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ABSTRACT

Coal bed methane (CBM) production ponds are being constructed more
frequently in areas such as the Powder River Basin in Montana and Wyoming where
methane production has been active in the past decade. These ponds are currently not
being utilized and are holding billions of gallons of water. The extracted water in these
ponds is presently being discharged to local stream drainages or infiltrating into the
surrounding soil. The environmental impacts of this increase in water can have negative
effects on the surrounding areas. The purpose of this thesis is to explore the possibility of
using CBM production ponds in the Powder River Basin, in Montana and Wyoming, for
the growth of microalgae and the production of biodiesel from their accumulated lipids.
Microalgae have been known to grow in other bodies of undesirable water and research
has been ongoing on how to effectively use microalgae as a resource by stimulating lipid
accumulation through the use of various environmental stressors. Coal bed methane
ponds already provide a source of non-potable water for microalgae cultivation.
Exploring the possibility of making these ponds a growth medium for microalgae is the
first step in determining whether they can be turned into a productive energy resource. A
native green alga, CBMW, has been isolated from a CBM production pond in
northeastern Wyoming. CBMW has been cultured and grown under laboratory
conditions in sterile CBM water and Bold’s Basal Medium (BBM). Chlorophyll levels,
biomass growth, pH, lipid accumulation, and water chemistry were tracked while CBMW
was grown in sterile CBM water to understand how the alga responds to varying
environmental conditions. When grown under the right environmental conditions isolate
CBMW increased biomass and accumulated lipids. These results suggest that attempting
to grow CBMW on a larger scale in CBM production water could be an effective method
to produce biodiesel while utilizing a potentially problematic water source.
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CHAPTER ONE

INTRODUCTION

Coal bed methane (CBM) is a source of energy that is becoming increasingly
popular in the United States (www.eia.gov, 2014). Methane is produced deep within the
ground in coal seams due to biogenic or thermogenic activity and can be extracted from
coal seams and brought to the surface. The most common method of extraction is to
pump water out of the ground causing the underground aquifers to depressurize (McBeth
et al. 2003). Once an aquifer is depressurized, methane can desorb from the coal and be
collected (Wheaton & Olson, 2001). While de-watering allows the collection of natural
gas, the massive amount of produced water is a waste stream that is an environmental
hazard. A possible use for CBM water is growing microalgae to produce biomass and
lipids for biodiesel production. The purpose of the research presented in this thesis is to
explore the potential for growing a native algal species, strain CBMW, in CBM

production water ponds in order to turn these ponds into a productive energy resource.

Coal Bed Methane Production Water

The collection of methane for use as an energy source results in large amounts of
water being pumped out of underground aquifers. This causes methane to desorb from
coal seams making it available for collection (Wheaton & Olson, 2001). In 2014 the
Powder River Basin in Wyoming alone produced, 256 million Bbls (8.07 billion gallons)

of water due to the extraction of methane (WGOCC, 2014). CBM water is high in


http://www.eia.gov/

2
sodium, bicarbonate, and total dissolved solids (TDS) (Healy et al. 2011; Jackson &
Reddy, 2007; McBeth et al., 2003) making it difficult to handle once it reaches the
surface. Most of the available options are expensive or environmentally unfriendly and
are beginning to be more strictly regulated.

Coal bed methane sites are often located in rural areas that would make irrigation
a convenient method of disposing of the water. Unfortunately, the sodium adsorption
ratio (SAR) is too high in many cases to make this possible. SAR is a ratio of sodium
concentration in water relative to the concentrations of calcium and magnesium. Water
with an SAR value higher than 10 is not recommended for irrigation purposes (Healy et
al., 2011; Richards et al., 1954). Water with SAR levels above 10 can cause sodium ions
to accumulate to high levels in the soil, negatively affecting soil properties such as
infiltration rate (Ganjegunte et al., 2008).

In some instances, discharging small amounts of water to nearby streams or rivers
is acceptable. Wyoming, for example, allows small portions of CBM water to be
discharged into streams and drainages ("Guidance and Tech for CBM Permitting under
WYPDES"). However, the allowable amounts are not nearly enough to take care of the
large volume of water that is being produced. Another possibility is reinjection of the
produced water back into the ground (Ross & Zoback, 2008). While this sounds feasible,
the geology of the formation has to be impermeable enough to insure that the water will
not contaminate nearby aquifers or alter coal play hydrology. This can result in the water
needing to be transported over great distances to an acceptable site, which becomes costly

and uneconomical. A third option would be to apply reverse osmosis, or a filtering
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technique, to remove high concentrations of solutes in the water (Welch, 2009). Once
again, this becomes costly because of the large amount of water that would need to be
treated and the high energy cost of the process.

Due to the cost, inconvenience, and environmental restrictions of other options, a
large majority of the water is stored in unlined ponds where the water evaporates to the
atmosphere or infiltrates the soil. The unlined ponds allow the CBM water to percolate
into the soil profile creating the potential for many undesired effects on local
groundwater. Some of these effects include changes in pH, TDS, and raising the
groundwater table (Healy et al., 2011). It is hard to predict what changes will occur to
the local water quality because of the diversity of geology and soil chemistry of any
given site with a CBM pond. In any case, CBM water stored in ponds raises many
concerns about the effects it will have on the surrounding environment (Davis et al.,
2009; Reddy et al., 2014; Zou et al., 2006). However, the possibility of utilizing these

ponds to grow microalgae could be an environmentally friendly alternative.

Microalgae

Microalgae are single celled organisms with a promising potential for biodiesel
production. They can be grown in large bodies of water and produce lipids when
cultivated under the right conditions. CBM ponds could be an ideal place to grow
microalgae as they are a preexisting water source. The next section will take a closer

look at some of the general characteristics of microalgae, particularly in the areas of lipid
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accumulation and nutrient uptake, as well as the possibility of growing microalgae in

CBM water.

Advantages of Using Microalgae for Biodiesel Production

Microalgae are very efficient producers of bio-oil compared to more traditional
crops such as cotton and soybeans. A comparison and analysis performed by Schenk et
al. showed that algae have the potential to produce up to 98,500 L/ha/year (10,500
gal/ac/year) of biodiesel compared to 325 L/ha/year (34.7 gal/ac/year) for cotton and 446
L/ha/year (47.7 gal/ac/year) for soybeans. This correlates to anywhere from 15-300 times
more biodiesel that can be produced (Schenk et al., 2008). These calculations show that
significantly less area would be required for microalgae to produce an equivalent amount
of biodiesel when compared to cotton, soybean, and other traditional sources.
Microalgae can also be grown in ponds on non-arable land (Singh et al., 2011). This
becomes advantageous because the production of algal biodiesel would not compete with
land that might be needed to grow food. From an agricultural standpoint, algae also have
a very quick life cycle. Algae could potentially be harvested for lipids every 1-10 days
(Schenk et al., 2008) with the remaining biomass being used as fertilizer (Mulbry et al.,
2005) or organic matter for an anaerobic digester system (Golueke et al., 1957). As algae
grow, they also fix carbon dioxide from the atmosphere making it a beneficial process to

help balance carbon dioxide emissions.



Cellular Cycle

Microalgae have not always been looked at as a beneficial resource. Until
recently, mass algae growth in water was considered harmful because of the end effects
of the water quality and the toxins that some diatom and cyanobacteria species produce
(Hernandez-Becerril et al., 2007). Algae thrive in eutrophic zones of water where there
are plenty of nutrients available (Heisler et al., 2008). The algae will continue to grow
until the nutrients run out or the growth becomes so thick that light becomes a limiting
resource. At this point, algae will start to decay. Once algal growth declines, dead cells
are utilized by heterotrophs in the water as a carbon source. Heterotrophs also consume
the dissolved oxygen in the water since it is the preferred terminal electron acceptor of
many bacteria in aquatic systems. The resulting anoxic water is deadly to plants and
animals that rely on dissolved oxygen to survive. Ultimately, it is not the algae’s
metabolism that is directly causing the lack of oxygen, but merely the presence of algae
as a carbon source (Schenk et al., 2008).

In some species of microalgae, lipid accumulation naturally occurs when the algae
begin to experience nutrient deplete conditions (Gardner et al., 2011; Lohman et al.,
2014; Valenzuela et al., 2012; X. P. Zhou et al., 2013). In nature, this is a good survival
mechanism for algae. The algae begin converting carbon dioxide to neutral lipids to use
later. When light becomes limiting due to culture density or other factors, the algae can
start to utilize the accumulated lipids to prolong survival (Manoharan et al., 1999).

Fixation of atmospheric carbon dioxide is a part of algal metabolism and their

main carbon source. The energy required to fix carbon dioxide comes from the process
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of photosynthesis (White et al., 2012). Algae contain light harvesting complex proteins
that absorb energy from photons. These proteins are known as chlorophyll and
carotenoids. Chlorophyll is what gives green algae their characteristic green color. Other
algae, such as red and brown algae, are primarily colored from carotenoids. Light energy
captured by these pigments is used in a structure called photosystem II (PSII) for the

following reaction (White et al., 2012):
N 21
H,O0—>2H" +2e +§OZ Eq. 1.1

The hydrogen ions and electrons produced are crucial to the cellular processes of algae.
Electrons are sent down the photoelectron transport chain of the cell and the hydrogen
ions are used to produce a proton gradient. This gradient is then used to produce ATP.
Electrons are transferred onto NADP+ to form NADPH via photosystem I (PSI) at the
end of the photoelectron transport chain (White et al., 2012). NADPH is an important
cofactor in biomass production and lipid biosynthesis (White et al., 2012). ATP and
NADPH are also essential for the Calvin Cycle, the pathway used for carbon fixation
(White et al., 2012).

A key enzyme in the Calvin Cycle is Rubisco. This enzyme combines carbon
dioxide and ribulose-1,5-bisphosphate (RuBP) (White et al., 2012). After the fixation of
carbon, the carbon can be allocated by the cell for a variety of processes and eventually

be used to make acetyl-CoA, one of the building blocks of lipids (White et al., 2012).
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Nutrient Uptake

A beneficial attribute of many microalgae species is their ability to improve water
quality by utilizing unwanted nutrients found in the water. This has been observed in a
variety of systems including batch cultures (Kothari et al., 2013) as well as arrangements
that more closely resemble a continuously stirred tank reactor (CSTR) (Aschonitis et al.,

2013).

Batch Reactor

One study observed the effect of nutrient utilization by algae in concentrated dairy
wastewater using Chlamydomonas polypyrenoideum. Dairy wastewater is very high in
TDS, nitrate, and phosphate. In this particular example, these values were 781 mg/L,
78.31 mg/L, and 5.58 mg/L respectively (Kothari et al., 2013). The water sample also
contained ammonia and nitrite. Due to the high levels of contaminants, the wastewater
was diluted at different levels with distilled water to see which combination was the most
effective for growth and to ensure that the high concentrations of the dairy wastewater
would not be toxic to the algae. The optimal result was a ratio of 3:1 (dairy wastewater:
distilled water). 500 mL of the 3:1 mix were placed in 1 L flasks, inoculated with algae,
and allowed to grow for 15 days (Kothari et al., 2013). The results can be seen below in

Figure 1.1.
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Figure 1.1 Percent reduction of contaminants in dairy wastewater by C.
polypyrenoideum. Cultures were grown in 500 mL of 3:1 (75% wastewater:25% distilled
water) wastewater mix in 1 L flasks (Kothari et al., 2013).

From the figure, it can be observed that there was significant reduction in the
contaminant concentrations. In particular, nitrate and phosphate, were removed by
approximately 90% and 74% respectively (Kothari et al., 2013). These are very
promising results for the potential of algal growth in contaminated waters. The algae
were also found to contain a lipid content of 42% by weight (Kothari et al., 2013).
Growing microalgae in a lab scale batch system is beneficial in determining how the
species of interest will respond to various nutrient stimuli. This information is helpful

when moving towards pilot, commercial, or industrial scale systems.

CSTR-like System

A second study looked at a system that more closely resembled a continuous
stirred-tank reactor (CSTR) as there was a constant flow of water into and out of the
system. In this case, algae were being grown in rice fields concurrently with the rice

crop. Three different green algae species were observed to make up more than 95% of
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the algal biomass (Aschonitis et al., 2013). Water from flood irrigation continuously
flows into and out of the rice field bringing nutrients along with it including nitrogen,
phosphate, calcium, magnesium, sodium, potassium, and bicarbonate (Aschonitis et al.,

2013). The results of the influent and effluent concentrations can be seen below in Table

1.1.

Table 1.1 Nutrient concentrations at inflow (IR) and outflow (Q) for algae grown in rice
fields with herbicide. Data taken from Aschonitis et al. (2013).

Nutrient (kg ha™") IR Q
N 38.82 7.16
P 2.76 0.07
C - -
Ca 997.53 296.27
K 31.16 13.18
Na 270.47 87.66
Mg 329.42 133.06

Once again, significant reductions in nutrient levels occurred. These results were
despite of the fact that the water also contained herbicides. The herbicides did not appear
to have a negative effect on the algae likely due to the algae’s short lifespan (Aschonitis
et al., 2013). Growth in the rice fields during flooding was approximately 8.2 kg/ha/day
(Aschonitis et al., 2013). The observation that microalgae did so well when combined
with multiple species and a crop might open doors for future research on the applications
of microalgae. This study also demonstrated that microalgae can be successfully grown

in outdoor systems where keeping the biomass axenic is not possible. This is an
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important realization when considering growing microalgae in CBM water as the water

itself will contain a variety of microflora (Barnhart et al., 2013).

Potential for Growth in CBM Production Water

Based on the previous discussions of nutrient utilization by microalgae in
contaminated and low quality water, there is potential for microalgae to grow well in
CBM production water. However, the previously discussed studies focused mainly on
water sources with high levels of nitrogen and phosphorous. CBM water, on the other
hand, has very high levels of sodium and TDS (Healy et al., 2011; Jackson & Reddy,
2007) and low levels of nitrogen and phosphorous. Nevertheless, a study in Australia
verified that it is possible to grow microalgae in very brackish water (Buchanan et al.,
2013).

One of the goals of the Australian study was to see if algae would grow in coal
seam gas (CSG) water with different TDS concentrations. This particular study did not
focus on a specific algal species. Algae were obtained from three different sources:
seawater with added nutrients, lake water (fresh water combined with some secondary
treated effluent), and a laboratory reactor with secondary treated effluent. Algae from all
three sources were mixed together to make the inoculum. Two samples of CSG water
were used. One was from a holding pond and had a TDS of 1.7 g/L. The other was
concentrated CSG water from a reverse osmosis process and had a TDS of 11.6 g/L.
Seawater diluted to the same TDS concentrations with deionized water and one sample of
pure deionized water was also used. All five samples were in separate, 1 L fed-batch

reactors, for the duration of the experiment (Buchanan et al., 2013).
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Figure 1.2 Growth of an algal consortium in distilled water (DIW), coal seam gas water
with a TDS of 1.7 g/L (CSG1.7), coal seam gas water with a TDS of 11.6 g/L (CSG11.6),
sea water diluted to an EC value corresponding to CSG1.7 (SEA1.7), and sea water
diluted to an EC value corresponding to CSG11.6 (SEA11.6). Experiments were
performed in 1 L fed-batch reactors with added nutrients. Error bars represent one
standard deviation between replicate reactors (Buchanan et al., 2013).

As can be seen in Figure 1.2 above, both samples of CSG water supported the
growth of algae. However, it was noted in the paper that the CSG water had to be
supplemented with nutrients found in /2 medium, such as nitrogen (Buchanan et al.,
2013).

Along with testing the growth of algae in the water samples, the study also
evaluated the diversity of algal species in the water using terminal-restriction fragment
length polymorphism (T-RFLP). It was concluded that CSG water supported the same
type of algal communities that were observed in fresh- and marine water. However, on

day 15, the CSG water sample with 11.6 g/L of TDS had an algal community that was
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different from the other samples. The conclusion was that the conditions in the CSG
water sample with a TDS of 11.6 g/L (i.e., high inorganic carbon, high TDS, etc.) could
have selected for a unique community (Buchanan et al., 2013). A unique algal
community selected for a given set of parameters could be advantageous (Schenk et al.,
2008). Parameters such as high salinity or pH could support the growth of certain algal
communities while preventing the growth of other microorganisms. Unwanted
contamination by other microorganisms can cause algal populations to crash and
disappear from a pond (Schenk et al., 2008). Since CBM ponds are open to the
environment, contamination could be a point of concern if these ponds are used to grow
microalgae.

A separate study evaluated the potential for growing a selected marine microalgae
species, Dunalliella tertiolecta, in coal seam gas water in Australia (Aravinthan &
Harrington, 2014). This study demonstrated that growth and lipid production were
possible after amending the water to a salinity of 10 g NaCl/L, adding additional
bicarbonate, and providing nutrients found in a defined medium. This salinity is
significantly higher than that of CBM water found in the Powder River Basin. Working
with a native algal species 1solated from CBM water should allow CBM water to be used
as a growth medium without having to significantly modify it through various
amendments. Another obstacle to consider, especially in Montana, is the low
temperatures during the winter months. Based on modeling programs, it has been
speculated that the optimum growth temperature for algae in other studies is

approximately 28°C and the minimum water temperature for algal growth is around 5°C
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(Aschonitis et al., 2013). This would not make it possible to grow algae in CBM ponds
during the winter in Montana. The effects of various temperatures on the growth of
CBMW would need to be evaluated to identify an optimal growing season for this species
in Montana and Wyoming. Other limitations that have significant effects on algal growth

and lipid production are nutrient concentrations and availability.

Nutrients

The nutrients that microalgae have to grow on play a role in how fast they grow,
how much lipids they produce, and even what kinds of lipids are accumulated (Chia et
al., 2013; Gonzalez-Garcinuno et al., 2014). As mentioned earlier, microalgae begin to
produce and accumulate lipids when they are under environmental stress. Understanding
how microalgae react to different nutrient stressors provides the opportunity to utilize
microalgae the most efficiently. Every species is different, but there are some nutrients

that have relatively common impacts throughout most studied algal species.

Nitrogen and Phosphorus

Nitrogen and phosphorus are two nutrients that are required for algal cells to
replicate and thrive. Algal cells can obtain nitrogen from various forms such as nitrate,
nitrite, ammonium, and urea (Eustance et al., 2013; Kothari et al., 2013). Nitrate is a
common source of nitrogen, and it has been suggested that algal cells have a higher
affinity for nitrate as opposed to nitrite and urea (Kothari et al., 2013). Nitrogen is vital
for cell growth due to its role in the molecular structure of RNA, DNA, and chlorophyll

molecules. Without nitrogen, the cell will not be able to produce these molecules, which
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are essential to divide and produce more cells. Phosphorus, like nitrogen, is also vital for
the cell and plays key roles in the molecular structure of ATP, phospholipid molecules,
and nucleic acids.

Algal cells become environmentally stressed under nitrogen and/or phosphorus
deplete conditions. Since the cells cannot replicate due to nitrogen and/or phosphorus
depletion, some cells begin to accumulate lipids as a carbon and/or reduced electron
storage molecule (Valenzuela et al., 2012). The diatom Phaeodactylum tricornutum is an
example of a microalgae species that behaves in this manner. The slowing and leveling
out of the growth rate of P. tricornutum in response to nitrate and phosphate depletion

can be seen below in Figure 1.3.
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Figure 1.3 Depletion of nitrogen (©) and phosphorus (¢) along with growth of P.
tricornutum (A). Arrows represent time points where cells were collected for RNA
sequencing (Valenzuela et al., 2012).
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Once cells entered the stationary phase, they began redirecting carbon in the cell to make
lipids as can be observed by the Nile Red fluorescence measurements. When nitrogen
and phosphorus are present, carbon is used to make algal biomass leading to replication.
At low levels of nitrogen and/or phosphorus, carbon is allocated towards fatty acids since
this process does not require a significant source of nitrogen and phosphorus and still
provides a source of NADP" that can be used as a terminal electron acceptor in the
process of photosynthesis. The correlation between lipid production and nitrogen and
phosphorus depletion can be seen below in Figure 1.4. Nitrogen depletion is one of the
most well-known methods to induce lipid accumulation and was found to be used many
times throughout the literature (Fields et al., 2014; Gardner et al., 2011; Huang et al.,

2013; Jiang et al., 2012; Valenzuela et al., 2012; Yeesang & Cheirsilp, 2011).

Carbon Dioxide

Increasing the concentration of available carbon dioxide supplied to microalgae
cultures has been evaluated as a way to change the availability of carbon to algal cells
(Lohman et al., 2014). Lipid accumulation and growth were evaluated on their responses
to the increase in carbon dioxide. In a recent study, algal growth responded very well to
the increase in the partial pressure of carbon dioxide (Gardner et al., 2012). This makes
intuitive sense because there would be more carbon available to be used for cellular
growth via the Calvin Cycle. However, lipid accumulation had the opposite effect and
decreased with the increase in carbon dioxide. This was thought to be due to the change
in the pH of the system. It was also observed that lipid production can be stimulated by

high pH levels but will decrease at low pH levels (Gardner et al., 2012). This could be
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due to enzymes becoming denatured, because of the low pH, that are important in the
production of lipids. However, it should be noted that an increase in pH of the medium
does not necessarily correlate to an increase of pH within the cell (Goyal & Gimmler,
1989). The increase in carbon dioxide caused the pH of the water to decrease due to the

effects of the carbonate buffering system.
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Figure 1.4 A.) Lipid production (m) of P. tricornutum is observed to increase when
cellular growth (A ) becomes stationary. B.) Lipid accumulation (m) of P. tricornutum
increases after nitrogen (©) and phosphorus (¢) depletion (Valenzuela et al., 2012).
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Knowing that increased carbon dioxide increases growth and decreases lipid
production, it was possible to show that keeping high levels of carbon dioxide up until
nitrogen depletion, and then switching back to lower levels of carbon dioxide, enabled
the cells to grow quickly and accumulate more lipids. This maximized cell growth and
lipid accumulation (Gardner et al., 2012). However, a situation like this would not be
possible in a CBM pond setting because there would not be an economic way to increase
the carbon dioxide partial pressure since the ponds are open to the atmosphere and

located in remote rural areas.

Salt

Stimulating lipid production with the addition of salt was shown in a recent study.
Adding NaCl to an algal culture created enough stress on the algae to induce lipid
accumulation (X. P. Zhou et al., 2013). The timing of the addition of NaCl proved to be
important. NaCl added at the early growth stages of the algae inhibited growth. With
growth inhibited, not as much lipid was accumulated. However, if NaCl was added at the
late stage of exponential growth, lipid production was stimulated with minor changes to
the growth of the algae (X. P. Zhou et al., 2013). The NaCl likely inhibited growth in the
late exponential stage as well, but had a minor effect since the algae were already about
to enter the stationary stage of growth. It is conceivable that treating a portion of CBM
water by reverse osmosis could provide a high salt medium that could induce lipid
accumulation. But as previously mentioned, reverse osmosis is an expensive process and

not readily available in the rural areas of the Powder River Basin.
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Light

Although light is not a nutrient, it is very important to the successful growth and
lipid accumulation of algae via phototrophy. In a lab setting, light can be supplied to
algae 24 hours a day. This constant supply of light provides a consistent photo energy
supply allowing the algae to continuously grow and accumulate lipids once nitrogen is
depleted. However, in a realistic setting, such as a CBM pond, there will be a light:dark
cycle that correlates with the rising and setting of the sun. This has led experiments to be
conducted in a similar setting to more accurately reflect the light availability that
microalgae would experience in outdoor conditions.

In these experiments, the lipid accumulation of the algae seemed to decline,
especially during the dark cycle. Upon further investigation, it was determined that this
is likely because the algae began to utilize the accumulated lipids as an energy source
when there was no light (Gardner et al., 2012). This should be considered when looking
at the feasibility of growing algae in CBM ponds, particularly in Montana where

light:dark cycles vary dramatically based on the time of year.

Gene Expression in Microalgae

A review of the literature revealed interesting discussions on the gene expression
of various proteins in the different stages of growth for certain species of microalgae. In
one study the genes expressed in the exponential compared to the stationary phase were
examined for the algal species P. tricornutum. During exponential growth genes are up-

expressed for nitrate and phosphate transporters (Valenzuela et al., 2012). This is
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intuitive because the algae cells would need to be bringing in large amounts of these
nutrients to continue growing. During the stationary phase, genes are up-expressed for a
putative nucleotidase and alkaline phosphatases, which are used in the recycling of
nitrogen and phosphorus within the cell (Valenzuela et al., 2012). Other transcriptomic
studies have shown that genes coding for nitrogen assimilation and the pentose phosphate
pathway are up-expressed during nitrogen deplete conditions (Park et al., 2015).
Simultaneously, genes that encode for proteins essential to lipid accumulation are also
up-expressed while genes for fatty acid degradation are down-expressed (Park et al.,
2015; Rismani-Yazdi et al., 2012). These findings support the observed response of lipid
accumulation by microalgae when under nutrient stress. In some instances, the
availability of carbon can become a point of concern for algal cultures containing a high
number of cells (Valenzuela et al., 2012). Processes involving carbon cycling, known as
CO;-concentration mechanisms (CCMs), can be utilized by the cell in response to this
situation and vary depending upon growth stage of the population (Valenzuela et al.,
2012). Methods to recycle three carbon and four carbon intermediates were thought to be
utilized during the stationary phase of growth of P. tricornutum (when cell numbers are
high) in response to limited carbon availability (Valenzuela et al., 2012). The combined
work of these studies, as well as others, point to a massive shift in gene expression, the

transcriptome, and the proteome of algal cells to allow for a lipid accumulation event.
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Overview

As can be seen from the above discussions, there are a variety of ways to
manipulate the growth and lipid production of various microalgae species. It would be
fair to say that one of the fundamental methods for stimulating lipid accumulation is a
depletion of nitrogen. However, the depletion of phosphorus has also been observed to
play a role (K. H. Liang et al., 2013; Valenzuela et al., 2012). Lipid accumulation can be
enhanced by other factors such as carbon dioxide addition (Gardner et al., 2012; Lohman
et al., 2014), salt addition just before nitrogen depletion (X. P. Zhou et al., 2013), and/or
pH control (Gardner et al., 2011). Significant limiting factors for lipid accumulation
include the level of carbon dioxide available and the characteristics of the light:dark cycle
that are used. Various combinations of all the above nutrients and growth conditions can
be used to maximize lipid accumulation and biomass production from algae. It is
important to remember that every species is different and could behave uniquely to
environmental stress and stimuli. For these reasons, isolating a native algal species from
a CBM production pond is advantageous as the species is already adapted to growing in

the intended environment.

Harvesting Microalgae

One of the biggest issues with the use of biological biomass as a renewable
chemical feedstock is harvesting. There are a variety of ways to harvest microalgae. The

end goal of growing microalgae can have a direct effect on the chosen harvest process.
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Flocculation is one of the more common harvesting methods. There are two types
of flocculation: chemical and biological. In chemical flocculation, chemicals such as
alum salts, (Cui et al., 2014) ferric salts, and polymeric coagulants (de Godos et al., 2011;
Eldridge et al., 2012) are used to induce flocculation. It has been pointed out that a
disadvantage of some chemical flocculation techniques is the resulting salt and/or
coagulant content in the algal biomass, which can create issues if the biomass will be
reused for any other biological processes (Molina Grima et al., 2003) such as fertilizer or
as a feedstock for anaerobic digestion. If lipid extraction is the only end goal, this
method might be feasible. In biological flocculation, natural methods such as pH stress
(J. X. Liuetal., 2014) and co-culturing with bacteria (Lee et al., 2013) can be used to
induce flocculation. Filtration is another option to concentrate algal biomass (Frappart et
al., 2011). Unfortunately, this method becomes very expensive with large amounts of
water making it very uneconomical. Centrifugation can also be used to harvest
microalgae (Dassey & Theegala, 2013), but comes with the same economic disadvantage.
One of the more creative ideas in the literature involved feeding the algae to tilapia fish.
The fish are not efficient digesters of the algae and a majority of the biomass is passed
out of the fish as excrement making it easier to collect (Schenk et al., 2008). A unique
method for harvesting is the use rotating algal bioreactors (RABRs) that have been
designed at Utah State University (Christenson & Sims, 2012) that is in essence a
biofilm. Biofilms offer the advantage of inherently being a method for biomass
accumulation; however, methods of collection would still need to be developed (Fields et

al., 2014). The development of new harvesting techniques and/or the combination of
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existing techniques is an active area of research that could have a significant impact on
the economy of larger-scale cultivation operations. A unique solution might have to be
designed for CBM ponds that are located in rural areas and do not have easy access to

some of the technologies mentioned above.

Summary

Based on this review of the current literature involving microalgae, it would be
feasible to grow microalgae in coal bed methane production water ponds. Turning these
ponds into a productive resource would be beneficial and economical based on the vast
amount of water that is contained. Research has shown that certain species of algae are
able to grow in the high salinity conditions found in CBM water with some supplemental
nutrients added (Aravinthan & Harrington, 2014; Buchanan et al., 2013). Itis even
possible that the high salinity could select for a specific species and help prevent
contamination from unwanted organisms (Buchanan et al., 2013). Microalgae are
naturally occurring and accumulate lipids as a response to environmental stress. This
trait of microalgae can be exploited and used to provide a source for biodiesel production.
Microalgae can be stimulated to accumulate lipids in many different ways including
nitrogen and phosphorus depletion (Valenzuela et al., 2012), addition of carbon dioxide
(Lohman et al., 2014), increasing the pH (Gardner et al., 2011), and the addition of salts
(X. P. Zhou et al., 2013). Of these methods, nitrogen depletion is the most studied and
likely the most critical. Combining depletion of nitrogen with other methods could

maximize algal growth and lipid accumulation. Different species of algae can react
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uniquely to various methods and efforts should be made to characterize what will work

best with the species of microalgae that will be used.
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CHAPTER TWO

MATERIALS AND METHODS

Organism

CBMW is a green alga that was isolated from a coal bed methane (CBM)
production pond in northeastern Wyoming. The isolate was taken from the CBM water
inflow at a pond with coordinates of 44° 52.613’N 106° 54.700°W. At the time of
sampling, the inflow temperature was 14°C while the pond measured 15°C (written
communication with Elliott Barnhart). The use of a native algal species has the benefit of
already being adapted to the intended growth environment. Most studies look for a
species that will do well in contaminated or low quality water and then proceed to
determine if lipid production is high. In this case, the environment has naturally selected

a strain of microalgae.

Medium Composition

CBMW was maintained in liquid and agar plate cultures of Bold’s Basal Medium
(BBM). BBM is a generic medium designed to support the growth of a wide variety of
green algae species. The composition of the medium and added microelements can be
seen below. Liquid medium and plates were autoclaved and allowed to gas exchange for

24 hours before being used to cultivate CBMW.
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Table 2.1 Constituents of Bold’s Basal Medium.

Bold's (1 liter)

Reagent

KH,PO, 175 mg
CaCl,*2H,0 25mg
MgSQ,*7H,0 75mg
NaNO; 250 mg
K,HPO, 75 mg
NacCl 25mg
H;BO, 11.42 mg
Microelements (ME) 1mL
S1 1mL
S2 1mL
S3 1mL
B12 0.5mL

Table 2.2 Constituents of microelement solution for Bold’s Basal Medium

ME (1 liter) g

ZnS0,*7H,0 8.82
MnCl,*4H,0 1.44
MoO;Na2*2H,0 0.71
CuSO,*5H,0 1.57
Co(NOs),*6H,0 0.49

Table 2.3 Constituents of S1 solution for Bold’s Basal Medium.

S1(1liter) g
Na,EDTA 50
KOH 3.1

Table 2.4 Constituents of S2 solution for Bold’s Basal Medium.
S2 (1liter) g

FeSO,*7H,0 4.98
H,S0, (con) 1(mlL)
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Table 2.5 Constituents of S3 solution for Bold’s Basal Medium.

S3 (1liter) g

Inositol 5
Thymine 3
Thiamine*HCI (B1) 0.5
Nicotinic acid (niacin) 0.1
Ca pantothenate 0.1
p-Aminobenzoic acid 0.01
Biotin (vitamin H) 0.001
Folic Acid 0.002

Table 2.6 Constituents of B12 vitamin solution for Bold’s Basal Medium.
B12 (1liter) g

Cyanocobalamin (B12) 0.004

Experiments were performed using BBM, sterile CBM water with and without
added nutrients, and non-sterile CBM water with and without added nutrients. The major
ion constituents of CBM water can be seen below in Table 2.7. CBM water was obtained
directly from the FG-09 extraction well located at 45° 26' 5.8914" N 106° 23'31.416" W

in the Powder River Basin.

Growth Conditions

CBMW was maintained in a 20°C incubator with a light:dark cycle of 14 hours of
light followed by 10 hours of dark. Light intensity was measured and found to be 7871.9
lux. A 14:10 light:dark cycle was selected over a 12:12 light:dark cycle to better simulate
the longer days and shorter nights of the Powder River Basin (PRB) during the summer
months. Liquid flasks were placed on a Labnet Orbit 1900 Heavy Duty Shaker at 125

rpm to encourage mass transfer of carbon dioxide into the medium. 500 mL Erlenmeyer
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flasks containing 250 mL of BBM or CBM were used to maintain cultures and perform

experiments.

Table 2.7 Constituents of coal bed methane water from the FG-09 well located in the
Powder River Basin.

Molecule|CBM Concentration (mg/L)
Ca 3.9
Mg 1.5
Na 590
K 4.8
Sr 0.3
Si 3.6
B 0.33
Mn 0.02
Fe 0.02
Ba 0.34
F 3.8
NO, 0
Br 0.33
NO; 0
Cl 63.6
SO, 9
pH

pH was measured with a standard benchtop Oakton pH 11 Series meter. The pH

meter was calibrated using pH standards of 4.0, 7.0, and 10.0 before each use.

Cell Counts

Cell counts were originally used to track the growth of CBMW in preliminary

experiments. Cell counts were taken using a standard hemocytometer. Once CBMW
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began to flocculate and clump in culture, cell counts were no longer an accurate measure

of growth or biomass and were no longer used.

Dry Weight

Dry weight measurements were taken using 0.2 pm filters. Filters were 25 mm in
diameter and were made of either nitrocellulose or acetate cellulose. 4-10 mL of culture
were filtered using a vacuum pump. The exact volume used was recorded for each
sample. Each sample was rinsed with approximately 5 mL of deionized water to remove
excess salts. Once filtered, samples were dried for 48 hours in a 90°C oven. The
difference in weight before filtering and after drying was used as a measure of culture

biomass concentrations.

Chlorophyll Measurements

I mL samples of culture were placed in 1.7 mL microcentrifuge tubes and
centrifuged for 15 minutes at 16,162xg. After centrifuging, 950 pL of the supernatant
was pipeted out being careful not to disturb the cell pellet at the bottom of the tube.
Vortexing and/or sonicating were used to resuspend the cell pellet in 1 mL of 100%
methanol. The microcentrifuge tubes were then stored in a 4°C refrigerator inside a
cardboard box for at least 24 hours. The box was used to prevent light from interacting
with the extracted chlorophyll as suggested by Ritchie (2008). After approximately 24
hours, the samples were spun down in a centrifuge for 5 minutes at 16,162xg to remove

the biomass from the supernatant. 1 mL of supernatant was then carefully pipeted out
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and analyzed on a Shimadzu UV-1700 UV-VIS spectrophotometer. A blank of 100%
methanol was analyzed before each group of readings was taken. The spectrophotometer
read absorbance values at wavelengths of 665.2 nm, 652 nm, and 632 nm. The
wavelength measurements were used to calculate the concentration of chlorophyll in pg/L
according to the following equations (Ritchie, 2008):
Chla = 2.0780(Abs 632) — 6.5079( Abs 652) + 16.2127( Abs 665)|x dilution factor Eq. 2.1

Chlb = [ 2.9450( Abs 632) + 32.1228( Abs 652)—13.8255( Abs 665)] x dilution factor ~ Eq. 2.2

Chlc =[34.0115( Abs 632) —12.7873( Abs 652) —1.4489( Abs 665)]x dilution factor ~ Eq.2.3

ZChI = Chla+ Chlb + Chlc Eq.2.4

Anion Measurements

Fluoride, chloride, nitrite, bromide, nitrate, phosphate, and sulfate were tracked
during the course of selected experiments using a DIONEX ICS-1100 and Chromeleon
Chromatography Management System. If samples contained concentrations higher than
100 mg/L, they were diluted using nano-pure water. An ASRS 4mm suppressor was used
with an anion exchange column and an eluent feed of 4.5 mM sodium carbonate and 1.4

mM sodium bicarbonate.

Lipid Accumulation

Accumulation of lipids was tracked using the Nile Red method developed by
Cooksey et al. (1987). 4 pL of Nile Red solution (0.25 mg Nile red/ml of acetone) were

mixed in 1 mL of sample and then placed in the dark for 5 minutes. Nile Red
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fluorescence was measured using a Synergy H1 hybrid reader. Gen5 microplate reader
software was used to evaluate the fluorescence at an excitation of 480 nm and emission

of 580 nm.

Preliminary Experiments

Preliminary experiments were performed to help narrow down nutrients and
conditions of specific interest when growing CBMW in CBM production water. Each
preliminary experiment was done with one biological replicate. Two technical replicates
were taken for each measurement of pH, cell counts, chlorophyll, Nile Red, and water
chemistry.

CBMW was grown with various nutrients added that were lacking when
compared to the nutrient composition of BBM. These added nutrients included nitrate,
phosphate, micronutrients, vitamin B12, calcium, and boron. Nitrate, phosphate,
micronutrients, and vitamin B12 were determined to be the additions of primary interest.
CBM water already contains small amounts of calcium and boron, and the addition of
more of these two nutrients was not observed to make a marked difference in the growth
of CBMW. After comparing water chemistries, the only nutrients that were lacking in
CBM water that had not been tested were magnesium and sulfate. A growth condition
including these nutrients was included in the final experiments.

The amounts of added nitrogen and phosphorus were adjusted in various
experiments. In some experiments, the same concentrations as found in BBM (2.94 mM

N and 1.7 mM P) were used. With one exception, lipids were not observed to
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accumulate, presumably because of the large amount of nitrogen and phosphorus coupled
with the short length of the experiments. In a subsequent experiment, 0.3 mM N and 0.85
mM P were tested. Without the added micronutrients, the large amount of phosphorus
compared to nitrate seemed to negatively affect the growth of CBMW. It was determined
that a nitrogen concentration of 0.5 mM and a phosphorus concentration of 0.05 mM
would be used for the final experiments. These amounts were previously observed to
successfully stimulate lipid accumulation in the marine diatom P. tricornutum
(Valenzuela et al., 2012). To accurately compare results to BBM, the amounts of
nitrogen and phosphorus were reduced to these levels in BBM in the final experiments as
well.

Originally, each preliminary experiment was performed in non-sterile CBM water
to better simulate the natural environment. BBM was used as a standard growth medium
to compare to the growth of CBMW in CBM water. In all experiments, cell counts in
CBM water were far below that in BBM. This was due in part to a lack of nutrients
found in CBM water, but was also suspected to be affected by the flocculating behavior
of CBMW in CBM water. These small flocs were too large to be evenly distributed by
the volume of sample used for cell counts on a hemocytometer. This caused there to be a
very large number of cells in some instances and very few in others. The small flocs
were presumably a by-product of growing CBMW in non-sterile water as bacteria can
have an aggregating effect on algal growth (Cho et al., 2015; Lee et al., 2013; D. D. Zhou
etal., 2015). To test this hypothesis, CBMW was grown in both sterile CBM water and

non-sterile CBM water, both having nutrients added that would be found in BBM. Cell
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counts in sterile CBM water were comparable to cell counts in BBM with the same
concentrations of added nutrients. Cell counts in non-sterile water were significantly
lower. Due to these results, a dry cell weight method was selected to track increases in
biomass for the final experiments to give a more accurate comparison of non-sterile CBM
water to BBM.

Before the final experiments could be carried out, a radical change in the behavior
of CBMW in non-sterile CBM water was observed. Rather than clumping on a
micrometer scale, large millimeter sized clumps were formed. Previously, a one milliliter
aliquot from a culture flask was enough to be a representative sample for the entire flask.
With the formation of the new, much larger clumps, obtaining a representative sample
was no longer possible. The vast majority of the microalgae in the flasks were growing
within these clumps, leaving the rest of the flask very clear with hardly any turbidity and
no sign of the green hue common to microalgal growth. This presented a significant
obstacle when trying to determine growth parameters such as chlorophyll content,
biomass growth, and Nile Red fluorescence readings. The CBM water used for all of the
previously mentioned experiments, and the final experiments, came from the same
container of CBM water stored in a 5°C walk-in, dark refrigerator. Water chemistry of
this container was tracked for the past year to determine if a significant change in water
chemistry concentrations had occurred. Based on the results, this was not the case.
While clumping behavior is problematic when trying to evaluate the growth of organisms
in batch culture, it is also very intriguing for other aspects of microalgal biodiesel

production, such as harvesting. The implications of this are discussed further in Chapter
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4. The only method that would prevent large clumping of CBMW was to use filter
sterilized CBM water. Although there were still small flocs present, they were much
smaller and were evenly distributed allowing for representative samples to be taken from
the flask cultures. Because of this, all final experiments were performed in sterile CBM
water.

Data and observations from these preliminary experiments were the driving force
behind the growth conditions and methods used for the final experiments. Details and

results of the final experiments are presented in the following chapter.
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Abstract

Coal bed methane (CBM) production in the Powder River Basin has resulted in
massive amounts of water being extracted from underground coal seams. This water is
presently stored in unlined ponds or discharged to local stream drainages resulting in
undesirable environmental effects to the local area. Utilizing the CBM water for
agricultural purposes can be problematic due to the high total dissolved solids and
sodium content of the water. An alternative use of CBM water is as a growth medium for
microalgae for biomass and lipid accumulation. A green alga isolate, CBMW, has been
isolated from a CBM production pond in northeastern Wyoming and has been shown to
grow and accumulate lipids when a source of nitrogen is added to sterile CBM water. A
native algal strain provides the advantage of a species that is already acclimated to the
environmental conditions of the Powder River Basin. A lipid content of 26.9% was
observed with CBMW being grown in filter sterilized CBM water with added nitrate.

The composition of lipids accumulated is similar to that of other biological sources of
biodiesel.

Introduction

Natural gas is a primary source of energy in the United States, second only to
petroleum in overall consumption in the past several years (www.eia.gov). Coal bed
methane (CBM) has become a significant component of the natural gas industry and
represented approximately 4.75% of the natural gas production of the U.S. in 2013
(www.eia.gov). Natural gas found in coal seams under the earth’s surface is
predominantly made up of methane, but can also include ethane, carbon dioxide, and
nitrogen gas (Scott, 1994). Methane in the subsurface is typically adsorbed to coal due to
the high hydrostatic pressure found in these seams (Wheaton & Olson, 2001). Extracting
methane involves depressurizing the coal seam by withdrawing large amounts of water to
the surface to allow the methane to desorb from the coal (McBeth et al., 2003). A

resource assessment performed by the United States Geological Survey in 2002 indicated
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that one of the most promising sources of CBM is the Powder River Basin located in
northeast Wyoming and southeast Montana (USGS, 2002). According to the Wyoming
Oil and Gas Conservation Commission (WOGCC, in 2014 the Powder River Basin
produced 246,601,576 Mct (1000 cubic feet) of gas and an associated 256,305,005 Bbls
(8,073,617,107 gallons) of water (WOGCC, 2014).

Water produced by CBM extraction is typically used for agricultural purposes,
discharged into stream drainages, or stored in unlined impoundments. This can be
problematic due to the high concentrations of Na" and total dissolved solids (TDS), and
low concentrations of Mg®" and Ca** found in the majority of the produced water (Healy
et al., 2011; Jackson & Reddy, 2007; McBeth et al., 2003). Sodium, calcium, and
magnesium ions can be used to approximate the quality of water used for irrigation and

agricultural purposes via the sodium adsorption ratio (SAR):
Na*t

/%(Ca2++Mgz+)

In this equation, concentrations are in meq/L for sodium, calcium, and magnesium. The

SAR = Eq. 3.1

SAR can give an indication of the leaching effect the water will have on the soil with a
low SAR being acceptable and SAR values above 10 being potentially harmful
(Buckland et al., 2002; Richards et al., 1954; Vance et al., 2008). Produced water in the
Powder River Basin contain SAR values ranging from 7 to 43 depending on the location
of the well (Healy et al., 2011; Jackson & Reddy, 2007; Reddy et al., 2014; Vance et al.,
2008). Irrigation with CBM water for multiple seasons has been observed to have
negative effects on the soil, particularly if it is fine textured (Vance et al., 2008). These

negative effects can include an increase in SAR values of the soil itself and a decreased
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rate of infiltration (Vance et al., 2008). The effects on plant growth have also been
evaluated with less conclusive results (Vance et al., 2008). Studies have also been
performed to evaluate the consequences of discharging CBM water into local streams or
using the water as a livestock and wildlife drinking source. These studies have indicated
that CBM water can be suitable for livestock and aquatic life, but cautioned that
continued use or accumulation of trace elements, such as arsenic, in ponds due to
evaporation could become a pressing issue (Davis et al., 2009; Reddy et al., 2014).

Although direct discharge of CBM water does not appear to be harmful, the
leaching of CBM water from unlined ponds can result in unintended consequences. This
additional CBM water can raise the water table significantly causing it to interact with
soil that has been previously untouched by groundwater (Healy et al., 2011). The
primary concern in this case is the resulting selenium concentrations picked up by the
water from the untouched soils. In one case study, levels as high as 300 pg/L were
recorded (Healy et al., 2011). This is significantly higher than the recommended
concentration of 5 png/L established by the United States Environmental Protection
Agency (EPA) ("External Peer Review Draft Aquatic Life Ambient Water Quality
Criterion For Selenium — Freshwater 2014," 2014). Apart from groundwater issues, the
presence of CBM water has also been directly correlated with an increase in mosquitoes
that are a carrier for the West Nile virus (Zou et al., 2006) resulting in public health
concerns for the area.

A new alternative use for CBM water could be the growth of microalgae for

biodiesel and biomass production. Microalgae have been shown to accumulate lipids
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when under environmental stress (Gardner et al., 2011; Valenzuela et al., 2012; X. P.
Zhou et al., 2013). The lipids accumulated can be converted into biodiesel through a
variety of processes and help offset the demand for traditional oil and gas. Microalgae
have a distinct advantage over traditional biodiesel crops, such as corn and soybeans,
because of their high lipid content to biomass ratio and their ability to be grown in large
quantities without competing for arable land that can be used for agriculture (Schenk et
al., 2008; Singh et al., 2011). Growing microalgae in other low water quality sources for
the purposes of remediation and/or biofuel production can be found throughout the
literature. These water sources include dairy wastewater (Kothari et al., 2013), municipal
wastewater (Gressler et al., 2014; Mata et al., 2013), and rice fields treated with
herbicides (Aschonitis et al., 2013). A primary concern when cultivating microalgae is
selecting a species that is a good fit for the intended environment. A recent study
successfully grew a microalgae species in coal seam gas water in Australia (Aravinthan
& Harrington, 2014) in which a marine algae species was selected to accommodate the
high salt content of the water. To this date, the use of CBM water from the Powder
River Basin for this purpose has not been evaluated.

We have isolated a native green alga species from a CBM production pond in
northeastern Wyoming and evaluated its potential for growth and its ability to accumulate
fatty acids that can be converted into biodiesel. A native species provides the benefit of
an organism that is already adapted to the semi-arid climate of the Powder River Basin.

We have identified the key nutrients required for this species to thrive in CBM water and
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established its ability to accumulate lipids when certain environmental stimuli are

present.

Materials and Methods

Culturing Conditions

CBMW was isolated from a CBM production pond in northeastern Wyoming at
coordinates of 44° 52.613’N 106° 54.700°W. Cultures were maintained on Bold’s Basal
Medium (BBM) agar plates and in liquid flasks in a 20°C incubator with a 14h:10h
light:dark cycle. Light was supplied at an intensity of 7871.9 lux. Flasks were placed on
a shaker rotating at 125 rpm to encourage mass transfer of carbon dioxide. Experiments
were inoculated from a stock culture of CBMW grown in liquid BBM. Each inoculum
was centrifuged at 1750xg for five minutes and washed twice with sterile CBM water or
BBM depending on the intended use. CBM water was supplied from the FG-09 well
located at 45° 26' 5.8914" N 106° 23'31.416" W in the Powder River Basin. This water
was used for all experiments. CBM water was filter sterilized using a bottle top 0.2 um,

polyethersulfone (PES), Nalgene Rapid-Flow vacuum filter from Thermo Scientific.

Sterile CBM Water

Axenic experiments were performed with biological duplicates in 500 mL
Erlenmeyer flasks containing 250 mL of sterile CBM water or Bold’s Basal Medium
(BBM; 0.5 mM nitrate, 0.05 mM phosphate). Five different nutrient conditions were
evaluated using CBM water: CBM water without additions; CBM water with 0.5 mM

nitrate; CBM water with 0.5 mM nitrate and 0.05 mM phosphate; CBM water with 0.5
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mM nitrate, 0.05 mM phosphate, and 0.3 mM magnesium sulfate; and CBM water with
0.5 mM nitrate, 0.05 mM phosphate, 0.3 mM magnesium sulfate, and micronutrients used
in BBM. All flasks were inoculated with 15 mL of inoculum from the same stock
solution of CBMW. Values for pH were measured using a standard bench top Oakton pH

11 Series meter.

Dry Weight

25 mm diameter nitrocellulose or acetate cellulose 0.2 um filters were used to
periodically determine the dry weight biomass of the cultures. Culture samples were
vacuum filtered and rinsed with water to remove excess salts before being allowed to dry
in an oven set at approximately 90°C for 48 hours. Filters were weighed before and after

use to determine dry weight biomass.

Chlorophyll Measurements

I mL culture samples were centrifuged at 16,162xg for 15 minutes in micro
centrifuge tubes. 950 uL of supernatant was removed using a pipet and frozen at -80°C
for later water chemistry analysis. The cell pellet was submerged in 1 mL of 100%
methanol and disrupted by sonication and vortexing before being placed in a cardboard
box (to prevent any light influence) and put in a 4°C fridge for a least 24 hours. After 24
hours, the samples were spun down at 16,162xg for 5 minutes. The supernatant was
extracted and analyzed in disposable plastic cuvettes using a Shimadzu UV-1700 UV-
VIS spectrophotometer at wavelengths of 665.2 nm, 652 nm, and 632 nm. Chlorophyll

concentrations in pg/mL were estimated using the following equations (Ritchie, 2008):
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Chla =[-2.0780(Abs 632) — 6.5079( Abs 652) +16.2127(Abs 665)]x dilution factor Eq. 3.2
Chlb = [ 2.9450( Abs 632) + 32.1228( Abs 652) —13.8255( Abs 665)] x dilution factor ~ Eq. 3.3

Chlc =[34.0115( Abs 632) —12.7873( Abs 652) —1.4489( Abs 665)]x dilution factor ~ Eq. 3.4

ZChI = Chla+ Chlb + Chlc Eq. 3.5

Lipid Accumulation

Lipid accumulation was tracked using a Nile Red staining method (Cooksey et al.,
1987). 1 mL of culture sample was stained with 4 uL. of a Nile Red stock solution having
a concentration of 0.25 mg Nile Red/ml of acetone. Samples were stored in the dark for
5 minutes. The set time of 5 minutes was determined by performing a time assay with
CBMW to determine the optimum time to measure Nile Red fluorescence as described by
Chen et al (Chen et al., 2009). After 5 minutes, 200 uL. duplicates were pipeted into a 96
well plate and fluorescence was read using a Synergy H1 hybrid reader. Gen5 microplate
reader software was used to evaluate the fluorescence at an excitation of 480 nm and
emission of 580 nm. Samples were diluted 2, 4, or 10 times as necessary to keep Nile

Red measurements within a linear range (Chen et al., 2009).

Anion Concentrations

Nitrate and phosphate concentrations of culture samples were determined using a
DIONEX ICS-1100 and Chromeleon Chromatography Management System with an
ASRS 4 mm suppressor. A 4.5 mM sodium carbonate and 1.4 mM sodium bicarbonate

eluent mix was used.
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GC-MS Lipid Analysis

Cultures were harvested once a Nile Red peak was observed. Flasks were
transferred to 50 mL sterile Falcon tubes and centrifuged at 4,816xg for 10 minutes. The
supernatant was then poured off and the biomass was flash frozen at -80°C until the
sample was lyophilized.

After lyophilization, biomass was weighed out in glass tubes, and submerged in 1
mL of toluene and 2 mL of sodium methoxide. The samples were vortexed and placed in
a 90 °C oven for 30 minutes (while in the oven, samples were taken out every 10 minutes
to be vortexed). After 30 minutes, 2 mL of 14% boron trifluoride in methanol were
added to each sample and vortexed. Another 30 minute incubation in at 90°C oven
followed (samples were vortexed every 10 minutes during this incubation). When
finished, 0.8 mL of hexane and 0.8 mL of 15% NaCl were added to each sample.
Samples were incubated for 10 minutes and then spun in a centrifuge at 2,500xg for 2
minutes. The top layer in the tube (containing the lipids) was extracted and analyzed on
an Agilent Technologies 6890N Network GC system to determine lipid concentration and

composition. This method was performed as described in Lohman et al. (2013).

Results and Discussion

Water Chemistry

Water from the FG-09 well was analyzed for its chemical content by the United
States Geological Survey (USGS) and can be seen in Tables 3.1-3.3 compared with

nutrients found in BBM. While CBM water and BBM share several nutrients, the
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concentrations are varied (Table 3.1). CBM has a significant amount of manganese and
iron when compared to standardized BBM. Typically, iron availability can be a point of
concern for algal growth and supplementation of iron will increase biomass productivity
(Z. Y. Liu et al., 2008). Lack of iron does not appear to be a growth limiting factor when
using CBM water as a growth medium. However, magnesium and sulfate, two key

nutrients in algal physiology, were relatively low.

Table 3.1 Nutrients observed in CBM water and BBM.

Medium Nutrient (mM)
Ca® Mg Na" K" B
CBM 0.10 0.06 25.65 0.12 0.03
BBM 0.17 0.30 1.10 0.06 0.18
Supplemented CBM 0.17 0.36 26.75 0.19 0.18
Mn®" Fe Cr S04~
CBM 3.6E-04  3.58E-04 1.79 0.09
BBM 7.28E-06  1.79E-05 0.94 0.38
Supplemented CBM 3.72E-04  3.76E-04 2.13 0.41

Tables 3.2 and 3.3 highlight the absolute differences between CBM and BBM,

particularly the inability to detect nitrate and phosphate in CBM water.

Table 3.2 Nutrients observed in CBM water only.

Medium Nutrient (mM)

Ba™' N Si F Br-
CBM 2.48E-03 3.42E-03  0.13 0.2 4.13E-03
BBM 0 0 0 0 0

Supplemented CBM 248E-03  3.42E-03 0.13 0.2 4.13E-03
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Table 3.3 Nutrients observed in BBM only.

Medium Nutrient (mM)
NO;y PO, Zn™ Mo Cu
CBM 0 0 0 0 0
BBM 0.50 0.05 3.07E-05 3.15E-06 6.29E-06
Supplemented CBM 0.50 0.50 3.07E-05 3.15E-06 6.29E-06
Co
CBM 0
BBM 1.68E-06
Supplemented CBM 1.68E-06

From this water chemistry, an SAR value of 64.29 was calculated. This value is
much higher than most of the water that has been analyzed in the Powder River Basin
(Healy et al., 2011; Reddy et al., 2014; Vance et al., 2008) and would likely be harmful to
soil health if used for irrigation purposes (Richards et al., 1954).

The amendments made to CBM water for this study were based on these

comparisons and previously determined nutritional requirements for microalgae.

CBM Water without Additions CBM water is the natural environment of

CBMW. For this reason, one of the growth conditions consisted of medium containing
nothing but sterile CBM water. A primary difference between this growth condition and
naturally occurring growth is the lack of other microorganisms interacting with CBMW.
Some microalgae are not capable of synthesizing vitamins such as B12 and rely on the
production of these vitamins from bacteria in the phycosphere (Croft et al., 2005). This
growth condition may hinder the success of CBMW if it cannot generate these, or other,

vitamins.
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CBM Water with Nitrate Aa shown in Table 3.3, one of the primary nutrients

missing from CBM water is nitrogen. Many previous experiments have demonstrated the
importance of a nitrogen source for the successful cultivation of microalgae (Huang et al.,
2013; Jiang et al., 2012; Kunikane et al., 1984; Yeesang & Cheirsilp, 2011). Some
species are capable of utilizing a variety of nitrogen sources such as nitrate, ammonium,
and urea (Eustance et al., 2013). The depletion of nitrate has also repeatedly been shown
to initiate the accumulation of lipids within many microalgae species (Gardner et al.,

2011; Valenzuela et al., 2013; Valenzuela et al., 2012).

CBM Water with Nitrate and Phosphate Along with nitrogen, Table 3.3 shows

phosphate is also missing from CBM water. Phosphate is imperative in the energy
processes that occur within a cell. Phosphate is the main constituent of the high energy
transfer molecule ATP, and is also a building block of lipid bilayers via phospholipids
and is essential to the phosphate backbone of nucleic acids. The depletion of phosphate
in combination with nitrate has also been shown to be a trigger for lipid accumulation

within some microalgae (K. H. Liang et al., 2013; Valenzuela et al., 2012).

CBM Water with Nitrate, Phosphate, Magnesium, and Sulfate CBM water

contains small amounts of magnesium and sulfate but not in significant concentrations
when compared to that found in BBM (Table 3.1). This led to a fourth growth condition
where these nutrients were supplemented along with nitrate and phosphate. Sulfate plays
an important role in the function of photosystem II in microalgae (Wykoff et al., 1998)

while magnesium is the central atom of chlorophyll, the energy harvesting molecule of
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the cell. Supplementation of magnesium to algal cultures has been observed to have a
positive impact on lipid accumulation (Gorain et al., 2013), likely due to the direct link of

magnesium and cellular energy levels via chlorophyll.

CBM Water with Nitrate, Phosphate, Magnesium, Sulfate. and Micronutrients

The final amendment to CBM water was the addition of the micronutrients found in
BBM along with the previously mentioned macronutrients. Many of these micronutrients
are important cofactors for enzymes that play an important role in microalgae
metabolism. Examples include the role of zinc in carbonic anhydrase, the role of copper
in plastocyanin, and the role of molybdenum in nitrate reductase. These affect the
processes of carbon capture (Morel et al., 1994), energy transfer (Katoh & Takamiya,
1961), and nitrogen metabolism (Evans & Hall, 1955) respectively. A lack of these
micronutrients in CBM water could be non-ideal when attempting to grow microalgae on

a large scale.

Bold’s Basal Medium CBMW was also grown in BBM as a control. The amount

of nitrate and phosphate that the medium recipe calls for was reduced from 2.94 mM to
0.5 mM and 1.7 mM to 0.05 mM respectively. These concentrations will be the same as
those found in the CBM water cultures with these added nutrients. This amount of nitrate
and phosphate has been used to trigger growth and lipid accumulation in microalgae

grown for the purpose of biodiesel production (Valenzuela et al., 2012).
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Growth in Sterile CBM Water and BBM

The results of lipid accumulation, pH, and dry weight measurements for CBMW
grown in CBM water with added nutrients and BBM can be seen in Figures 3.1-3.3
respectively. The growth condition that achieved the highest dry weight was the
amendment of CBM water with nitrate (Figure 3.3). Cell division and growth is
dependent on a nitrogen source to build purines, pyrimidines, and amino acids for the
replication of DNA and translation of mRNA. This is reflected in the poor growth
observed in CBM water lacking nitrate. All cultures with added nitrate achieved a
relatively similar amount of biomass. Even though phosphate was not added to the
amendment with only CBM water and nitrate, it is possible that the microalgae in the
inoculum had stores of phosphate that could be utilized once it was transferred to a
medium lacking this nutrient (Rhee, 1973).

Lipid accumulation was observed in conditions with added nitrate, added nitrate
and phosphate, and added nitrate, phosphate, magnesium and sulfate (Figure 3.1). Of
these conditions, each that had phosphate reached a lipid accumulation peak more
quickly than the condition without added phosphate. Phosphate is required for the
formation of NADP" and NADPH and therefore lipid biosynthesis. NADP" is also the
terminal electron acceptor in photosynthesis. Under environmental conditions where
phosphate is more plentiful, less scavenging of phosphate might be required to create

NADP" and other phosphorus containing molecules such as nucleic acids and ATP.
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Figure 3.1 Lipid production of CBMW when grown in CBM water (o), CBM water with
0.5 mM NO;™ (A), CBM water with 0.5 mM NO;" and 0.05 mM PO4> (o), CBM water
with 0.5 mM NOs™ 0.05, mM PO4”, and 0.3 mM MgSO, (o), CBM water with 0.5 mM
NOs5’, 0.05 mM PO, ", 0.3 mM MgSO,, and micronutrients (A ), and BBM with 0.5 mM
NO; and 0.05 mM PO4” (m). Arrows mark when nitrate was depleted. Error bars
represent one standard deviation of the combined biological and technical replicates.
Situations where phosphate is depleted might initiate a need for the cell to begin
replacing phospholipids with sulfolipids in lipid membranes to retrieve the phosphate
needed for the creation of DNA, RNA, NADPH, and ATP. This remodeling of lipid
membranes and other cellular structures has been recently studied in a diatom species
once nitrate and phosphate have been depleted (Abida et al., 2015). Comparable levels of
lipid were measured in each of the three conditions that accumulated lipids (CBM with

nitrate; CBM with nitrate and phosphate; and CBM with nitrate, phosphate, and

magnesium sulfate) in subsequent experiments using the Nile Red method.
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Figure 3.2 pH of CBMW when grown in CBM water (0), CBM water with 0.5 mM NOs’
(A), CBM water with 0.5 mM NO;™ and 0.05 mM PO,* (o), CBM water with 0.5 mM
NO5 0.05, mM PO43', and 0.3 mM MgSO;, (e), CBM water with 0.5 mM NOj", 0.05 mM
PO43', 0.3 mM MgSOQy,, and micronutrients (A ), and BBM with 0.5 mM NO;™ and 0.05
mM PO4” (m). Arrows mark when nitrate was depleted. Error bars represent one
standard deviation of the combined biological and technical replicates.

In each condition that accumulated lipids, a strong correlation was observed
between nitrate and phosphate (if present) depletion and the beginning of lipid
accumulation (Figure 3.4). This correlation has been previously well documented
(Valenzuela et al., 2012). Theoretically, a lack of nitrate causes an inability to produce
nucleotides and proteins therefore halting cell division and growth. However, when light
is present the cell is still producing energy and is in need of NADP" as the terminal

electron acceptor for the process of photosynthesis. The pool of available NADP" is

typically restored by the oxidation of NADPH to NADP" when biomass is being
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produced. In a nitrogen deplete situation where the production of biomass has halted, the
cell can regenerate the pool of NADP" through the biosynthesis of lipids. This is
supported by transcriptomic studies that have shown a depletion of nitrogen causes an
overexpression of lipid biosynthesis and pentose phosphate pathway genes along with a
down expression of fatty acid degradation genes (Park et al., 2015; Rismani-Yazdi et al.,

2012; Valenzuela et al., 2012).
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Figure 3.3 Dry weight of CBMW when grown in CBM water (©), CBM water with 0.5
mM NO;™ (A), CBM water with 0.5 mM NOs™ and 0.05 mM PO,> (o), CBM water with
0.5 mM NO3 0.05, mM PO43', and 0.3 mM MgSO, (e), CBM water with 0.5 mM NOs/,
0.05 mM PO43', 0.3 mM MgSQy,, and micronutrients (A ), and BBM with 0.5 mM NO;
and 0.05 mM PO,” (m). Arrows mark when nitrate was depleted. Error bars represent
one standard deviation of the combined biological and technical replicates.
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Figure 3.4 (A) Lipid accumulation (m) and nitrate depletion (0) in CBM water with 0.5
mM NOj™ and (B) lipid accumulation (m), nitrate depletion (0), and phosphate depletion
(A) in CBM water with 0.5 mM NO; and 0.05 mM PO,>". Phosphate concentration is
multiplied by 10 for scaling purposes. Error bars represent minimum and maximum of
technical duplicates.
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A higher pH was observed for each condition that accumulated a significant
amount of lipids (Figure 3.2). pH stress has been observed to trigger lipid accumulation
in other microalgae (R. Gardner et al., 2011; Skrupski et al., 2013). It can be difficult to
determine whether the lipid accumulation was a result of high pH, nitrate depletion, or a
combination of the two conditions. In this study, nitrate depletion was assumed to be the
cause of lipid accumulation since this trigger was observed before the spike in Nile Red
fluorescence, whereas the highest pH values were observed after the nitrate depletion.

A lack of lipid accumulation in CBM water without added nutrients can likely be
attributed to the poor growth from an absence of nitrate and phosphate. In the condition
with nitrate, phosphate, magnesium, sulfate, and micronutrients, and the condition with
Bold’s medium, where lipid accumulation was not observed, nitrate and phosphate were
confirmed to be depleted at the same time as the other growth conditions that did
accumulate lipids. The reason for the lack of lipid accumulation is difficult to determine.
A possible explanation could be the presence of the many micronutrients in these
conditions. A recent study evaluating the proteome of Chlamydomonas reinhardtii
under conditions lacking zinc, copper, manganese, and iron found that some enzymes
involved in lipolysis within vesicles were negatively affected under deplete conditions
(Hsieh et al., 2013). Perhaps the presence of these micronutrients allowed enzymes that
degrade lipids to stay functional and therefore prevent a lipid accumulation event.

For all cultures except CBM with only nitrate, chlorophyll was observed to
decrease when nitrate was depleted (Figure 3.5), and this response to nitrate depletion has

also been previously documented (Rodhe, 1946). A possible explanation for the decline
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in chlorophyll could be the damaging effects of reactive oxygen species formed from
oxidative stress during photosynthesis. A recent study showed an increase in antioxidant
enzymes after nitrogen depletion indicating that the microalgae were experiencing
oxidative stress (Zhang et al., 2013). Concurrently, microalgae have been observed to
degrade proteins and RNA as well as down regulate protein synthesis to adapt to a lack of
nitrogen in their environment (Park et al., 2015). The combination of these two
responses could lead to an undesirable situation for the cell where energy harvesting
machinery is damaged due to normal photosynthetic reactions, but cannot be replaced

due to a lack of nitrogen containing amino acids within the cell.
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Figure 3.5 Total chlorophyll (a, b, and ¢) of CBMW grown in CBM water (o), CBM
water with 0.5 mM NO;™ (A), CBM water with 0.5 mM NOj3™ and 0.05 mM PO, (o),
CBM water with 0.5 mM NO5™ 0.05, mM PO4”, and 0.3 mM MgSO; (e), CBM water
with 0.5 mM NOs, 0.05 mM PO4>, 0.3 mM MgSOs, and micronutrients (A ), and BBM
with 0.5 mM NOs™ and 0.05 mM PO,> (m). Grey area shows time frame when nitrate
was depleted. Error bars represent one standard deviation of biological and technical
duplicates.
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Lipid Analysis

Gas chromatography-mass spectrometry (GC-MS) analysis on the extracted lipids
of transesterified samples revealed a lipid content of 26.9%, 20.4%, and 24.8% weight of
fatty acid/weight of biomass (w/w) for the conditions with added nitrate, added nitrate
and phosphate, and added nitrate, phosphate, and magnesium sulfate respectively. These
values correspond well to other values found in the literature (Jiang et al., 2012; M. H.
Liang & Jiang, 2013; Song et al., 2013). All three lipid contents match very closely to
values observed in Dunalliella tertiolecta (20% and 24% lipid content) when grown in
coal seam gas water from Australia (Aravinthan & Harrington, 2014). A primary
difference between the two studies was the need to add a significant amount of salt to the
coal seam gas water for D. tertiolecta to optimally grow (Aravinthan & Harrington,
2014) as it is a marine green algae species. This highlights an advantage to using CBMW
for growth in CBM water. Although primary nutrients such as nitrogen and phosphorus
are needed, other amendments to the water are unnecessary to encourage CBMW to grow
since CBM water is its natural habitat.

The decrease in lipid content observed in the nitrate and phosphate condition
could be a result of a non-optimal phosphate concentration. Varying the phosphorus
concentration has been observed to have an effect on the amount of lipids produced by
microalgae (K. H. Liang et al., 2013). The rebound in lipid content observed in the
condition with nitrate, phosphate, and magnesium sulfate, could point to an interesting
interaction between sulfate and phosphate. Sulfate containing compounds have been

shown to have inhibitory effects on enzymes that play a direct role in phosphate activity
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(Tran et al., 2005; Wu, 1971). The increase in sulfate concentration in the CBM water
could be hindering the ability of CBMW to effectively utilize the available phosphate
leading to a more pronounced lipid accumulation event.

The lipid profile for the three evaluated conditions can be seen in Figure 3.6. The
predominant fatty acids in each case were palmitic acid (C16:0), oleic acid (C18:1 (0-9)),
linoleic acid (C18:2 (0-9,12)), and a-linolenic acid (18:3 (»-9,12,15)). These fatty acids
match those predominantly found in other plant-based sources of biodiesel such as canola
and palm oil (Hoekman et al., 2012), implying that they could be effectively utilized as a
biodiesel source. When compared to other algal species, CBMW is lacking in palmitic
acid accumulation and contains a higher amount of C: 18 unsaturated fatty acids,
especially a-linolenic acid (K. H. Liang et al., 2013; Song et al., 2013). It is not possible
to determine from the current data if this difference in lipid profile composition is a

product of species specific metabolism or of CBM water as a growth medium.

Summary

In summary, a green algae species, CBMW, was isolated from a coal bed methane
production pond and, when nitrate was added, was shown to reach biomass dry weight
levels comparable to that found in Bold’s Basal Medium. CBMW accumulated lipids
when under stress of nitrate limitation unless micronutrients were present in the same
concentrations as those in BBM. The highest lipid content achieved was 26.9% w/w
when only nitrate was added to CBM water. The addition of other nutrients resulted in
lower lipid content values. The benefits of isolating a native algal species can be

observed through the limited amendments that need to be made to CBM water to initiate
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Figure 3.6 Lipid composition of CBMW grown in CBM water with 0.5 mM NO5
(white), CBM water with 0.5 mM NO5™ and 0.05 mM PO, (light grey) and CBM water
with 0.5 mM NOs, 0.05 mM PO4”, and 0.3 mM MgSO, (dark grey). Lipid content is %

w/w of fatty acid to biomass. Error bars represent one standard deviation among
technical and biological duplicates.

growth and lipid accumulation. However, more research needs to be done to characterize
this species. Unpublished results have indicated that CBMW can grow on ammonium as
well as nitrate. Assessing its ability to assimilate other nitrogen sources could prove
beneficial when determining how to best supplement CBM water in the Powder River
Basin. Concurrently, moving from lab scale to pilot scale experiments with outdoor
conditions and non-sterile CBM water could give a more practical assessment of the

robustness of this algal species.
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CHAPTER FOUR

CONCLUSIONS AND FUTURE WORK

The rising consumption of coal bed methane as a source of energy has spurred the
development of extraction wells in many parts of the world rich in shallow underground
coal seams. The Powder River Basin in southeastern Montana and northeastern
Wyoming has been included in this development which has resulted in billions of gallons
of groundwater being extracted and stored in unlined ponds (WOGCC, 2014). The
displacement of this groundwater has caused a great deal of concern over how to manage
such a vast volume, particularly if it is unsuitable for irrigation or other environmental
and agricultural purposes. This thesis has shown that this water can be used as a medium
to grow a native microalgae species, CBMW, for the purposes of lipid and biomass
accumulation.

In order to stimulate growth, a nitrogen source must be added to the water. As
shown in previous studies, the depletion of the nitrogen source can act as a trigger for the
accumulation of lipids (Breuer et al., 2012; Mata et al., 2013; Valenzuela et al., 2012).
Lipid accumulation was not observed in cultures lacking a nitrogen source or that had
micronutrients added to the culture. Although a phosphate source was not needed to
stimulate growth or lipid accumulation, it should be noted that it is possible that the
inoculum from the stock culture contained phosphate stores in the form of
polyphosphates (Rhee, 1973). While these results are promising, there are still several

aspects of growing microalgae in CBM water that need to be evaluated.
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Practically speaking, the growth of CBMW in CBM water will not be axenic as it
was in the final experiments. CBM water contains many microorganisms that could
readily interact with CBMW (Barnhart et al., 2013). Although many of the current
studies on biomass and lipid accumulation focus on axenic cultures, there is a growing
interest in the effects of bacteria on the growth of microalgae for these purposes. One
such study has demonstrated that selecting for certain species of bacteria can increase
algal cell growth, lipid content, and even play a role in what kinds of lipids are produced
(Cho et al., 2015). Studying the effects of growing CBMW in its native ecological
environment could also prove to be beneficial since it has already adapted to surviving
with the naturally existing bacteria. As mentioned in Chapter 2, we have performed some
preliminary experiments with CBMW in non-sterile water and have made some
intriguing observations, particularly in the aggregation of axenic CBMW when
introduced to non-sterile CBM water.

Harvesting microalgae has become one of the biggest obstacles in the
development of microalgal biodiesel production (Rios et al., 2013). While methods such
as filtration (Frappart et al., 2011) and centrifugation (Dassey & Theegala, 2013) are
effective, they are costly and inefficient. A better and more economical way to remove
the microalgae from the water must be used in order to make biodiesel production from
microalgae economically feasible. An interesting characteristic of CBMW is its tendency
to flocculate in CBM water when transferred from BBM. The flocculation of CBMW is
rapid and can easily be observed without the use of a microscope. To the best of our

knowledge, a flocculation on this scale, without the use of chemical coagulants, has not
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been observed in the literature. Growing microalgae in co-cultures of bacteria have been
shown to cause microalgae to aggregate (Cho et al., 2015; D. D. Zhou et al., 2015), but
not to this extent. Based on our work, the primary cause of this flocculation is due
directly and/or indirectly to microbial populations present in the CBM water. When
CBM water was filter sterilized, only small flocs were observed. The large clumps
observed in non-sterile CBM water will last for weeks and will reassemble if disturbed by
vigorous shaking. Harnessing this flocculation capability could have a big impact on our
ability to efficiently remove microalgae from any source of water (Vandamme et al.,
2013) and ease the transition of scaling up the production of CBMW.

Along with non-axenic growth and optimizing harvesting techniques, developing
pilot scale experiments for the growth of CBMW is also necessary to move forward in
utilizing CBM water for microalgal growth. An ideal pilot scale experiment would
involve growing CBMW in large outdoor containers while tracking growth and lipid
accumulation. Growing photosynthetic organisms in natural sunlight could possibly
promote higher photosynthetic efficiency and thus have a positive effect on the health of
the culture. Preliminary tests with CBMW grown under natural sunlight during the fall
season produced a much stronger chlorophyll response than cultures grown in an
incubator. However, this did not hold true during winter months, likely due to the
significantly shorter periods of natural sunlight in Montana. It would also be beneficial
to observe how well CBMW can adapt to varying environmental changes that would be
inherent with growth outside of controlled laboratory conditions. Theoretically, CBMW

would have a high tolerance for the outdoor conditions of Montana, Wyoming, and the
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Powder River Basin as this is its natural habitat. However, more work needs to be done
on evaluating the optimal growth temperature of CBMW as the temperature can fluctuate
drastically during a 24 day as well as throughout the year.

Lastly, evaluating the capability of CBMW to assimilate various nitrogen sources
would be beneficial to determine the best way to encourage growth in CBM water of the
Powder River Basin. Acquiring nitrate for the sole purpose of stimulating CBMW
growth could be costly and make the concept of utilizing CBM water ponds
uneconomical. If this algal species can utilize ammonia and/or urea as a nitrogen source,
it could be possible to combine CBM water with other low quality water sources that are
readily available in the Powder River Basin. These other water sources would primarily
take the form of livestock waste lagoons. Runoff from cattle feedlots and other confined
livestock areas is required to be collected and stored in lined or unlined ponds to prevent
contamination of other water sources. These ponds are typically very high in ammonium
and phosphate and are allowed to evaporate with the sludge periodically being
mechanically removed. It should be noted that the occurrence and total volume of
livestock waste ponds is nowhere near that of CBM ponds. However, the combination of
CBM water with a dose of highly concentrated livestock waste could provide the ideal
combination of water that CBMW is found in with a nitrogen and phosphorus source that
is needed to optimize growth and lipid accumulation. The growth of other species of
microalgae on livestock wastewater has previously been documented (Kothari et al.,

2013; Prajapati et al., 2014).
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It should be pointed out that the use of these water sources for microalgal growth
would still result in water being a by-product once the microalgae is harvested. This
water could potentially be reused for microalgae growth and allowed to continually
evaporate into the atmosphere. The reuse and evaporation of this water would create a
concentrating effect of the salts over time in the CBM water. This will have to be taken
into consideration for the design of a system that utilizes CBM water and microalgae.
Another item to consider is the addition of nitrogen and/or phosphorus to CBM water.
As many of these ponds are unlined, the addition of these nutrients could allow for
nitrogen and phosphorus to leach into the subsurface. To prevent this, it might be
necessary to construct an adjacent lined pond or other water holding structure next to the
source of CBM water where nitrogen and phosphorus could be safely added and
microalgae allowed to grow without causing unintended harm to the environment.

While the utilization of CBM water for microalgal growth and lipid accumulation
is a relatively new area of research, there is a broad and increasing knowledge base of
how to best stimulate microalgae responses for these purposes. Applying what is already
known and investigating what methods are best suited for growth in CBM water could
lead to an efficient utilization of massive amounts of unused water in the Powder River
Basin and other areas of the world. The usage of this water has the potential to alleviate
environmental stress caused by the large influx of water to the surrounding areas and help

offset the growing demand for alternative energy sources.
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Nile Red Assay Time and Concentration Assays for CBMW

Dilution Test for CBMW
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Figure A.1 Nile Red fluorescence was taken at varying dilutions of CBMW to determine
a linear range of cell count values.

Time Series Assay for CBMW
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Figure A.2 A time assay for the Nile Red fluorescence method was performed on
CBMW. Nile Red fluorescence was taken at marked time points after samples were
stained with Nile Red to determine the optimum staining time. Cultures were kept in the
dark to avoid light interference.
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Preliminary Experiments

Nutrients Experiment with CBMW

This experiment was performed to identify key nutrients missing from CBM
water that could stimulate growth of CBMW. Each condition was performed with one
biological replicate and two technical replicates for pH, cell counts, chlorophyll
concentrations, and Nile Red fluorescence. 5 mL of unwashed stock culture was added to
each flask with an approximate cell count concentration of 1.22x10° cells/mL. CBM
water was not sterilized. In figure legends: “NO3” represents 2.94 mM NOs’; “PO4”
represents 1.7 mM PO43'; “S17, “S2”, “S3”, “me”, and “B12” represent Solution 1,
Solution 2, Solution 3, microelement solution, and vitamin B12 solution used for Bold’s

Basal Medium respectively.
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Figure A.3 pH values of CBMW grown in non-sterile CBM water with and without
added nutrients found in BBM. Error bars represent one standard deviation of technical
duplicates.
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Figure A.4 Cell count of CBMW grown in non-sterile CBM water with and without
added nutrients found in BBM. Error bars represent one standard deviation of technical
duplicates.
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Figure A.5 Chlorophyll levels of CBMW in non-sterile CBM water with and without

added nutrients found in BBM. Error bars represent one standard deviation of technical

duplicates.
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Lipid Accumulation
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Figure A.6 Lipid accumulation of CBMW grown in non-sterile CBM water with and
without added nutrients found in BBM. Error bars represent one standard deviation of
technical duplicates.

From these results, it was determined that there could still be nutrients lacking in
CBM water that is hindering the growth of CBMW. Calcium and boron were identified

as nutrients that could be of interest.

Boron and Calcium Experiment with CBMW

This experiment was performed to identify if calcium and boron lacking in CBM
water was hindering the growth of CBMW. Each condition was performed with one
biological replicate and two technical replicates for pH, cell counts, chlorophyll, and Nile
Red fluorescence. 5 mL of unwashed stock culture was added to each flask with an
approximate cell count concentration of 4.4x10° cells/mL. CBM water was not sterilized.

In figure legends: “all” represents 0.3 mM NO;™ 0.86 mM PO,>, Solution 1, Solution 2,
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Solution 3, microelement solution, and vitamin B12 solution used for Bold’s; “B”

represents 0.185 mM boron; “Ca” represents 0.17 mM Ca.
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Figure A.7 pH of CBMW grown in non-sterile CBM water with and without added

nutrients, calcium, and boron found in BBM. Error bars represent one standard deviation
of technical duplicates.
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Figure A.8 Cell counts of CBMW grown in non-sterile CBM water with and without
added nutrients, calcium, and boron found in BBM. Error bars represent one standard
deviation of technical duplicates.
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Chlorophyll Concentrations
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Figure A.9 Chlorophyll concentrations of CBMW when grown in non-sterile CBM water
with and without added nutrients, calcium, and boron found in BBM. Error bars represent
one standard deviation of technical duplicates.
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Figure A.10 Lipid accumulation of CBMW when grown in non-sterile CBM water with
and without added nutrients, calcium, and boron found in BBM. Error bars represent one
standard deviation of technical duplicates.
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From these results, it was determined that it was possible that comparable cell
counts between CBM water and Bold’s Basal Medium were not being observed due to
the fact that the water was not sterile. Exploring the results of sterile vs. non-sterile CBM

water was determined as the next variable of interest.

Filtered and Unfiltered Experiment

This experiment was performed to identify if sterile vs. non-sterile CBM water
was hindering the cell count results of CBMW. Each condition was performed with one
biological replicate and two technical replicates for pH, cell counts, chlorophyll, Nile Red
fluorescence, and anion water chemistry. 5 mL of unwashed stock culture were added to
each flask with an approximate cell count concentration of 4.13x10° cells/mL. In figure
legends: “all” represents 0.5 mM NOs™, 0.05 mM PO43', Solution 1, Solution 2, Solution
3, microelement solution, and vitamin B12 solution used for Bold’s; “B” represents 0.185
mM boron; “Ca” represents 0.17 mM Ca; “(filtered)” represents a CBM water condition
that was filter sterilized with syringe 0.2 um filters; “Bold’s (reduced)” represents Bold’s
Basal Medium with nitrate reduced from 2.94 mM to 0.5 mM and phosphate reduced

from 1.7 mM to 0.05 mM.
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Figure A.11 pH values of CBMW grown in sterile and non-sterile CBM water with and
without added nutrients, calcium, and boron found in BBM. Error bars represent one
standard deviation of technical duplicates.

Cell Counts
6.00E+06
——CBM
5.00E+06 —B-CBM (filtered)
—4—CBM +all+B+Ca i
——CBM-+all+B+Ca (filtered)
~~ ——Bold's (reduced)
_E] 4.00E+06 —&-Bolds
Bl
& 3.00E+06
=
=
=
Q
3 2.00E+06
1.00E+06
0.00E+00
’ 200 400 600 800
Time (hrs)

Figure A.12 Cell counts for CBMW grown in in sterile and non-sterile CBM water with
and without added nutrients, calcium, and boron found in BBM. Error bars represent one
standard deviation of technical duplicates.
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Chlorophyll Concentrations
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Figure A.13 Chlorophyll concentrations for CBMW when grown in in sterile and non-
sterile CBM water with and without added nutrients, calcium, and boron found in BBM.
Error bars represent one standard deviation of technical duplicates.
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Figure A.14 Lipid accumulation of CBMW when grown in sterile and non-sterile CBM
water with and without added nutrients, calcium, and boron found in BBM. Error bars
represent one standard deviation of technical duplicates.
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Figure A.15 Nitrate concentrations of cultures grown with CBMW in sterile and non-
sterile CBM water with and without added nutrients, calcium, and boron found in BBM.
Error bars represent one standard deviation of technical duplicates.
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Figure A.16 Phosphate concentrations of cultures grown with CBMW in sterile and non-
sterile CBM water with and without added nutrients, calcium, and boron found in BBM.
Error bars represent one standard deviation of technical duplicates.
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Lipid Accumulation and Nutrient Depletion in Bold's Basal
Medium
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Figure A.17 Nutrient depletion and Nile Red fluorescence for CBMW grown in Bold’s
Basal Medium (Filtered and Unfiltered Experiment).

The results from this experiment indicate that the difference in observed cell
counts was due to the CBM water not being sterile. Nile Red fluorescence was observed
in this experiment. The only condition without significant standard deviation was Bold’s
Basal Medium with 2.94 mM nitrate and 1.7 mM phosphate. This experiment was
maintained longer than previous experiments, likely accounting for the lack of lipid

accumulation in previous experiments.
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Clumping Behavior of CBMW

Figure A.18 CBMW when transferred from Bold’s Basal Medium to non-sterile CBM
water. Clumping occurs approximately 10-15 minutes after inoculation with slight
shaking.

Figure A.19 (A) Comparison of CBMW when inoculated into filter sterilized CBM
water and (B) non-sterile CBM water.
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CBM Water Chemistry
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Figure A.20 Water chemistry of CBM water over approximately one year. Water from
the same container was used for all experiments. CBM water was stored in a 5°C, dark,
walk-in refrigerator. Red dotted line indicates the time when the clumping behavioral
change occurred. The second time point (10/04/2013) had to be diluted (5x) due to
volume concerns. The dilution pushed many of the concentrations below the accurate
range of the IC machine, possibly accounting for the increase observed in some of the
concentrations. Chloride concentrations are on the secondary axis (on the right side of
the graph). All other concentrations are on the primary axis (left side of the graph).
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APPENDIX B

SUPPORTING MATERIAL FOR CBMW ISOLATE
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Figure B.1 Coal bed methane production pond where CBMW was isolated from. The
isolate was taken on October 18, 2010 from the CBM water inflow (written
communication with Elliott Barnhart). Image taken from Google Earth.



Figure B.2 CBMW under a brightfield microscope while in 2 mM nitrate Bold’s Basal
Medium and cultured at 25°C. Cells were stained with a cell mask orange (CMO) stain.
CMO appears green while autofluorescence of chlorophyll appears red. Photo taken in
the Microscope Facility at the Center for Biofilm Engineering, Montana State University
and provided courtesy of Luisa Corredor.

Figure B.3 Nile Red fluorescence (yellow) of lipid droplets and autofluorescence of
chlorophyll (red) in CBMW cultured in 0.5 mM nitrate Bold’s Basal Medium at 25°C.
Photo taken in the Microscope Facility at the Center for Biofilm Engineering, Montana
State University and provided courtesy of Luisa Corredor.



