing biogenic materials that can be used for fuel, animal feed, and
other useful products (de-Bashan and Bashan 2010; Christenson and Sims 2011; Costa
and de Morais 2011; Park et al. 2011; Pittman et al. 2011; Razzak et al. 2013). If all
biogenic materials from the algae are monetized from this process it will offset biofuel

production costs.



1.1 Present status of the question

The conversion of biomass to biofuel began with a first generation of feedstocks
from crops such as soybeans, palm oil, sugarcane and sunflower (Food and Agriculture
Association of the United States 2008; Ahmad et al. 2011; Alam et al. 2015). This first
generation proved unsatisfactory for fuel purposes because the land it required was both
expansive and required diversion of limited resources away from food production
(Ahmad et al. 2011; Costa and de Morais 2011; Razzak et al. 2013). In the second
generation, non-food feedstocks such as waste cooking oil and tobacco seed were used
for biofuels (Ahmad et al. 2011). The disadvantages of these were low supply, high cost,
intolerance to cold temperatures, and that they produced unsaturated fatty acids (Ahmad
et al. 2011; Alam et al. 2015). The presence of unsaturated fatty acids increases the
chance of oil degradation, such as oxidation in storage, which lowers the potential value
of the oil (Chisti 2007; Ahmad et al. 2011).

The third generation of biofuel feedstocks currently being tested is incredibly
promising: microalgae. Mass culture of microalgae was proposed as early as 1951 by
Myers et al. (1951). Microalgae provide a multitude of advantages: 1) rapid cell
replication; 2) non-competitive with traditional food sources; 3) reduced requirement for
land area that first- and second-generation feedstocks required; and 4) remaining biomass
following extraction of required material for biodiesel can be used for animal feeds,
fertilizer or natural gas (Hu et al. 2008; Costa and de Morais 2011; Alam et al. 2015).
Additionally, microalgae do not contribute to further CO> in the atmosphere (Sawayama
etal. 1995; Yun et al. 1997; Hu et al. 2008; Ahmad et al. 2011, Pires et al. 2012;
Bilanovic et al. 2012). Carbon dioxide can be captured from somewhere (i.e. a power
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plant or refinery) and utilized for algae growth (Campbell et al. 2011). This removes CO>
from the atmosphere or uses CO that would otherwise be emitted to the atmosphere and
invests the carbon into fuel production. Additionally, since biofuel is produced from the
algae, the need for fossil fuel is reduced.

Microalgae produce neutral lipids that can easily be converted to fuel (Burlew
1953; Weissman et al. 1989; Hu et al. 2008; Griffiths and Harrison 2009; Rodolfi et al.
2009; Borowitzka 2010; Day et al. 2012). Lipids are storage compounds of metabolic
energy made of carbon that can be utilized by microalgae when carbohydrates are no
longer being synthesized (Zhu et al. 2016). Lipid metabolism begins with an initial pool
of molecules within the cell containing 3 carbons, followed by the formation of complex
lipids from fatty acids by two major systems: one in the chloroplast and one in the
endoplasmic reticulum (Thompson 1996). Saturated fatty acids are preferred over
unsaturated fatty acids for fuel production because they are less likely to degrade through
oxidation and other processes (Chisti 2007; Francisco et al. 2010; Ahmad et al. 2011).
The energy created through lipid metabolism is necessary for multiple steps in the cell
cycle, including cell growth, DNA replication, nuclear division and cellular division (Zhu
et al. 2016). Fatty acid composition varies between lipid classes and species, although
palmitate is the most common saturated fatty acid in algae (Thompson 1996; Guschina
and Harwood 2006a). Lipids can be distributed in microsomes, plasma membranes and
chloroplasts (Thompson 1996).

There are two types of lipid: neutral lipids that are energy reserves and polar
lipids which are part of cellular constituents like membranes (Zhu et al. 2016). The algae
store neutral lipids as triacylglycerols (TAGS) (Zhu et al. 2016). Membrane structures
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contain phospholipids and glycolipids and differences in quantities of these lipids may
reflect differences in chloroplast abundance (Thompson 1996). For oil production, lipids
should ideally be saturated hydrocarbon chains (16-18 hydrocarbons long) containing
little to no double bonds (Francisco et al. 2010).

Conversation about the use of algae as an energy source began over 50 years ago
when Meier published a paper in 1955 titled “Biological cycles in the transformation of
solar energy into useful fuels” (Weissman et al. 1989). He suggested that methane gas
should be produced via fermentation of algae and discussed the hope that fuel be created
from algae, as well as the useful byproducts that would be delivered from the process. In
1960, Oswald and Golueke followed up on these ideas when they discussed conversion of
solar energy to electrical power through the same microbiological processes. Other
studies found that when algae were put under conditions that eventually starved them of
nutrients (Opute 1974; Shifrin and Chisholm 1980; Thompson 1996; Sheehan et al. 1998;
Converti et al. 2009; U.S. DOE 2010; Chen et al. 2011; Anandarajah et al. 2012), more
lipids were produced. Utilizing these lipid stores as opposed to carbohydrates as a source
of energy gained serious attention during the oil crisis of the early 1970s which finally
gave the Department of Energy (DOE) incentive to initiate their Aquatic Species Program
(Sheehan et al. 1998).

The Aquatic Species Program (ASP) was created in order to take a deeper look
into the use of algae as a source for biofuel (Weissman et al. 1989; Sheehan et al. 1998).
It began in 1978 and was a critical endeavor taking on the process of improving oil
production in algae. It was part of the federal biofuels program and closed in 1996 due to
budget restrictions (Sheehan et al. 1998). Since the end of the project, interest in
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developing fuel from algal feedstocks has resurfaced in order to meet the federal
Renewable Fuels Standard (RFS) mandate within the Energy Independence and Security
Act of 2007. The RFS mandate requires an increased amount of renewable fuels be put
into action by 2022, of which a minimal amount can come from corn-based ethanol (U.S.
DOE 2010). Not only does biofuel from algae meet these requirements, but it will also
reduce U.S. dependence on foreign oil, provide environmental benefits, and create
economic opportunities across the nation (U.S. DOE 2010).

Current scientific literature is rich in studies that discuss the advantages of algae-
derived biofuel. One of these is that the “leftover” algae biomass provides a host of useful
byproducts including bioplastics, fertilizer, soil amendments, fish and livestock feed (Hu
et al. 2008; Christenson and Sims 2011; Costa and de Morais 2011; Razzak et al. 2013;
Alam et al. 2015). Algae are also a good alternative to fossil fuel sources because they
can fix CO, from the atmosphere thus acting as a carbon capture resource (Sawayama et
al. 1995; Yun et al. 1997; Mulbry et al. 2008; Khan et al. 2009; Pires et al. 2012; Moraes
et al. 2016; Moreira and Pires 2016). Thus, microalgae produce biofuel material while
fixing CO2 and reducing the rate of increase in greenhouses gases in the atmosphere
(Pires et al. 2012). Despite its costs, many have argued that the use of microalgae for
biofuel production could become economically practical (Chisti 2007; Khan et al. 2009;
Bilanovic et al. 2012).

1.1.1 Algal Biology

Normal microalgal growth begins with a lag phase, often a result of culture
transfer where cell numbers are slowly accumulating (Shuter 1979; Langdon 1987,
Reynolds 2006). The algae then transition into an exponential phase, called log phase,
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which continues while nutrients and other environmental factors are not limiting to
growth (Shuter 1979; Langdon 1987; Reynolds 2006; Chinnasamy et al. 2010). When
one necessary factor, often a nutrient like P or N, becomes limiting, growth slows, and
division stops (Shuter 1979; MaclIntyre and Cullen 2005). As long as light and carbon
dioxide are present for photosynthesis, biomass can continue to accumulate in the algae
(Langdon 1987; Reynolds 2006; Chinnasamy et al. 2010; Di Caprio et al. 2015). When
turbidostat control was switched to batch operations in one study, biomass continued to
increase while cell concentration stopped increasing after 120 hours (Di Caprio et al.
2018). After all cellular reserves are exhausted, cells enter senescence (Reynolds 2006).
In nature, cells are more likely to sink or be consumed than reach senescence (Reynolds
2006). MaclIntyre and Cullen (2005) showed a culture where stationary phase was
reached at day 12 due to exhaustion of ammonium. Stationary phase has been reached at
around 7-10 days (Durvasula et al. 2015), and 23 days (Kim 2015) for example. Most
cultures in a study by Menaa et al. (2015) reached stationary phase around day 15,
although one of the cultures had still not reached stationary phase by day 40, showing
that a much later stationary phase is possible. In stationary phase, cells are no longer
dividing, but they do continue to fix carbon, thus, biomass is expected to increase even
though cell division stops (Langdon 1987; Reynolds 2006; Chinnasamy et al. 2010; Di
Caprio et al. 2018). This means that increased AFDW, chlorophyll a (chl a)
concentrations and lipid concentrations will be present in stationary phase. Protein
production will stop but cells can continue to grow and produce more biomass (Reynolds

2006).



Decreases from a strain’s optimal temperature can result in a reduction of
cytoplasm function, resulting in decreased nutrient utilization efficiency and
photoinhibition (Subhash et al. 2014; Show et al. 2017). Low temperatures also cause
oxidative stress, while temperatures above the maximum cause heat stress that denature
functional proteins and photosynthetic enzymes (Show et al. 2017). In general, optimal
temperatures range from 20-25 °C for these algae, but many can thrive between 15-30 °C
(Show et al. 2017). In one study, the optimal temperature was 25 °C for all studied
strains (Show et al. 2017). When temperatures rise above the ideal condition, heat stress
happens quickly, and proteins denature (Reynolds 2006; Subhash et al. 2014; Zhu et al.
2016; Show et al. 2017).

For biofuel (e.g. highly saturated hydrocarbon compounds) and other high value
co-products (e.g. omega 3 fatty acids, highly unsaturated compounds), the crucial
material from algae are lipids (Hu et al. 2008; Griffiths and Harrison 2009; Borowitzka
2010; Day et al. 2012). Microalgae oil can make up 16-75% of algal dry weight
(Bilanovic et al. 2012; Schnurr et al. 2013) and can even exceed 80% (Chisti 2007).
Numerous studies concerning the production of these oils in different species of algae
were carried out under the ASP (Sheehan et al. 1998). Scientists have been particularly
interested in what triggers lipid production. It is clear that under certain growth
conditions, there is a higher production of lipids (Shifrin and Chisholm 1980; Thompson
1996; Sheehan et al. 1998; Guschina and Harwood 2006b; Rodolfi et al. 2009; Widjaja et
al. 2009; Xin et al. 2010; Anandarajah et al. 2012; Orddg et al. 2012; Schnurr et al.
2013). Often these conditions are starvation-based because under nutrient-deplete
conditions, the chemical (metabolic) processes within the algae that maintain its growth
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switch from carbohydrate and protein synthesis for cell division to lipid biosynthesis
(Chen et al. 2015).

Nitrogen limitation seems to affect algal metabolism the most (Hu et al. 2008),
and many studies concerning nitrogen limitation were carried out within and since the
close of the ASP (Thompson 1996; Merzlyak et al. 2007; Hu et al. 2008; Rodolfi et al.
2009; Widjaja et al. 2009; Orddg et al. 2012). When nitrogen becomes limiting to cellular
protein synthesis and growth, cells divert attention away from cell division and towards
carbon storage (Zhu et al. 2016; Di Caprio et al. 2018). External variation in the major
nutrients required for cell division will lead to changes in macromolecular composition
within the cell (Zhu et al. 2016). Adequate light will enhance the storage of carbon in
neutral lipids, but enhancement only continues up to the light saturation point, past which
the cell can experience damage (Zhu et al. 2016). Temperature affects carbon storage in a
similar way: as temperature increases, growth and lipid production will increase until the
temperature is high enough to damage the cell (Reynolds 2006; Subhash et al. 2014; Zhu
et al. 2016; Show et al. 2017). Wei et al. (2015) found that increased temperature lead to
a decrease in neutral lipids and an increase in polyunsaturated and monounsaturated fatty
acids. Carbon dioxide levels also affect lipid synthesis the same way light and
temperature do. Excessive CO2 will negatively affect the culture through carbonic acid
formation that reduces the pH of the system (Zhu et al. 2016). Optimal CO2 values vary
between species. Salinity and metal stress can also increase lipid production. Further
research is required to fully understand the cue that switches starch to TAG production in

microalgae (Li 2015; McKie-Krisberg et al. 2018).



Nitrogen starvation may not be the best solution for lipid production. The method
may produce high lipid content per cell, but in some studies has led to an overall decrease
in biomass (Ordog et al. 2012; Chen et al. 2015). If biomass levels are too low, lipid
productivity will be too low for commercial use, which would be a major problem with
the algal biofuel pursuit (Borowitzka 1992). Finding a growth condition that results in the
highest yield of both overall biomass and intracellular lipid content is one of the keys to
creating a commercially viable system of algal biofuels.

Fatty acids (the building blocks of lipids) and carbohydrate (stored as starch)
synthesis have common carbon precursors, resulting in competition between the
formation of each, where one is generally produced at a time (Breuer et al. 2015; Li et al.
2015). It has been shown that in initial stages, carbohydrates and lipids are both
produced, however carbohydrates will be produced at a higher rate (Li et al. 2016). The
Shuter model (Shuter 1979) showed that cells increase carbon storage when they receive
adequate light and temperature, but N is depleted. Cultivation conditions including
nitrogen starvation, light intensity, light-dark cycle, and CO2 concentration can regulate
carbon partitioning between carbohydrates and lipids (Cheng et al. 2017). For example,
when nutrients become limiting, genes related to starch degradation and lipid synthesis
are up-regulated within these cells (Li et al. 2011, 2016; Cheng et al. 2017). It has been
shown that this effect may not occur immediately upon nutrient depletion, but after
prolonged depletion (Li et al. 2015). Cheng et al. (2017) showed this pattern in their
study, where starch formation reached a peak at the beginning of stationary phase, as did
Yao et al. (2012) when they found 54% starch accumulation and no lipid accumulation in
Tetraselmis subcordiformis directly at the point of nitrogen depletion. Storing carbon as
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starch is preferred over lipids because the energy requirements for using starch are lower
than the energy required for fatty acid oxidation due to pyruvate conversion (Li et al.
2015).

Another important biochemical component produced by algae that can be used for
human nutrition supplements and animal feed is protein (Bleakley and Hayes 2017).
Proteins are a crucial component of cell division and growth and perform crucial
regulatory roles (Reynolds 2006; Li et al. 2016; Show et al. 2017) (Solovchenko et al.
2016). They carry out a multitude of functions within the cell, including production of
RuBisCO required for carbon fixation (Li et al. 2016). Fixed carbon dioxide produces
proteins that stimulate cell division biomass production (Li et al. 2016). Due to their
crucial role in cell division, proteins should be present in highest concentrations in
logarithmic (log) phase. Another example of a protein function is the reduction of nitrate
and nitrite to ammonium which can then be used by the cell (Reynolds 2006). Proteins
are also a crucial component within the light-harvesting complex (LHC), which absorbs
light for photosynthesis (Reynolds 2006; Weatherby and Carter 2013). The LHC is
important for photosynthetic efficiency, photoprotection and photo acclimation in the
cell.
1.1.2 Costs and Considerations

A major issue with algal biofuel production is the cost (Uduman et al. 2010;
Williams and Laurens 2010; Kirrolia et al. 2013; Templeton and Laurens 2015). Costs
can include those from bioreactor construction, CO- capture, nutrient amendments, cell
harvesting, labor, machinery, operational, and maintenance expenses (Bilanovic et al.
2012). It is also costly to isolate the lipids. Algae come in small, dilute cultures, so large
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amounts of water must be processed and the procedures to do so are expensive (Molina
Grima et al. 2003; Uduman et al. 2010; Christenson and Sims 2011). When culturing
algae it is expensive to keep essential nutrients supplied, both monetarily and
environmentally, since nutrients are usually supplied via chemical additions (Bilanovic et
al. 2012). To offset the expense of using algae for biofuel, cost-savings may be realized
by culturing the algae in conjunction with wastewater treatment (Hoffmann 1998; de-
Bashan and Bashan 2010; Costa and de Morais 2011; Rawat et al. 2011; Zhou et al. 2012;
Cai et al. 2013; Razzak et al. 2013; Lizzul et al. 2014). Additionally, making use of
biochemical products such as protein can help alleviate the cost of algal biofuel
production (Hu et al. 2008; Christenson and Sims 2011; Costa and de Morais 2011,
Razzak et al. 2013; Alam et al. 2015).

Species choice is crucial for successful wastewater treatment and algae-based
biofuel production (Borowitzka 1992; Xin et al. 2010; Day et al. 2012; Chen et al. 2015).
For commercial use of algal biofuels to be a success, the selection of an appropriate algal
species is imperative (Lizzul et al. 2014). In one study, significant differences in lipid
classes, the relative contribution of the individual classes, and the acyl compositions, an
important part of lipid structure that can affect overall cell function, were found between
the Chlorophyte Chlamydomonas reinhardtii and the Bacillariophyte Cyclotella
meneghiniana (Vieler et al. 2007). Desirable traits in algae for biofuel purposes include
high biomass yield, high content of lipids, large cells with thin walls (as these are easier
to extract materials from), flocculation properties, robustness (hardy and easily cultured
cells), and highly efficient utilization of available nutrients (Do Nascimento et al. 2013).
In the end, the ideal strain may only be attainable through genetic modification (Chisti
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2007; Brennan and Owende 2010; Christenson and Sims 2011; Anandarajah et al. 2012;
Day et al. 2012; Do Nascimento et al. 2013; Chen et al. 2015). Additionally, each algal
species will respond to light, temperature and nutrient availability in different ways (Tang
et al. 2011; Juneja et al. 2013; Maity et al. 2014a).

Another important aspect of these studies is location. Algal species respond
differently to environmental factors such as light and temperature. Part of finding which
species will produce biofuel material most successfully is finding which species grow
optimally in a particular area, and often these will be native species (Jiménez-Pérez et al.
2004; Wang et al. 2010a; Zhou et al. 2011b; Seebah et al. 2014). In a study by Weissman
et al. (1989), an “optimal strain” was outgrown by a native strain. Additionally, by using
native strains we avoid a preferred strain being outgrown by another, and the accidental
release of a non-native strain to the environment. When raising algae with wastewater
commercially, native strains are often more successful (Jiménez-Pérez et al. 2004; Zhou
et al. 2011b). Since a native strain or species is acclimated to its native environment,
growth is improved (Wang et al. 2010a). It has been shown that non-native species (i.e.
commercial species) can remove more nutrients if first acclimated to their new
environment (Chen et al. 2015). Additionally, a mixed native culture is sometimes
preferred to a monoculture because the mixed culture can stimulate biomass and lipid
productivity (Jiménez-Pérez et al. 2004; Zhou et al. 2011b).

The earliest studies of using algae in the treatment of wastewater were carried out
in 1957 by Oswald and Gotaas when they tested nutrient uptake, or fixation, by
photosynthetic organisms in wastewater for the benefit of oxygen production. Now that
science has progressed to the use of algae for biofuel, raising algae in wastewater for this
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purpose provides a suite of benefits that could offset the associated costs. The removal of
phosphorus and nitrogen from the water decreases the chance of eutrophication
downstream (Hoffmann 1998; Cai et al. 2013; Chen et al. 2015), and the algae produce a
myriad of useful bioproducts including material for biofuels, livestock feed, fertilizer,
bioplastics, human nutritional supplements, and other marketable products (Christenson
and Sims 2011; Costa and de Morais 2011; Razzak et al. 2013; Alam et al. 2015). Algal
treatment of wastewater is arguably better for the environment, more efficient at
removing wastewater nutrients, and less costly than traditional water treatment protocols
(Hoffmann 1998). The fact that all of these benefits could be attained, whilst CO> is
being captured and fed to the algae for fuel production, presents a promising opportunity
for mass production of biofuel from microalgae.

Raising algae in wastewater for the production of biofuel and other products has
been implemented and studied in numerous locations including California, Florida and
Hawaii but work of this type has never been conducted on the Mississippi gulf coast. This
study tested how this method of biofuel production could work using Mississippi’s
municipal wastewater as a nutrient and water source. It has been shown that wherever the
wastewater is being treated, local species are the most effective for biofuel production
and wastewater treatment. For this project, an isolated native microalgal species and a
common laboratory species, used repeatedly in the literature for these types of studies,
were compared. Numerous studies have shown that Chlorella and Scenedesmus species
are great candidates for the production of biofuels because of their reproductive
capabilities and lipid composition (Rodolfi et al. 2009; Xin et al. 2010; Rawat et al. 2011;
Schnurr et al. 2013; Maity et al. 2014a; Alvarez-Diaz et al. 2015; Di Caprio et al. 2015; Ji
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et al. 2015). Chlorella sorokiniana is both thermo-tolerant and fast growing and is
repeatedly seen in the biofuel literature (Rodolfi et al. 2009; Li et al. 2013; Lizzul et al.
2014; Juntila et al. 2015; Zheng et al. 2015), which makes it a common laboratory species
and good candidate for this study. A Scenedesmus species was also isolated from this
study’s local area of interest.

This study offers clarification of whether cost-effective biofuels can be produced
here on Mississippi’s gulf coast. Chen et al. (2015) say that the “ability of microalgae
strains to valorize waste stream and accumulate lipid varies for each strain and waste
stream.” This relationship between algal species and waste stream on the gulf coast was
addressed in this study. New evidence is brought to light pertaining to appropriate species
choice to make the process of algae to biofuel a commercially viable one. This study
shows whether the Mississippi gulf coast is a likely locale to create cost effective
biofuels. According to Christenson (2011), the collaborative potential between those that
grow algae and technology development to grow algae in wastewater is not being fully
recognized. This study strives to extend that collaboration and to help it grow in Southern
Mississippi.

1.2 Hypotheses

The objective of this study was to test two species of phytoplankton for growth in
waste effluent collected at the NASA John C. Stennis Space Center. One species is a
locally isolated Scenedesmus sp. and the other is Chlorella sorokiniana, a common
laboratory algal strain. The purpose of this experiment is to use microalgae to remove
excessive nutrients from the wastewater and produce materials for biofuels and other
useful byproducts. This study tested 4 hypotheses: 1) the quantities and relationships
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between growth phases and temperatures of key biomass and biochemical components
shown by the two species will differ from each other; 2) the quantity of extracted
chlorophyll (chl a), ash-free dry weight (AFDW), lipid, and protein will always be
greater under typical summer temperatures when compared to typical winter
temperatures; 3) microalgal cultures will produce the highest biomass concentrations and
cellular lipid content during log phase; 4) each species will achieve an 80% reduction of

nutrient concentrations from the original wastewater sample concentration.
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CHAPTER Il - MATERIALS AND METHODS

2.1 Location

This study was carried out at The University of Southern Mississippi Division of
Marine Science (USM DMS), located at the NASA John C. Stennis Space Center in
Mississippi. Wastewater samples were acquired from the Space Center’s water hyacinth
treatment facility, collected prior to the site’s cleaning process.
2.2 Strain Selection

Two species of phytoplankton, a Scenedesmus sp. isolated locally from the Bay of
Saint Louis, Mississippi, and a common laboratory model species Chlorella sorokiniana
from the University of Texas at Austin culture collection (clone 1230), were chosen for
this study. The locally isolated Scenedesmus sp. was chosen because of evidence that
shows locally isolated species grow optimally and produce biofuel material most
successfully (Jiménez-Pérez et al. 2004; Wang et al. 2010; Zhou et al. 2011b; Seebah et
al. 2014). Locally isolated species are less likely to be outcompeted by another species,
and will not cause issues if accidentally released into the environment (Zhou et al.
2011a). When raising algae with wastewater commercially, local strains are often more
successful (Jiménez-Pérez et al. 2004; Zhou et al. 2011b).
2.2.1 Scenedesmus sp. isolation

The Scenedesmus species used in this experiment was collected from the Bay of
Saint Louis, Mississippi, on June 11, 2015. Isolation was completed through nutrient
limitation, serial dilutions and filtration. First, a set of nutrient enrichment experiments
were prepared. Ten tubes of medium were set up under 10 different nutrient scenarios: no
additions, nitrate only, phosphate only, trace metals only, vitamins only, everything but
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nitrate, everything but phosphate, everything but trace metals, everything but vitamins,
and everything (Appendix A). Once significant growth was noticed visually, the cultures
were observed microscopically for species identification. Tubes that contained over 50%
of a single species on visual inspection or contained the highest density of general growth
were chosen for a series of 5 serial dilutions.

Serial dilutions were set up where one drop was taken from the original sample
and put into a new culture tube. This tube was lightly mixed and one drop was taken from
it and placed in a third. The idea is that eventually the transferred drop will contain only
one species. The result of my dilutions was a culture containing only two species, one
being the Scenedesmus species | desired. After careful size measurements using a stage
micrometer with a phase contrast light microscope at 40x magnification, it was clear that
the Scenedesmus species was much larger (12 um) than the other species, which ranged
from 4-8 um. The culture was filtered through an 8.0 um GE Osmonics polycarbonate
filter. The Scenedesmus species would remain on the filter and most of the other species
would pass through. The filter was rinsed into a fresh culture tube and contained mostly
Scenedesmus sp. One drop of this culture was transferred two weeks later into fresh
medium and Scenedesmus sp. was isolated.

2.3 Wastewater Preparation

The wastewater for preliminary ideal growth condition experimentation was
collected in the middle of the summer on July 6, 2016 at 10:20 from the in-flow pipe to
the treatment lagoon (immediately before entering the treatment pond) at the Stennis
Space Center. A 20 L carboy was filled and brought immediately back to the lab. It was
pre-filtered through a 0.45 pum Millipore HA type, 47 mm diameter filter using a vacuum
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filtration apparatus. A 0.2 um GE Osmonics polycarbonate filter was then autoclaved in
the filter holder for a final sterile filtration procedure carried out in a HEPA filtered
laminar flow bench. The wastewater was filtered directly into 2 L amber glass bottles that
had been acid washed and autoclaved. The wastewater was put into the refrigerator (4 °C)
for storage. These processes removed detritus and living organisms from the wastewater.
Wastewater for the remainder of the experiment was collected on the morning of January
9, 2017. Forty-eight L were collected and processed in the same way as previously
described.

2.4 Nutrient Analysis

Nitrate, nitrite, ammonium, and phosphate concentrations for preliminary
experiments were determined manually using wet chemical methods as described in
Parsons et al. (1984). Nutrient measurements were made on early wastewater samples
(collected in July, 2016) taken from before and after the treatment that takes place in the
water hyacinth pond on Stennis Space Center to get an idea of how well this treatment
process works (Appendix B). Nutrient concentrations were also calculated on the final
wastewater sample collected in January 2017.

Nutrients were analyzed in the initial wastewater medium and the filtered medium
following treatment in log phase, stationary phase, and extended stationary phase.
Nutrient concentrations measured in the preliminary wastewater samples from May and
July 2016 were analyzed following the colorimetric procedure of Parsons et al. (1984).
Nutrients before and after algal treatment in the final wastewater sample were analyzed
using fluorometric (N species) and spectrophotometric (PO4) methods on the Astoria-

Pacific A2+2 nutrient auto-analyzer (Method #A179, A027, and A205; Astoria-Pacific
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International, Oregon USA) to reduce the risk of error possible during the colorimetric
procedure (Appendix B).
2.5 Ideal Growth Condition: Preliminary Experiments

Scenedesmus sp. and Chlorella sorokiniana were tested for growth in separate 40
mL culture tubes under a series of wastewater dilutions: 100%, 75%, 50% and 25%
effluent with Nanopure™ (Barnstead™) purified water used to dilute the effluent.
Growth during these experiments was assessed by monitoring in vivo fluorescence daily
and growth was complete when the culture reached stationary phase based on a visual
analysis of the growth curve (Appendix C). Each dilution level for each species had two
replicates. This preliminary investigation was to verify that the plankton would indeed
grow in the wastewater and identify under which dilution the plankton grew best. Though
in some instances there was more growth in a 100% wastewater dilution, analysis of
variance (ANOVA) within Microsoft Excel found no significant differences between the
yields and growth at 75% and 100% dilution. Therefore, a 75% instead of 100% effluent
medium diluted with nanopure water was used for the experiment, as the wastewater
sample was limited.

In addition, the presence of vitamins, trace metals and a ratio of nitrogen and
phosphorus equivalent to the BOLD’s Basal medium (Bold 1942) ratio were tested to
determine the absolute best growth condition for the plankton using wastewater. The
influence of vitamins and trace metals on growth were tested through nutrient enrichment
experiments. In these experiments, each species was tested without trace metals or
vitamins, with only trace metals, with only vitamins, and with both (Appendix A). Trace
metals and vitamins did not cause any significant change in growth. The N:P ratio in
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BOLDS Basal medium is 10:1. To create this ratio in the growth medium, the
concentration of these nutrients in the wastewater were determined according to the
analytical procedures defined by Parsons et al. (1984) for nitrate, nitrite, ammonium, and
phosphate. These values were then used to calculate an appropriate dilution of FCRG
nitrate stock to add to the wastewater to achieve the desired N:P ratio. These increases in
nitrogen content did not significantly enhance plankton growth.

2.6 Final Experimental Design

Cultures were grown in 600 mL culture flasks filled with 400 mL of 75% filtered
wastewater. The flasks were placed in SANYO Versatile Environmental Test Chambers
under an average of 375 pmol quanta m s photosynthetically active radiation (PAR),
based on values of local average summer light data collected from the USM DMS HOBO
Weather Station PAR sensor. The cultures were grown using a typical 12/12 light/dark
cycle. Each species was grown under a winter temperature condition of 16 °C and a
summer temperature condition of 30 °C since this wastewater treatment process would
optimally take place year-round. These temperatures were chosen based on seasonal
averages from NOAA’s National Data Buoy Center for station WYCM®6 located in the
Bay of Saint Louis, Mississippi. The 30 °C temperature is an average of the three summer
months (June, July, August), and the 16 °C temperature is an average of the three winter
months (December, January, February).

Six cultures were set up for each temperature-species treatment. Three cultures
from each treatment were grown with a semi-continuous growth mode. A semi-
continuous growth mode is when the culture is diluted daily to maintain a constant daily
average cell density and a constant daily average growth rate (Parkhill et al. 2001). This
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growth mode keeps the cells at log phase. A random number generator was used to
decide which three cultures were kept growing at log phase. After the cultures achieved
consistent log phase growth for three days in a row based on having no significant
differences in cell densities when measured at the same time of day on a daily basis, log
phase samples were collected for biomass, nutrient and biochemical analyses. These
cultures were then left to grow in batch mode until they achieved stationary phase, at
which point sampling at stationary phase took place. The three remaining cultures that
were never diluted were grown in batch mode until they reached extended stationary
phase (around 7 weeks), at which time sampling occurred for this growth phase.

To determine sampling times at both log and stationary phase, 4 days of measured
cell counts were compared across the 3 treatment repetitions. If there was no difference in
cell count between those 4 days, sampling took place. In the case of log phase this would
mean that following dilution, the algae grew up to the same biomass level for 3 days in a
row. In the case of stationary phase, it would mean that biomass had not changed for
three days in a row.

2.7 Growth rate and dilution analysis

Growth rate analysis was necessary to dilute the cultures properly in log phase. To
determine the maximum growth rate of each culture, a growth experiment was run where
both fluorescence and cell counts were used to measure daily growth. Four cultures were
grown for this 2 x 2 experiment: one for each species, at each temperature. The cell
counts were used to calculate daily growth rates according to the equation:

N; = Noe“‘
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Where N is the cell density at time t, No is the initial cell density, e is Euler’s number, p
is growth rate and t is the time interval. A specific growth rate, Y, of 0.693 is equivalent
to cell division rate of 1 cell division per day and a 50% daily dilution would allow
cultures to achieve a 1 division per day rate when the cell density is not different for three
days in a row. Any targeted growth rate lower than this must have its daily dilution rate
decreased by the same percent decrease from 0.693. Conversely, if the targeted growth
rate is higher than 0.693, the dilution can be increased by the same percentage that the
rate is up from 0.693. The maximum growth rate achieved during log phase growth in the
initial growth experiments were used to determine the starting dilution for semi-
continuous cultures being kept in log phase in the final experiment. Dilutions during the
experiment were altered from the pre-determined dilution factor if the level of biomass
did not return to the same level as it had been the previous day (to within 10%). In these
cases, the average growth rate over the previous 7 days was calculated and the dilution
rate was based off that calculation according to the method described above. Dilutions
were always the same for the three replicates of each temperature-species treatment.
Growth rates achieved, and thus dilutions used, during the final experiment were different
than the initial experiments due to the variable nature of the algae and the wastewater
used in the medium.
2.8 Biomass composition analysis

Three biomass parameters were measured in the course of this experiment: 1)
extracted chlorophyll (chl a), 2) cell counts, and 3) ash-free dry weight (AFDW). Cell
counts were measured daily (Appendix D). In vivo fluorescence of chl a was measured
daily at the midpoint of the 12 hour light cycle (algal noon) using a Turner Designs 10
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AU Fluorometer according to the fluorometric method by Welschmeyer (1994) in the
initial growth experiment. Extracted chlorophyll was measured in the log, stationary and
extended stationary phase samples through methanol extraction (Appendix E). Culture
flasks were inverted in order to mix the culture evenly and 100 yL of sample was
extracted using a 10-1000 pL pipette and placed in a glass tube. The sample was then
mixed with 6 mL of methanol and allowed to extract in the refrigerator for 24 hours.
Fluorescence was then measured with the Turner fluorometer and extracted chl a was
calculated according to the following equation from Welschmeyer (1994):

Kfluorescence

*
80195 )6.1]/0.0001

Daily cell counts were calculated daily at algal noon using a Beckman Coulter Z series
(Z2) coulter particle count and size analyzer. For these cell counts, each culture was
diluted 1:40 daily with a 0.9% NaCl solution in Nanopure™ and read with the coulter
counter following the standard procedures in the Beckman coulter Z series user manual
9914591-D.

Samples for AFDW analysis were collected at log phase, stationary phase, and
extended stationary phase growth. The AFDW measurements were carried out using
standard lab procedures (Appendix F). First, 2.1 cm VWR 691 glass fiber filters were
pre-combusted in a muffle furnace for 6 hours at 450 °C. After this was complete, the
cooled filters were placed onto clean and dry numbered weigh boats and stored in a
desiccator. Each filter was then tared to at least the nearest 0.01 mg, then transferred back
to an aluminum numbered boat. At the time of sampling, a known volume of sample was

filtered through these prepared filters using a vacuum filtration system. The filters were
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then placed in a 60 °C drying oven overnight or until completely dry. Each filter was then
weighed and recorded again to the nearest 0.01 mg. Filters were then combusted in a
muffle furnace at 450 °C for 6 hours. The filters were weighed a final time and the dry

weight was calculated using the following equation:

1 (A-B)*1000
mgDW L=
Sample volume, mL

where A is the weight of the filter plus dried residue before combustion in mg, and B is

the tare weight of the filter in mg. The AFDW is then calculated with the equation:

A-C

AFDW L'1=
mg sample volume, mL

where C is the weight of the filter plus the residue after combustion, in mg.
2.9 Biochemical Analyses

Protein concentration was analyzed by determining the particulate organic
nitrogen (PN) concentration and converting it to protein via a carefully chosen protein
conversion factor. PN analyses include nitrogen that is not in proteins, which is
accounted for by the protein conversion factor. Templeton and Laurens (2015) provide a
good conversion factor that was used in this experiment, 4.08, which is applied using the
equation:

Protein (g L'*) = PN (g L)*4.08

The historical factor of 6.25 tends to overestimate protein values in these types of
sample (Templeton and Laurens 2015). To obtain the value of PN in the cells, samples
were filtered onto precombusted 2.1 cm VWR 691 glass fiber filters and analyzed using a
Costech Analytical Technologies, Inc. ECS 4010 CN Analyzer equipped with a zero-

blank autosampler. Analyses were conducted following the standard Costech analysis
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method. To prepare samples for this analysis, a known volume of sample was filtered
onto pre-combusted (450 °C for at least 6 hours) 2.1 cm VWR 691 glass fiber filters. The
filter was then placed on pre-combusted foil inside an acid (10% HCI) rinsed petri dish
with an appropriate label. These were placed in a drying oven set at 60°C until
completely dry and then stored in a desiccator until analysis in the ECS 4010 CN
Analyzer could be conducted. This analyzed the total particulate carbon and nitrogen
concentrations in the sample (Appendix G). Particulate organic nitrogen was then
converted to protein using the conversion factor. This method was chosen because it is
simple, fast, and inexpensive (Templeton and Laurens 2015). The PN-derived protein
value in this case is an estimate at best, but serves the needs of this project. Acid
hydrolysis is too expensive, while the Lowry method is too susceptible to error due to the
protective structures surrounding the protein (Templeton and Laurens 2015).

Lipid content was analyzed with a Hidex Plate CHAMELEON™ V, 425-106
multilabel counter plate reader fitted with an excitation filter with a wavelength of 540 +
25 nm and an emission filter with a wavelength of 590 + 20 nm according to the “Nile
Red for Lipids” SOP from Zackary Johnson at the Duke University Nicholas School of
the Environment (Johnson et al. 2017) with only a few alterations. This procedure stains
neutral lipids with nile red and measures the nile red fluorescence which is translated into
neutral lipid concentration. At the time of sampling, 3 replicates of 2 mL from each
culture were put into respective cryovials. Samples were stored in the refrigerator at 4 °C
for no more than one week until lipid analysis was performed. A 1 mg/mL concentration
of nile red stock solution was made with 1 mg of 99% pure nile red powder from Acros

organics and 1 mL of 100% dimethyl sulfoxide (DMSO). This stock was stored at room
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temperature in the dark for no more than 1 week. When it was time to measure the nile
red fluorescence, six 1-mL aliquots of each sample to be analyzed were loaded into
Eppendorf tubes. Half of these were combined with 6 uL. DMSO and the other half were
stained with 6 pL of nile red stock solution. 300 pL of each sample was loaded into black
96-well plates. The nile red stock was added to samples in the dark and directly before
placement into the Hidex Plate CHAMELEON™ V plate reader for analysis. The plate
reader read fluorescence of each well every 5 minutes for 30 minutes. The plate set-up
and fluorescence for each plate can be found in Appendix H. The fluorescence
measurements were converted to a lipid concentration via the following equations
(Johnson et al. 2017):

blank corrected lipid fls=
(SSS stained,,, -SSScr stainedmax)-(SSS unstained,,,,-SSScpunstained,,,, )
Relative lipid =

(SSS stained,,-SSScrstained,,,, )-(SSS unstained,,,x-SSScrunstained, )
mean standard;opins

where SSS is the average maximum from triplicate time course fluorescence readings
from the sample in question, SSScr is the average maximum from triplicate time course
fluorescence readings from the culture filtrate, or medium, “stained” means that the
sample was stained with nile red, and “unstained”” means the sample was not stained by
nile red and only contained DMSO. The mean standard was calculated from triplicate
fluorescence readings of triplicate CDLC standards. This procedure was carried out as
carefully as possible in a timely fashion to form accurate results. It is a rapid and general

method but offers a comparative basis for this study and for future work of this type.
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2.10 Statistics

Statistical significance was analyzed using the program SigmaStat within
SigmaPlot 11 (Systat software, Incorporated) and IBM SPSS Statistics Version 23 (IBM
Corporation ©). It was assumed that normality was violated due to small sample sizes.
There were not enough replicates for the use of robust parametric statistics, thus the non-
parametric Kruskal-Wallis H test was used for this purpose. The Kruskal-Wallis H test
(ANOVA on ranks) was run to determine sampling times at log and stationary phase and
to determine if there were significant differences in nutrient, biomass, and biochemical
parameters between treatments. The theoretical idea behind the Kruskal-Wallis test is that
different treatments will affect the individual’s responses within that treatment, and there
is a particular order to these responses from lowest to highest (Theodorsson-Norheim
1986). The sum of the ranks within each treatment can then be compared, and the
differences between the sums indicate how much the treatment groups differ from each
other (Theodorsson-Norheim 1986). There are four assumptions data must meet in order
to meet the criteria for the Kruskal-Wallis H test: 1) The dependent variable should be
continuous; 2) the independent variable must consist of two or more categorical,
independent groups; 3) independence of observations and 4) determination of whether the
distributions in each group have the same shape, in order to determine whether the
medians or just mean ranks can be compared (SPSS). According to IBM SPSS 23
software (IBM Corporation ©), this statistical test can be used with 2 or more samples.
Typically non-parametric tests are used when the sample size is 20 or less (Theodorsson-

Norheim 1986, SPSS). There are numerous studies that make use of the Kruskal-Wallis
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test, proving its validity (Florentino de Souza Silva et al. 2014; Duy et al. 2015; Valero et
al. 2015; Ubeda et al. 2017).

The Kruskal-Wallis H test determines if there is a significant difference between
one or more experimental groups, but it does not tell between which groups those
differences lie (SPSS). To determine which groups are significantly different from one
another, a post-hoc test is necessary. A post-hoc test that often follows the Kruskal-
Wallis H test is the Dunn’s procedure for multiple pairwise comparisons, and Dunn’s
procedure was used in this study. The null hypothesis of Dunn’s test is that there is no
difference between groups, the alternate being that there is a difference between groups.
Many studies follow the Kruskal-Wallis test with the Dunn’s method for multiple
comparison (V. Brito et al. 2016; Almeida et al. 2017; Gomes et al. 2017), and some
studies use the test on small sample sizes (2-5) without issue (Duy et al. 2015; Valero et
al. 2015; Maza-Marquez et al. 2017). The probability level when testing for significance
in these tests was 0.05.

Medians were also compared between treatments, with replicate variability
quantified by the median absolute deviation (MAD), which is a nonparametric analog to
standard deviation, giving further valuable information. MAD is calculated by first taking
the median of all values in the sample group, subtracting that median from each value,
and then finding the median of the absolute values of each of those. This process is
exhibited by the equation below:

MAD,=bmed; |x1-medjxj |
The MAD compares distribution about the median and is not affected by sample size, so

it is a robust non-parametric alternative to sample mean and standard deviation (Leys et
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al. 2013). The Kruskal-Wallis test and MAD calculation are both robust to outliers (Leys

et al. 2013; Nagatsuka et al. 2013, SPSS).
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nitrogen conditions, resulting in higher lipid content under high nitrogen conditions after
the 7!" day of culture (Li et al. 2016). For example, under these conditions the algae
cannot produce the protein necessary for RuBisCO to function, inhibiting carbon fixation
(Li et al. 2016). Nitrogen stress may increase lipid for a time, but after enough time it
inhibits growth to a point where higher lipid concentration cannot be achieved.

The nutrient concentrations in the wastewater were all greatly reduced, as seen
clearly in Figures 3.9, 3.10 and 3.11. The variation between medians and the percent
removal rates show that nutrients in the wastewater can be reduced by the algae. Results
of the Kruskal-Wallis test showed significant differences for some of the reductions.
These cases represent an increased significance in nutrient loads, but differences shown
through comparisons of the median only are also valid. Since variation between
phosphate concentrations following algal treatment was minimal, differences between the
outcome of the Kruskal Wallis test and the comparison of medians for significance are
both considered valid.

Nutrient removal efficiencies in all cases ranged from 77%-99% once stationary
phase had been achieved. Additionally, most of these efficiencies were in the 90-99%
range. The algal species reduced NOx by half in log phase (57%, 64%, and 48%
reduced), and by stationary phase, the remaining NOx was mostly depleted (98%, 99%,
and 87% reduced). The only treatment not to behave this way was Scenedesmus sp.
grown at 30°C. The concentrations of nitrogen species were not as reduced as
concentrations of phosphate. This may be due to the sheer amount of nitrogen species in
the water being too much for the algae to fully deplete. Algal cells often consume more
nutrients than necessary for metabolic function through luxury consumption as described
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above (Reynolds 2006; Solovchenko et al. 2016). The significant depletion of phosphate
in this case is likely due to luxury consumption (Reynolds 2006; Solovchenko et al.
2016). In a study by Wu et al. (2012), Scenedesmus sp. continued taking up phosphorus
in nutrient replete conditions, but this did not translate into greater biomass due to luxury
consumption.

At both temperatures, cultures of C. sorokiniana had increased levels of
ammonium in the medium in extended stationary phase after having the least in the
previous phase. Scenedesmus sp. grown at 16 °C also had higher levels of NOx in the
medium in this growth phase. This could result from excretion from unhealthy or nutrient
saturated cells or from cellular lysis. Ammonium is the form of N used by algal cells, so
when nitrate and nitrite are taken up as an N source, it must be reduced to ammonium
(Collos 1998; Reynolds 2006; Shriwastav et al. 2014; Malerba et al. 2015). Shriwastav et
al. (2014) found that in the presence of excessive nutrients, nitrite was excreted during
the dark phase. This is caused by an imbalance between the reduction of nitrate and
reduction of nitrite processes within the cell (Shriwastav et al. 2014). When excessive
nitrogen is present, it will be taken up by the cell, which then begins the reduction
process from nitrate to ammonium for cell synthesis (Collos 1998; Reynolds 2006;
Shriwastav et al. 2014). However, if more ammonium is not needed for cell synthesis, the
material is excreted halfway through the reduction process as nitrite (Shriwastav et al.
2014). Nitrite release appears widespread in microalgae and can be a result of diffusion
outside of the cell under these conditions (Collos 1998). Nitrite excretions are greater in
the dark than in the light (Collos 1998). A similar process to this may have occurred in
extended stationary phase. Following N starvation, recovery of the nitrate reductase
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enzyme is slow, which may inhibit further N uptake, leaving it in the surrounding
medium, although ammonium uptake would not be inhibited (Malerba et al. 2015).
Respiration oxidizes nutrients for energy and releases waste products in the dark it can
and lead to cell mineralization and release of N species (Shriwastav et al. 2014).

Chlorella sorokiniana had the highest recorded percent reduction for ammonium
while Scenedesmus sp. had the highest recorded reduction for NOx. This suggests that C.
sorokiniana has a greater capacity for ammonium uptake while Scenedesmus sp.
preferred the NOXx species. It is well known that microalgal species have variable
physiologies and can respond to different levels of nutrients in variable ways. This
experiment supports this idea.

This method could be valuable in terms of wastewater clean-up for human
consumption or for agricultural purposes. According to EPA standards, the maximum
contaminant level (MCL) for nitrate is 10 mg/L (161.0 uM) and 1 mg/L (21.7 uM) for
nitrite. There is no MCL for ammonium or phosphate. The nutrient concentration in the
wastewater after algal treatment met these standards in all cases except for nitrite
concentration in the Scenedesmus sp. culture when grown at 16 °C in extended stationary
phase. These results show that water treatment with algae is a viable option for meeting
drinking water quality standards.

4.5 Consideration of experimental methodology

In this experiment, the culture was not supplemented with CO5. There was air
exchange through the cap and when daily dilutions were made, but greater CO> could
have been provided. Thus C could have been a limiting nutrient for these cultures as none
was being added and C is an essential nutrient. Carbon is 40-50% of the cell content
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(Show et al. 2017) and is the basis for the central metabolism of the cells. Biomass may
grow largely with the addition of CO- in experiments like these.

The use of nile red to quantify lipids is a fast through-put method, but it gives a
general idea of neutral lipid content, which is what is asked in this experiment. One
possible limitation to this method is the lipid standard used. According to lipid
composition data compiled by Lang et al. (2011) for Scenedesmus sp. and C. sorokiniana,
the composition in the CDLC (catalog no. 11905-031) does differ from the algae. For
example, the fatty acids 18:3 (92, 12Z, 152), 3,7,11,15-tertamethyl1-2-hexadecen-1-ol
(Phytol), and 17:1 (92)/16:4 (42,7Z,11Z,13Z) were present in the algae but not in the
standard. Additionally, the myristic and palmitoleic acids present in the CDLC were not
found in high quantities in the algae. Otherwise, the fatty acid composition of the
standard does reflect that of the algae, even the proportionally lower concentration of
arachidonic acid. Since the lipid calculations were based off CDLC fluorescence,
discrepancies between it and algal composition could cause the calculated lipid content to
differ from true values. However, in this case the differences would cause minimal
deviation if at all.

4.6 Final thoughts and recommendations

The only affect expected from excessive nutrients in algal medium is a longer
period of log phase growth due to longer availability of nutrients. Indeed, algal growth in
most studies seemed to reach stationary after 7-12 days, while stationary phase in this
study occurred from 9-52 days after the daily dilutions were discontinued. Although
calculations were not performed to assess the exact day stationary phase was achieved in
the cultures grown to extended stationary phase, by looking at growth cycle graphs it is
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estimated that stationary phase was achieved around 18, 28, 13, and 29 days for the A, B,
C, and D treatments. The average time to reach stationary phase in this experiment was
24 + 7 days. This average is at least double the typical 7-12 days it takes to reach
stationary phase. It can be concluded that the excessive nutrients in the wastewater did
allow log phase to continue beyond the traditional length of time. Excessive nutrients
affecting the length of log phase may also have been why the calculation technique for
labeling stationary phase had to be altered.

Results of this study suggest that Scenedesmus sp. is a better candidate than C.
sorokiniana for wastewater cleanup and biofuel production. Species choice in these types
of studies is crucial. Since most of the significant results in this study were differences
between C. sorokiniana and Scenedesmus sp., species choice made the greatest impact on
the results of this study. Loftus and Johnson (2017) also found that taxa had the greatest
influence over algal growth in recycled medium. Further research is needed to determine
the ideal species for this purpose.

Characterization of wastewaters is very important before putting together an
algae-wastewater remediation system. Chlorella sorokiniana did not grow in the batch of
wastewater collected in May 2016, but did grow in the second batch collected in early
July 2016. This suggests that the wastewater composition changes even during the same
season. Additionally, this suggests that C. sorokiniana may have more specific
requirements for growth than Scenedesmus sp., pointing to Scenedesmus sp. being the
better candidate because of its growth capabilities. Future experiments should test the
wastewater and the alga’s growth response at different times of the year. Additionally,
there may be algal species and bacteria already present in the wastewater. Even though
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bacteria were filtered out of the wastewater used for the medium in this experiment,
operation at large scale may require natural assemblages of algae, bacteria and other
microbial populations to remain in an outdoor open pond (Borowitzka 1999; Kumar et al.
2015). It has been well documented that bacterial populations affect algal accumulation
and vice-versa (Unnithan et al. 2014). Any bacterial population in or around wastewater
used in conjunction with raising algae will cause changes in species distributions and
affect wastewater nutrients. This demonstrates how important species choice and
knowledge of the particular wastewater used is for these types of studies or large-scale
applications. More studies are needed to fully understand the complex relationships
between bacteria and algae in wastewater effluent. Further analysis of the wastewater
before any filtering has been performed could give insight into which species and
materials are present in the water.

Freshwater vs. seawater can also make a large impact on algal-wastewater
relationships. The species in this study were freshwater microalgae, but freshwater
species may not be feasible for oil production in the future as freshwater is a valuable
resource for other human needs and using it for large-scale algal cultivation may not be
possible. Thus, seawater species may be necessary (Luangpipat and Chisti 2017).
Scenedesmus sp. was found to grow well in both fresh and brackish water (Luangpipet
and Chisti 2017). Also, according to their study, C. vulgaris could thrive in full strength
seawater, and the seawater enhanced lipid productivity. Chlorella vulgaris improved by
growing in seawater opposed to freshwater (Luangpipat and Chisti), and C. sorokiniana

may similarly respond even more successfully in seawater medium.
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There are many arguments in support of using wastewater for this purpose. Miao
et al. (2016) found that C. vulgaris produced greater amounts of protein in wastewater
medium than in traditional medium. Fernandez-Linarez et al. (2017) found lower protein
values in the algae they used than those in the study performed here, but they used
secondary treated wastewater, which might have contained less nutrients than the raw
wastewater used in this study. They cite how a different study (Miao et al. 2016) had
higher protein values because of the nutrient difference in the medium. Likewise, the
difference in wastewaters may have caused the difference between biomass
measurements. Due to the low values reported when secondary effluent was used, |
suggest the use of primary effluent for growing these algae.

The lack of many significant differences between results may mean that
temperature, species, and growth phase do not make a very large difference, which could
be beneficial for this type of work. Algae could be producing needed materials year-
round, providing a more cost-effective operation. Additionally, finding an algal species
that can do well in a variety of wastewaters and nutrient conditions is beneficial.
Shriwastav et al. (2014) found that C. sorokiniana could maintain uniform growth and
productivity within a range of nutrient concentrations. Based on the results of the study
here, wastewater collected from the NASA John C. Stennis Space Center in Mississippi
contains the right amount of required material for successful algal growth. The algae can
then be harvested for their lipid and protein content to produce biofuel and other useful
bioproducts.

Due to the high levels of biomass produced from algae, using protein and other
biomass components for bioproducts is possible regardless of the percentage of these
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constituents present per cell. The higher the amount, the better and more profitable the
algae will be, however, there seems to be no minimal threshold. The values of protein and
lipid achieved in this study are suitable for their respective purposes based on
comparisons with levels found in previous studies. It is feasible to use these algae for
wastewater remediation and bioproducts.
4.7 Conclusion

In this experiment two species, Chlorella sorokiniana and Scenedesmus sp. were
grown in a wastewater medium. Biomass and biochemical components varied between
the two species after growth in the wastewater medium, and the results suggest that
Scenedesmus sp. would be more suitable than C. sorokiniana for wastewater remediation
and consequent production of commercial byproducts due to higher biomass, protein and
lipid content. Each of these parameters was not greater under 30 °C than 16 °C. Neither is
known as the optimal temperature for the species tested, so some parameters were low at
30 °C and some were high. For example, C. sorokiniana had higher biomass in 16 °C.
The algae did not grow at optimal rates during log phase, as highest concentration of
protein was often seen in stationary phase. Internal cellular constituents are variable and
influence algal growth in a way that makes it difficult to fully analyze via the methods
used in this study (Canfield et al. 1985; Chinnasamy et al. 2010; Ramaraj et al. 2013).
Despite variable algal response, proteins, lipids, and sufficient biomass was produced by
the algae in this study. Additionally, nutrient concentrations were significantly reduced
by the algae, suggesting that both species are good candidates for wastewater

remediation. Chlorella sorokiniana and Scenedesmus sp. used in this study could be
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grown in wastewater collected from the NASA John C. Stennis Space Center and

produce useful byproducts for both biofuel and other commercial products.
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APPENDIX A — Nutrient Enrichment Experiment

Table A1 Nutrient enrichment experiment volumes

Experiment | Culture Nitrate Phosphate | Trace Vitamins
volume (mL) | (uL) (uL) Metals (uL) | (uL)

Nothing 40 0 0 0 0

Only 40 400 0 0 0

Nitrate

Only 40 0 400 0 0

phosphate

Only trace 40 0 0 40 0

metals

Only 40 0 0 0 40

vitamins

Everything 40 0 400 40 40

but nitrate

Everything 40 400 0 40 40

but

phosphate

Everything 40 400 400 0 40

but trace

metals

Everything 40 400 400 40 0

but

vitamins

Everything 40 400 400 40 40

Volumetric additions for each nutrient enrichment experiment during both the species isolation and optimal growth processes.
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Table A2 Trace metal and vitamin mix recipes

Vitamin Mix

1. Vitamin B12: 10 mg crystalline vitamin B12 in 100 mL distilled water

2. Biotin: 10 mg biotin in 100 mL distilled water
3. Thyamine hydrochloride: 100 g thyamine hydrochloride in 100 mL distilled
water

Trace Metal Mix
1. FeCl3-6H20 4. ZnS04-7H20
2. CuS04-5H20 5. CaCl2-6H20
3. MnCl,-4H20 6. Na2EDTA-2H,0

7. NaMo0O4-2H,0O

Trace metal and vitamin mix recipes used for initial growth experiments.
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APPENDIX B —Nutrients

Table A3 Nutrient Concentrations in original wastewater sample

Original Original Final
Wastewater Wastewater Wastewater
Sample Sample Sample
Influent Effluent Influent

Phosphate 118.992 1.392 48.957

Concentration

(ug-at/L)

Nitrate 1.6 -0.886 0.268

Concentration

(ug-at/L)

Nitrite -0.462 -0.939 0.388

Concentration

(ug-at/L)

Ammonium 283.278 47.903 271+

Concentration

(ug-at/L)

Nutrient concentrations calculated according to Parsons (1987) from the original wastewater sample collected for initial growth

experiments in July 2016.
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Table A4 Final nutrient results from Autoanalyzer

Sample Volume

221
23L
24L
13L
14L
17L
2ES
AES
6ES
8ES
10ES
11ES
15ES
16ES
18ES
19ES
20ES
21ES
1L
3L
SL
13S
14S
17S
1S
3S
5S
22S
23S
24S
9L
12L
9S
12S

41

40

40
148
160
138
214
206
204
218
212
202
194
188
176
188
182
170

49

50

50
196
200
194
198
196
194
194
198
224

43

42
200
190

Date
4/25/2017
4/25/2017
4/25/2017
4/25/2017
4/25/2017
4/25/2017
4/25/2017
4/25/2017
4/25/2017
4/25/2017
4/25/2017
4/25/2017
4/25/2017
4/25/2017
4/25/2017
4/25/2017
4/25/2017
4/25/2017
5/1/2017
5/1/2017
5/1/2017
5/1/2017
5/1/2017
5/1/2017
5/13/2017
5/13/2017
5/13/2017
5/13/2017
5/13/2017
5/13/2017
5/21/2017
5/21/2017
6/10/2017
6/10/2017

NH4 NOXx NO2 NO3 PO4
1.965 1.791 BD 1.791 0.330
3.921 1.831 BD 1.831 1.110
3.198 1.257 BD 1.257 0.378
1.765 100.425 10.005 90.420 0.268
1.364 90.985 6.741 84.244  0.444
1.135 95990 9.488 86.502 0.326
1.576 2.080 BD 2.080  0.753
2.714 2.045 BD 2.045 0.376
3.483 2.954 BD 2.954  0.566
9.597 111640 3.131 108.509 0.250
1.905 41540 33.050 8.490 0.178
1.186 42.267 33.065 9.202 0.178
4502 89.945 1503 88442 0.188
61.115 2.777 0.401 2.376 0.410
1.163 3.490 0.820 2.670  0.399
67.060 0.967 0.072 0.895 0.275
0.961 0.977 0.258 0.719 0.470
0.610 BD BD BD 0.255
8.375  86.265 3.632 82.633 0.832
2828 79.130 2913 76.217 0.668
2.048 75595 2997 72598 0.707
1.209 18348 7.259 11.089 0.296
0836 23.099 5897 17.202 0.335
0.682 23591 9.237 14354 0.478
3.043 2.008 0.060 1.948 0.467
0.778 2.169 0.322 1.847 0.520
0.618 2.328 0.752 1.576 0.488
1.643 0.829 BD 0.829 0.165
4.888 1.480 0.063 1.417 0.205
2.550 1.400 0.103 1.297 0.184
4768 67.515 0993 66.522 0.333
4584 65995 1.636 64.359 0.635
2.016 1.502 BD 1.502 0.194
2.576 1.968 BD 1.968 0.254
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APPENDIX C — Initial Growth Experiments

Table A5 Daily fluorescence readings of C. sorokiniana in wastewater dilutions

COR1 CO R2 C25R1 | C25R2 | C50R1 | C50R2 | C75R1 | C75R2 | C100R1 | C100 R2

7/29/2016 0.748 0.851 1.2 1.18 1.46 14 1.58 1.63 1.77 1.75
8/1/2016 0.369 0.255 142 148 208 204 216 210 194 187
8/2/2016 0.413 0.385 177 172 265 261 342 362 350 341
8/3/2016 0.432 0.408 190 194 315 294 398 428 408 431
8/4/2016 0.421 0.475 208 216 341 316 421 453 437 479
8/5/2016 0.454 0.372 218 238 383 351 471 505 451 498
8/6/2016 0.504 0.402 225 257 395 383 501 537 483 562
8/7/2016 0.519 0.424 244 273 419 402 517 563 514 567
8/8/2016 0.504 0.44 244 270 441 426 549 606 543 623
8/9/2016 0.558 0.525 241 297 454 446 618 632 585 669
8/10/2016 0.573 0.479 243 302 467 460 620 640 618 701
8/12/2016 0.585 0.475 230 291 469 458 613 663 620 716
8/15/2016 0.631 0.412 187 258 456 458 628 676 620 694
8/16/2016 0.675 0.412 156 233 439 452 625 685 641 744
8/17/2016 0.686 0.458 139 216 418 446 641 706 655 729
8/18/2016 0.665 0.413 131 196 411 437 664 716 674 762
8/19/2016 598 725 710 754

Daily fluorescence readings of chlorella sorokiniana in duplicate 0%, 25%, 50%, 75% and 100% wastewater diluted with Nanopure. C

stands for chlorella, the number after is the percent dilution, and the replicate of each are labeled as R1 and R2.

Figure C.1 C. sorokiniana fluorescence in a variety of dilutions

Daily Growth of Chlorella Sorokiniana in
Various Wastewater Dilutions

800 —@—COR1
o 700
S 600 ®— COR2
[]
2 500 C25R1
’g 400
2 300 C25R2
= 200 —8—C50R1
(&)
100 —®—C50R2
0
7/29/2016 8/3/2016 8/8/2016 8/13/2016 8/18/2016 8/23/2016 —®—C75R1
Date —@—C75R2

Chart showing the growth of C. sorokiniana under the various wastewater dilutions. Plot of values from table 4.1.
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Table A6 Daily fluorescence of C. sorokiniana in dilutions supplemented with N

C25 C25 C50 C50 C75 C75 C100 | C100
R1 R2 R1 R2 R1 R2 R1 R2
7/29/2016 1.17 1.16 1.34 1.34 1.39 1.13 1.63 1.56
8/1/2016 127 127 188 197 206 180 236 224
8/2/2016 149 147 216 231 283 303 356 342
8/3/2016 175 178 238 266 315 304 389 398
8/4/2016 205 206 266 291 339 332 410 434
8/5/2016 234 230 295 323 377 360 442 458
8/6/2016 240 238 318 343 408 384 458 450
8/7/2016 235 236 338 350 427 395 462 464
8/8/2016 244 240 343 350 440 416 481 480
8/9/2016 242 246 335 340 452 437 487 490
8/10/2016 232 228 315 332 456 426 495 500
8/12/2016 206 196 310 316 433 396 495 495
8/15/2016 154 134 277 252 389 365 457 472
8/16/2016 125 108 222 209 406 377 474 493
8/17/2016 114 97.3 203 197 421 398 479 506
8/18/2016 105 85.1 188 175 436 393 488 500
8/19/2016 447 407 491 501

Daily fluorescence readings of C. sorokiniana in duplicate 0%, 25%, 50%, 75% and 100% wastewater diluted with Nanopure and

supplemented with N. C stands for chlorella, the number after is the percent dilution, and the replicate of each are labeled as R1 and

R2.

Figure C.2 C. sorokiniana fluorescence with supplemented N

600
500
400
300
200
100

0
7/24/2016

Chart Title

7/29/2016

8/3/2016

—@—C25R1

®— C25R2

8/8/2016

C50R1

8/13/2016

C50 R2

8/18/2016

—8—C/75R1 ——C75R2 —@—C100 R1 —@—C100 R2

8/23/2016

Chart showing growth of C. sorokiniana in a variety of wastewater dilutions with supplemented N. Values reported are from table 4.2.

94







Table A8 Scenedesmus sp. with fluorescence with supplemented N

$100 $100
S25R1 | S25R2 | SS0R1 | S50 R2 | S75R1 | S75R2 | R1 R2
7/29/2016 2.12 2.07 2.43 2.22 2.49 2.57 2.6 2.6
8/1/2016 120 124 115 112 164 140 189 196
8/2/2016 144 153 219 185 269 250 311 312
8/3/2016 162 174 264 221 323 332 394 371
8/4/2016 188 185 310 251 367 374 428 398
8/5/2016 207 205 345 284 415 429 480 424
8/6/2016 220 226 374 308 447 466 508 464
8/7/2016 226 229 400 334 488 496 511 477
8/8/2016 235 237 414 353 502 522 533 491
8/9/2016 240 244 427 378 526 546 558 517
8/10/2016 259 265 460 384 527 550 557 531
8/12/2016 268 278 452 420 531 557 567 535
8/15/2016 283 275 487 445 552 577 580 575
8/16/2016 275 282 498 471 576 632 632 616
8/17/2016 282 311 508 473 613 634 627 612
8/18/2016 282 297 512 483 592 633 664 614
8/19/2016 293 306 509 486 599 622 651 624

Daily fluorescence readings of Scenedesmus sp. in duplicate 0%, 25%, 50%, 75% and 100% wastewater diluted with Nanopure and

supplemented with N. S stands for Scenedesmus, the number after is the percent dilution, and the replicate of each are labeled as R1

and R2.

Figure C.4 Scenedesmus sp. fluorescence with supplemented N
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Chart displaying the daily fluorescence reported in table 4.4.
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Table A10 Daily cell counts after 4/21/2017, including counts before and after dilution

4/22/2017
Rep 1 Rep 2 Rep 3 Average
Blank
(Scen) 6 13 10 | 9.666667
Blank
(Chl 1051 954 908 971
1| 21524 | 22014 | 22658 | 22065.33
2 19170 | 19403 19382 | 19318.33
3| 20952 | 20464 | 20433 | 20616.33
4 17020 | 17285 17062 | 17122.33
5| 20615 | 20149 | 20223 20329
6 18670 | 18206 18530 | 18468.67
7 452 382 434 | 422.6667
8 471 485 485 | 480.3333
9 451 495 432 | 459.3333
10 348 324 363 345
11 379 373 345 | 365.6667
12 297 308 309 | 304.6667
13| 28860 | 27972 | 27746 | 28192.67
14 | 32753 | 31977 | 32412 | 32380.67
15 5910 6090 5706 5902
16 16497 | 15498 15517 | 15837.33
17| 31915 | 31596 | 31629 | 31713.33
18 13345 | 13076 13092 13171
19 1825 1897 1918 1880
20 2512 2537 2547 2532
21 2644 2722 2633 | 2666.333
22 1934 1825 1838 | 1865.667
23 1898 1909 1896 1901
24 2225 2235 2141 | 2200.333

After
Dilution:

Rep 1 Rep 2 Rep 3 Averages

1| 16836 | 16280 | 16868 | 16661.33
3| 15892 | 15672 | 15870 | 15811.33
5| 16837 | 16298 | 16544 | 16559.67
7 397 362 336 365
9 492 427 457 | 458.6667
12 217 255 210 | 227.3333
13| 11610 | 11594 | 10511 | 11238.33
14 | 12460 | 11900 | 11877 12079
17| 11912 | 12087 | 12116 | 12038.33
22 1581 1472 1428 | 1493.667
23 1685 1635 1594 1638
24 1589 1606 1595 | 1596.667




Table A10 (continued)

4/23/2017 | Rep 1 Rep 2 Rep 3 Average
Blank

(Scen) 10 26 12 16

Blank (Chl) 911 902 964 | 925.6667

1 25278 25842 25582 | 25567.33

2 21438 21809 21386 | 21544.33

3 28179 27050 26282 | 27170.33

4 19464 18808 18953 19075

5 24831 24846 24389 | 24688.67

6 20822 20340 20283 | 20481.67

7 429 440 463 444

8 610 585 607 | 600.6667

9 515 509 529 | 517.6667

10 492 465 487 | 481.3333

11 328 363 337 | 342.6667

12 288 257 260 | 268.3333

13 28284 27963 28318 | 28188.33

14 36451 36371 36379 | 36400.33

15 6137 5799 6035 | 5990.333

16 19794 19639 19024 | 19485.67

17 34094 33963 34312 34123

18 13158 13311 13163 | 13210.67

19 1890 1872 1869 1877

20 2524 2597 2552 | 2557.667

21 2463 2353 2341 | 2385.667

22 1890 1853 1831 1858

23 2035 2037 1935 | 2002.333

24 1969 1922 1928 | 1939.667

After
dilution:

Rep 1 Rep 2 Rep 3 Averages

1 17872 17718 17414 17668
3 17440 17014 17407 17287
5 18166 18907 19050 | 18707.67
7 408 428 464 | 433.3333
9 436 449 419 | 434.6667
12 332 302 328 | 320.6667
13 11492 10913 10680 | 11028.33
14 14921 14550 14706 | 14725.67
17 12427 12354 12721 | 12500.67
22 1388 1462 1423 | 1424.333
23 1600 1571 1523 | 1564.667
24 1511 1537 1592 | 1546.667




Table A10 (continued)

4/24/2017 | Repl | Rep?2 Rep 3 Average Rep1l Rep 2 Rep 3 Averages
Blank (Scen) 16 16 12 | 14.66667
Blank (Chl) 930 750 559 | 746.3333
1| 27322 | 27451 | 27449 | 27407.33 1| 10657| 19316 | 19081 | 19351.33
2| 21637 | 20468| 20596 | 20900.33
3| 26063| 27378| 25357 | 26266 3| 19021 | 10112 10070 | 10067.67
4| 17822 | 18608 | 18220 | 18216.67
5| 26762 | 25980 | 25843 26195 5| 20316 | 20662 | 20309 | 20429
6| 18234 | 18642 | 18796 | 18557.33
7| 485 556 500 | 513.6667 7 381 353 431 | 388.3333
8| sa1 513 560 538
o| 403 581 441 475 9 413 501 464 | 459.3333
10| 331 371 363 355
11| 418 279 282 | 3263333 | e
Dilution:
12| 237 217 232 | 228.6667 12 224 200 213 | 212.3333
13| 31483 | 31561 | 31174 | 31406 13| 12676 | 11932 | 13403 | 12670.33
14| 35347| 35553 | 35197 | 35365.67 14| 16884 | 13340| 18595| 16273
15| 6210 6054 5672 | 5978.667
16| 16568 | 16380 | 16417 | 16455
17 | 34497 | 35415 | 34833 | 34915 17| 12039 | 12200 | 13283 | 12537.33
18| 13950 | 13880 | 15426 | 14421.67
19| 1869 1894 1895 1886
20| 2418 2503 2500 | 2473.667
21| 2073 2210 2302 | 2261.667
22| 1939 1923 1011 | 1924.333 22 1605 1609 1548 | 1587.333
23| 2122 2163 2081 2122 23 1626 1639 1607 1624
24| 2100 2067 2078 | 2081.667 24 1806 1773 1738 | 1772.333




Table A10 (continued)

4/25/2017 | Repl | Rep?2 Rep 3 Average Repl Rep 2 Rep 3 Averages
Blank (Scen) 13 10 4 9
Blank (Chl) 852 819 747 806
1| 30475 31569 30893 30979 1 19683 18318 20653 | 19551.33
2| 25192 25192 25192 25192
3| 29023 28802 29760 29195 3 24374 24553 24377 | 24434.67
4 18762 19371 19745 | 19292.67
5| 25471 25226 25673 | 25456.67 5 23203 22948 22983 | 23044.67
6| 17811 18965 18543 | 18439.67
7 635 698 657 | 663.3333 7 484 432 455 457
8 713 761 790 | 754.6667
9 626 636 605 | 622.3333 9 486 481 428 465
10 424 386 362 | 390.6667
11| 374 338 323 345 | ATer
dilution:
12 414 419 380 | 404.3333 12 374 413 367 | 384.6667
13 | 32533 32271 32174 32326 13 15273 15076 14788 | 15045.67
14 | 34031 35376 35841 | 35082.67 14 15520 15310 15424 15418
15 6284 6021 5967 | 6090.667
16 17780 17559 17677 17672
17 | 37535 37516 37226 | 37425.67 17 12059 12212 11989 | 12086.67
18 | 15372 14791 15055 | 15072.67
19 1652 1662 1528 1614
20 2431 2463 2461 | 2451.667
21 2161 2154 2086 | 2133.667
22 2187 2107 2101 | 2131.667 22 1535 1713 1642 1630
23 2177 2035 2060 | 2090.667 23 1650 1666 1627 | 1647.667
24 2220 2157 2125 | 2167.333 24 1769 1793 1750 | 1770.667




Table A10 (continued)

4/26/2017 | Rep 1 Rep 2 Rep 3 Average Rep1l Rep 2 Rep 3 Averages
Blank (Scen) 4 17 14 | 11.66667
Blank (Chl) 633 531 539 | 567.6667
1 23875 23647 24303 | 23941.67 1 19785 20923 19521 | 20076.33
3 24469 24603 25199 24757 3 21152 21335 21465 | 21317.33
5 25982 25611 25933 25842 5 21338 20998 23603 | 21979.67
7 424 418 472 438 After 7 444 416 452 | 437.3333
9 538 516 518 524 dilution: 9 535 480 544 | 519.6667
12 285 259 292 | 278.6667 ) 12 341 324 351 | 338.6667
13 34879 34469 34430 | 34592.67
14 34493 33903 33943 34113
17 33772 33353 33302 | 33475.67
22 1998 1887 1881 1922
23 1874 1969 1949 | 1930.667
24 2089 1953 2093 2045
4/27/2017 | Rep 1 Rep 2 Rep 3 Average Rep1 Rep 2 Rep 3 Averages
Blank (Scen) 13 14 15 14
Blank (Chl) 695 827 851 791
1 30051 30003 30696 30250 1 23095 22486 22104 | 22561.67
3 28185 27448 27334 | 27655.67 3 21090 21134 20917 21047
5 28673 28274 28584 | 28510.33 5 21391 21253 21177 | 21273.67
7 468 442 440 450 After 7 449 482 462 | 464.3333
9 476 498 454 476 dilution: 9 494 523 487 | 501.3333
12 440 369 368 | 392.3333 ’ 12 349 356 358 | 354.3333
13 52403 52274 51929 52202
14 50431 50226 51235 | 50630.67
17 55244 52138 51620 | 53000.67
22 2102 2080 2074 | 2085.333
23 2298 2260 2243 2267
24 2234 2237 2212 | 2227.667




Table A10 (continued)

4/28/2017 | Rep 1 Rep 2 Rep 3 Average Rep 1 Rep 2 Rep 3 Averages
Blank (Scen) 11 6 10 9
Blank (Chl) 484 792 416 564
1 30015 30530 30611 | 30385.33 1 23835 23542 23457 | 23611.33
3 28800 29232 28371 28801 3 20388 20406 20794 | 20529.33
5 26482 26555 26646 26561 5 21554 21424 21187 | 21388.33
7 338 354 354 | 348.6667 After 7 331 309 320 320
9 436 436 436 436 dilution: 9 399 422 431 | 417.3333
12 380 313 324 339 12 198 227 205 210
13 48320 47539 47772 47877
14 54128 51653 51271 | 52350.67
17 50456 50814 50860 50710
22 2481 2434 2361 | 2425.333
23 2401 2417 2365 | 2394.333
24 2396 2436 2386 2406
4/29/2017 | Rep 1 Rep 2 Rep 3 Average Rep 1 Rep 2 Rep 3 Averages
Blank (Scen) 9 6 11 | 8.666667
Blank (Chl) 828 775 708 | 770.3333
1 31603 30118 30197 | 30639.33 1 25191 25535 23771 | 24832.33
3 30950 29368 29006 | 29774.67 3 22290 21925 21868 | 22027.67
5 30182 29489 29034 | 29568.33 5 23020 22977 22697 22898
7 444 388 396 | 409.3333 After 7 139 151 148 146
9 505 512 487 | 501.3333 dilution: 9 200 224 191 205
12 464 288 308 | 353.3333 12 98 106 110 | 104.6667
13 47420 49871 47840 48377
14 49995 50297 49884 | 50058.67
17 50098 50087 49787 | 49990.67
22 2626 2617 2801 | 2681.333
23 2615 2598 2564 | 2592.333
24 2652 2835 2813 | 2766.667




Table A26 Plate 7

Plate set-up in the plate reader for plate 7 and all resulting fluorescence readings at each time interval. L=log phase, S=stationary phase, R=stained samples, M=medium

Plate set-up 5 minutes 10 minutes
MR 9S-R 12S-R Empty 2541 18708 29529 | 769 2582 17981 26712 | 794
MR 9S-R 12S-R Empty 2633 18238 32939 | 782 2686 14568 32032 | 784
MR 9S-R 12S-R Empty 2611 20015 30278 | 793 2634 18732 27756 | 783
Empty | Empty | Empty | Empty 778 771 785 | 795 772 771 786 | 782
Empty | Empty | Empty | Empty 791 767 791 ] 781 809 799 792 | 783
M 9S 12S Empty 1048 1014 1037 | 768 1045 951 1026 | 793
M 9s 12S Empty 1029 984 1025 | 779 1055 968 1002 | 779
M 9S 12S Empty 1071 966 1014 | 797 1053 946 992 | 737
15 minutes 20 minutes 25 minutes
2625 16062 23963 800 2596 14478 20821 | 800 2500 14377 18965 | 784
2633 14589 33778 777 2547 14340 34928 | 801 2333 14831 28186 | 796
2656 16428 23196 767 2639 16096 19281 | 784 2524 17112 20474 | 787
770 774 784 765 781 777 805 | 780 809 759 771 | 772
805 791 775 785 791 776 802 | 790 767 792 784 | 788
1000 953 949 767 1080 953 972 | 772 1033 941 951 | 795
1013 953 977 782 1067 945 972 | 770 1009 937 934 | 795
1035 934 968 752 1047 908 943 | 783 1058 901 948 | 764
30 minutes
2336 15418 20829 782
2210 16081 18682 778
2330 18428 23940 736
765 798 765 791
766 760 796 799
1023 940 954 785
1028 934 970 788
1043 896 901 795




Table A27 Lipid standard 1

Plate set-up 0 minutes
MR 1R 2R 3R 4R Empty | 2693 | 49296 56286 53890 72108 813
Empty | Empty Empty Empty Empty Empty | 814 790 770 772 785 784
M 1 2 3 4 Empty | 1087 | 2671 1243 1145 1221 778
Empty | Empty Empty Empty Empty Empty | 806 775 823 785 785 807
5 minutes 10 minutes
2670 67405 95604 82830 84736 822 2877 | 122016 | 181525 | 173158 | 124526 | 816
812 799 784 795 804 797 793 | 808 818 772 775 810
1112 2976 1240 1157 1168 796 1084 | 3102 1209 1169 1139 800
798 758 790 767 798 816 790 | 775 789 802 798 808
15 minutes 20 minutes
2812 208273 | 242914 | 271608 | 191714 | 793 2817 | 268208 | 237678 | 292070 | 262873 | 800
775 781 769 788 803 798 817 | 773 796 783 812 822
1116 3101 1235 1170 1145 803 1095 | 3025 1237 1166 1160 785
764 776 816 800 828 778 79 | 771 813 793 791 771
25 minutes 30 minutes
2854 264308 | 208676 | 259068 | 306022 | 789 2896 | 235843 | 185504 | 226544 | 307998 | 803
810 799 789 758 814 782 784 | 768 801 794 781 757
1099 3023 1226 1140 1147 766 1119 | 3029 1205 1205 1123 768
770 787 798 801 803 778 778 | 799 772 779 776 793

Four repetitions of the lipid standard were measured in triplicate. R=stained with nile red.




Table A28 Lipid Standard 2

Plate set-up 0 minutes
MR 1R 2R 3R 4R Empty | 2514 | 45801 44218 50599 58762 780
Empty | Empty Empty Empty Empty Empty | 812 793 787 809 788 782
M 1 2 3 4 Empty | 1071 | 1098 1096 1122 1081 793
Empty | Empty Empty Empty Empty Empty | 764 781 810 771 765 780
5 minutes 10 minutes
2483 75212 102094 | 101241 | 116977 | 802 2430 | 185823 | 240209 | 232389 | 252910 |783
783 779 754 787 807 762 794 | 772 780 748 782 784
1043 1086 1092 1121 1083 771 1046 | 1055 1095 1096 1107 771
763 764 773 760 784 789 822 | 753 759 775 783 813
15 minutes 20 minutes
2346 268611 | 254509 | 288991 | 284547 | 797 2149 | 242869 | 208776 | 253508 | 243300 | 785
766 775 777 752 771 762 799 | 769 789 807 759 793
1051 1099 1088 1117 1082 806 1039 | 1081 1103 1130 1094 763
749 770 777 757 793 795 794 | 752 806 776 765 786
25 minutes 30 minutes
1951 204920 | 180752 | 217509 | 210269 | 784 1908 | 182306 | 166129 | 196533 | 193860 | 782
797 770 793 779 791 776 773 | 755 755 773 763 768
1057 1082 1104 1133 1091 771 1026 | 1113 1109 1124 1101 777
782 796 777 767 767 764 768 | 779 760 767 754 762

The lipid standard was made a second time. Four repetitions of this lipid standard were measured in triplicate. R=stained with nile red




Table A29 Lipid standard 3

Plate set-up 0 minutes
MR 1R 2R 3R 4R Empty | 2641 | 48200 47729 48409 49940 798
Empty | N/A Empty Empty Empty Empty | 815 3881 799 816 786 825
M 1 2 3 4 Empty | 1054 | 1089 3925 1162 1130 757
Empty | Empty Empty Empty Empty Empty | 807 770 793 784 796 793
5 minutes 10 minutes
6859 70800 64666 98342 85275 800 8122 | 144638 | 139692 | 241032 |195743 | 795
794 6619 819 790 810 801 824 | 9303 782 797 788 808
1043 1087 37008 1134 1087 822 1061 | 1089 44496 1092 1102 797
788 831 780 803 796 807 793 | 787 820 806 791 805
15 minutes 20 minutes
8057 241534 | 251538 | 297694 | 282618 | 804 8824 | 257131 | 286216 | 253513 | 262277 | 824
813 11125 797 790 787 805 823 11425 773 818 801 826
1070 1079 36787 1132 1110 822 1073 | 1080 25408 1110 1138 789
789 786 825 768 778 827 787 | 811 786 793 790 786
25 minutes 30 minutes
7636 227122 | 252945 | 216570 | 226093 | 810 8120 | 194062 | 216769 | 200087 |201111 | 794
823 10795 781 790 796 766 783 | 9560 812 775 775 809
1032 1090 27266 1111 1094 804 1017 | 1117 30351 1134 1134 799
758 793 798 786 814 818 804 | 783 798 790 779 777

The lipid standard was made a third time. Four repetitions of this lipid standard were measured in triplicate. R=stained with nile red




APPENDIX | — Miscellaneous

Table A30 Growth rate summaries

MGR Log phase
dilution GR
16°C, 1 1.450808 | 0.808883943
Chlorella | 2 1.683571
3 1.337985 | 0.763039956
4 1.634472
5 1.571488 | 0.874861227
6 1.261993
16°C, 7 1.746297 | 0.959052591
Scen 8 0.786238
9 0.872733 | 0.595529093
10 0.987947
11 0.7404
12 1.363305 | 0.763527977
30°C, 13 3.049594 | 1.419080246
Chlorella | 14 2.388808 | 1.249942892
15 3.200251
16 2.150159
17 2.511098 | 1.310141885
18 3.1015
30°C, 19 1.856298
Scen 20 1.970008
21 1.094036
22 1.327454 | 0.852479219
23 0.981813 | 1.077289519
24 1.101859 | 1.16315081

Maximum growth rate achieved by each culture in the final experiment compared to the growth rates that were used during final

portion of semi-continuous dilutions before sampling at log phase.
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Figure 1.1 Scenedesmus sp. image

Image of the final isolated Scenedesmus sp.
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