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ABSTRACT
Reverse engineering refers to an assessment of the successful outcome by first determining if
it is able to persist in a non-axenic environment. In other words, our hypothesis is that many potential
fuel candidates will be heterotrophically consumed by the surrounding microbial population in a
commercial non-axenic production environment. Organisms can be genetically modified to secrete
different biofuels; however, if these biofuels cannot withstand the common non-axenic and aerobic
conditions of an industrial algae production facility, then they will not be successful on a commercial
scale. A 30 L continuous culture of Chlorella vulgaris was maintained in non-sterile conditions to
provide a realistic algae production environment. The “smart pond” was maintained as a repeated
semi-batch process and was studied to better understand the pH fluctuations that are mediated by the
CO2-bicarbonate equilibrium. A model was created to determine the stability of the pond if a “weed
algae” with a 20% higher yield (to simulate competitive growth advantage) was to enter the system;
the model predicted that the pond would remain stable indefinitely with the addition of 50 mL of
axenic C. vulgaris with an OD equal to 5 (1.73 x 1010 cells). This simulation suggests that the addition
of much smaller cell numbers (on the order of 108 cells) would be sufficient to maintain a stable
“smart pond”.
Due to limited time, degradation studies were performed in axenic and non-axenic C. vulgaris
cultures only using the biofuel feedstock molecules sucrose and glucose, as these have also been
proposed to be secreted by genetically modified organisms. The degradation of both feedstocks was
higher in a non-axenic C. vulgaris culture compared to an axenic culture. Future work will conduct
degradation experiments with biofuel molecules such as biobutanol and ethanol. These degradation
rates will be compared to that of botryococcene, which is hypothesized to have a uniquely low
degradation rate due to its natural extra-cellular persistence in non-sterile environments.
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Chapter 1
Introduction and Background

Microalgae as an Alternative Source of Energy
Nearly every process and product in the world is directly or indirectly dependent on fossil
fuels. Everything from manufacturing plastic materials to the transportation of goods and
products relies on oil, coal, and natural gas, but these resources will eventually be depleted. It has
proven difficult to predict when reserves of fossil fuels will approach alarmingly low levels
because development of technology has allowed for previously unknown deposits to be located
and harvested. One model currently predicts that coal reserves are expected to be depleted within
107 years, with oil and natural gas being exhausted within 35 and 37 years, respectively (Shafiee
& Topal, 2009). The recent discovery of shale gas in has greatly extended these predictions, but it
only represents a short reprieve on the necessity of developing alternative energy. Predicting
when fossil fuel reserves will begin to be exhausted is vital because it gives a timeframe as to
when alternative sources of energy need to be operational and economically feasible.
Cleaner energy is vital to develop as well to help combat the effects of global warming.
Over the last century, the average Earth temperature has increased 1.4 F, which is charged
mostly to the burning of fossil fuels that release CO2 and other greenhouse gases, and the
temperature is projected to increase another 2.0 to 11.5 F over the next 100 years depending on
the rate at which our emissions increase (NRC, 2010). Fears of global warming due to the release
of greenhouse gases have steadily risen, and it is imperative to develop alternative energy sources
that have a minimized carbon footprint.
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Heavy research on microalgae as an alternative energy source began during the energy
crisis in the 1970s under the Aquatic Species Program by the U.S. National Renewable Energy
Laboratory (NREL) (Sheehan, Dunahay, Benemsnn, & Roessler, 1998). One of their primary
objectives was to improve oil yield from the microalgae. After nearly twenty years of research,
the funding for microalgae project was pulled under pressure to reduce costs, and it had been
determined that at the time it was not economically feasible to produce biodiesel from
microalgae. The oil yield, even at theoretically high and yet unattained levels, was not high
enough to be profitable; the projected price of biodiesel was at least twice that of traditional oilderived diesel fuel.
Microalgae are attractive sources to provide fuel for a variety of reasons. For example,
many microalgae use CO2 as a carbon source. To increase the growth rate of the microalgae,
additional CO2 is supplied to supplement that which is in the ambient air. Waste flue streams
from power plants and refineries containing high amounts of CO2 can be used to grow the algae
and decrease the amount of CO2 released to the atmosphere (Pedroni, Davison, Beckert,
Bergman, & Benemann, 2001; Mata, Martins, & Caetano, 1997). Wastewater streams can be used
to supply other nutrients as well as the fresh water for the culture medium (Mata, Martins, &
Caetano, 1997). However, these feeds would need to be cleaned before use. Another attractive
feature of microalgae cultivation is that it can be implemented on non-arable land, thus
eliminating the “food versus fuel” issue that accompanies other methods of biofuel production
(Mata, Martins, & Caetano, 1997).
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Mass Cultivation of Microalgae
Open ponds were the first mass cultivation system to be considered for microalgae. Most
open ponds are “raceway” ponds, which is where the microalgae is constantly circulated around a
shallow pool using a paddlewheel (Chisti, 2007). Smaller ponds are used to grow the inoculum
culture for the full-size process bioreactors. One of the most successful raceway pond ventures is
that of Ami Ben-Amotz in Israel, where the ponds have been successfully cultivated for over
twenty years (Strahan, 2008). Initial production was used to create food supplements for the
Japanese market, though Ben-Amotz founded the company Seambiotic in 2004 to venture into
biofuel production.
A second commercial cultivation system is closed photobioreactors (PBRs). These are an
array of tubes that are arranged in various methods depending on the design of the system (Pulz,
2001). The diameter of the tubes is limited due to depth of penetration of light. PBRs are usually
used when high quality products are needed, such as for the cosmetics or pharmaceutical
industries, which has been demonstrated by Otto Pulz in Germany (Pulz, 2001; Brennan &
Owende, 2010). However, they are not capable of producing high enough volumes of algae for
biofuel purposes to negate the massive capital costs of the design.
Open culture systems are advantageous for biofuel production because they have cheaper
capital and operating costs. However, they do face disadvantages including lower productivities
and operating difficulties regarding temperature control and evaporation (Christi, 2007). Open
systems also face contamination from “weed algae” that can disrupt the system and cause product
loss (Pulz, 2001).
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Product Loss
Product loss is often caused by three problems. The first is that optimal growth conditions
can be interfered with. Excessive rainfall, for example, can increase the depth of an open pond
system and decrease the amount of light that penetrates through the culture (Shimamatsu, 2004).
Debris can accumulate in the system, and the dead insects, leaves, and other rubbish have to be
removed through filtration (Shimamatsu, 2004). Debris is also likely to carry contaminant
organisms, both bacterial microorganisms and “weed algae”.
Contamination itself causes the second and third reasons for undesired product loss. The
second issue is that contamination from “weed algae” can result in the death of the desired algae,
including the loss of the entire culture (Chisti, 2007; Shimamatsu, 2004). Especially critical for
open pond systems, the microalgae must be resilient or capable of living in extreme conditions
such as high salinity or high alkaline environments (Brennan & Owende, 2010). Microalgae that
are capable of being cultivated in harsh environments are advantageous because the severe
conditions aid in the selective pressure to keep out “weed algae” and other microorganisms.
The third is that the contamination due to bacterial consortia can results in product loss.
Predation from other organisms can consume the microalgae itself and decrease the amount of
product produced (Mata, Martins, & Caetano, 1997). Alternatively, and often an underestimated
concern, the contaminant organisms can directly consume the product that the microalgae is
producing.
Reverse engineering can help to shed light on the most ideal biofuel candidates. Instead
of first developing methods to mass produce a biofuel, the biofuel should first be tested to
determine if it can withstand common contamination problems. If the biofuel can withstand the
typical non-sterile conditions that are used for mass cultivation, then it would help lend support to
the biofuel being a more ideal candidate. However, if the biofuel candidate cannot withstand
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contamination even within a laboratory setting or scale testing facility, it will most likely not be
able to succeed as a commercial biofuel.

The Race to Genetically Engineer Organisms to Produce Biofuels and Feedstocks
The race to commercialize alternative energy is thriving. The competition began with
first generation biofuels, which are considered those to be derived from corn and sugarcane.
However, they are often viewed as unsustainable because of their competition with food supplies
(Bourne, 2007). Second generation biofuels are those that are synthesized from biomass that is
non-food related and often lignocellulosic biomass. This generation has seen slowed production
as well due to an inability to become economically viable (Dragone, Fernandes, Vicente, &
Teixeira, 2010).
Current research has focused on genetically modifying organisms to directly secrete
biofuel molecules or biofuel feedstocks. Clostridium acetobylicum is a bacterium that can ferment
sugar to create butanol, and the cyanobacterium Synechococcus elongatus has been engineered to
produce butanol directly from CO2 (Lu, Sheahan, & Fu, 2011). Both Saccharomyces cerevisiae
and Zymomonas mobilis have been shown to produce bioethanol (Lu, Sheahan, & Fu, 2011).
Cyanobacteria has been claimed to be able to produce glucose (Nobles & Brown, 2010) and
sucrose (Nobles & Brown, 2008) for biofuel feedstocks.
While it is interesting and noteworthy that researchers have been able to genetically
engineer different organisms to secrete biofuels, many of these efforts may be futile in the grand
scheme of biofuel commercialization. If the genetically modified organism cannot withstand the
mass cultivation conditions of an open pond or if an invasive organism consumes the secreted
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biofuel, it is highly unlikely that the system will be successful. It will be useful to first determine
if a biofuel candidate molecule is capable of persisting in non-axenic culture conditions.

Botryococcene as an Ideal Biofuel
Botryococcus braunii is a green freshwater algae capable of producing hydrocarbons that
are up to 86% of the dry weight (Brown, Knights, & Conway, 1969). The algae has three
different strains: Type A, which produces unbranched alkadienes and alkatrienes (Metzger,
Berkaloff, Casadevall, & Coute, 1985), Type L, which produces lycopadiene (Metzger, Allard,
Casadevall, Berkaloff, & Coute, 1990), and Type B, which produces methylated triterpenes
(Metzger, Berkaloff, Casadevall, & Coute, 1985).
Botryococcene, a triterpene produced by Race B of B. braunii, is proposed to be a more
ideal biofuel candidate after several interesting characteristics about the algae and oil were
considered. In addition to the advantages of producing biofuel using microalgae, botryococcene
has been found in oil and petroleum deposits (Glikson, Lindsay, & Saxby, 1989). Second, the
algae-produced oil can be readily converted to usable fuels, such as gasoline, kerosene, and diesel
with yields up to 97% (Hillen, Pollard, Wake, & White, 1982). The oil can be converted using a
variety of techniques, and it can even be used as a feedstock for traditional oil refineries.
Botryococcene has also drawn interest as a renewable resource because of the unique
properties of the microalgae that produces it. B. braunii forms colonies, with single blooms
persisting in nature for years (Wake & Hillen, 1980). The aggregates float on the surface of the
water due to the liquid hydrocarbon that it produces and retains within the colony, and this allows
the cells greater access to light (Weiss et al., 2012).
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It is interesting to note that the botryococcene oil persists in nature even though it has a
high energy density that would be advantageous for other organisms to consume. This persistence
may be due to the entire B. braunii colony being surrounded by a polysaccharide retaining wall
(Weiss et al., 2012). The botryococcene oil is secreted into an extensive extracellular matrix,
though the liquid hydrocarbon never contacts the retaining wall because of other subdivisions that
the colony makes within itself (Weiss et al., 2012). These characteristics, especially its
persistence, make botryococcene an interesting biofuel to study for hopes of commercialization.

Chapter 2
Characterization and Maintenance of a Non-Axenic Algal Culture
Reverse engineering can lend support to a biofuel being a more ideal candidate by first
determining if it is able to persist in a non-axenic environment. Organisms can be genetically
modified to secrete different biofuels; however, if these biofuels cannot withstand the common
non-axenic conditions of an industrial production facility, then they will not be successful on a
commercial scale. To determine if botryococcene can withstand non-sterile culture conditions
better than other biofuel candidate molecules, a non-axenic algae culture needed to be studied and
characterized.
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Chlorella vulgaris as a Model Organism
A 30 L continuous culture of Chlorella vulgaris was maintained in non-sterile conditions
to provide a realistic algae production environment. C. vulgaris is often used as a “model algae”
because its high growth rate makes it a convenient algae to culture in a laboratory (Dawson,
Burlingame, & Cannons, 1997).
The 30 L of culture (the “smart pond” or “pond”) was maintained in a standard 10 gallon
aquarium (Figure 1). The pond was inoculated from an axenic C. vulgaris culture, though sterile
conditions within the pond were not maintained. WFAMC media (see Appendix A for recipe)
was used as the growth medium. This photosynthetic media provides 0.322 g NO3/L and does not
include an organic carbon source. Carbon was supplied via supplemental CO2 through a sparger
at 760 mL/min. The pond was agitated using a Regent Aqua-tech 170 gallon/hour power head.
The temperature of the pond was 24.5  2 C.

Figure 1: The 30 L “pond” of non-axenic C. vulgaris was cultivated in a 10 gallon aquarium.
Typically the pond had a clear saran wrap cover, though it was removed for pictures.
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The Pond as a Batch Process
The pond was operated as a repeated batch process. The OD550 of the pond was
monitored using a Beckman DU 520 Spectrophotometer; when the OD550 of the culture reached
approximately 0.85, roughly 25 L of the 30 L of culture were removed and replaced with 600 mL
of 5X WFAMC media, 24.35 L of distilled water, and 50 mL of an axenic C. vulgaris that was
maintained aseptically by subculture in a laminar flow clean bench (Figure 2). The algae change
out would replace nutrients and decrease the amount of algae in the pond, which would allow the
remaining algae more space to grow. The 600 mL of 5X concentrated media would replace the
amount of nitrogen that was consumed during the previous batch.

24.35 L

600 mL

H2O

5X
WFAMC
MEDIA

B
50 mL

- 25 L

A

Axenic C. vulgaris

C

Figure 2: Schematic of the algae change out process. (A) Roughly 25 L of the pond would be
removed at the end of each cycle. (B) 24.35 L of H2O, 600 mL of 5X WFAMC media, and 50 mL
of axenic C. vulgaris would be added to the pond. (C) The new cycle would begin with
significantly lower algae concentration.

The change out process would reduce the OD550 to approximately 0.25 (Figure 3).
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Figure 3: (A) The pond at the end of a cycle with an OD550 of 0.85. (B) The pond at the beginning
of a new cycle with an OD550 of 0.20.

The amount of algae removed and amount of water and media added varied based on the
specific growth rates and final ODs for each cycle. An example is provided in Table 1. Both
estimations were based on initial cycle ODs of 0.25. Regardless of the final OD in the system, the
amount of axenic C. vulgaris added at the beginning of each change out remained constant at 50
mL.

Table 1: Final OD in Cycle Determined the Change Out Amounts

Figure 4 shows the growth cycles of the pond from measured ODs.
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Figure 4: The pond was a repeated batch process. The vertical lines represent when the majority
of the culture was changed out and replaced with distilled water, media, and axenic algae. Each
diagonal line segment represented one batch. Though the addition of axenic algae significantly
altered the length of stability of the pond, it did not significantly alter the OD of the pond.
A standard operating procedure was created to detail how to maintain and record key information
about the pond (Appendix B).

Stability of the Contaminated Pond
Characterization of the non-sterile pond was necessary to be able to complete the
degradation experiments in a controlled, non-axenic algae culture (Chapter 3). For the
experiments in the following chapter to be controlled, the amount of non-C. vulgaris cells in the
pond had to remain stable. Higher amounts of non-C. vulgaris cells would likely result in higher
degradation rates. Therefore, experiments performed later could have artificially higher
degradation rates compared to experiments performed earlier in the life of the pond.
A simplified model was created to simulate the growth dynamics of the pond if a “weed
algae” had entered the system. The model was used to predict when the stability of the pond
would begin to be jeopardized, which was defined as when “weed algae” represented more than
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5% of the total cells in the culture. Because both organisms in the stability model were
photosynthetic and the growth in the pond was light-limited, the maximum growth rates for C.
vulgaris (V max, C. vulgaris) and the “weed algae” (V max, weed algae) were assumed to be identical
(Equation 1).
V max, C. vulgaris = V max, weed algae

Eq. 1

The pond was assumed to be well-mixed with each species using the percentage of light
available that was equal to its percentage of total cell count in the pond, based on an assumption
that both species would be of similar size; this percentage was then multiplied by each species’
growth rate. The percentage of light used by C. vulgaris (P C. vulgaris) and the weed algae (P weed
algae)

varied as the concentration of each algae varied in the pond changed.
The overall yield (YC. vulgaris) in cells per day for C. vulgaris was
Y C. vulgaris = V max, C. vulgaris * P C. vulgaris

Eq. 2

The yield (Y weed algae) in cells per day for the weed algae was
Y weed algae = V max, weed algae * P weed algae

Eq. 3

However, to simulate a competitive growth for the “weed algae”, it was given a 20% higher yield
than C. vulgaris. The yield of the “weed algae” was now represented by Equation 4.
Y weed algae = 1.2 * V max, weed algae * P weed algae

Eq. 4

The cycle length of the pond was 8 days; therefore, the amount of cells on the final day of the
cycle (C final) for each organism was equal to the amount of cells at the beginning of the cycle for
that organism (C initial) with the yield of each day added (Yn), where n represents the cycle day.
C final = C initial + Y1 + Y2 + Y3 + Y4 + Y5 + Y6 + Y7 + Y8

Eq. 5

Each batch removed 75% of the pond. It was assumed that each batch removed equal
percentages of the total cells of C. vulgaris (C C. vulgaris ) and the “weed algae”( C weed algae) due to
the pond being well-mixed, shown in Equation 6 and Equation 7.
C C. vulgaris, post-change out = 0.25 * C C. vulgaris, pre-change out

Eq. 6
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C weed algae, post-change out = 0.25 * C weed algae, pre-change out

Eq. 7

The pre-change out cell count (C pre-change out) was equal to C final for each algae, and the post-change
out value (C post out) being equal to the C initial value for the following batch. The total cell count of
each species at the end of each batch was compared to determine how many cycles of the pond it
took for the percentage of “weed algae” was greater than 5%.
The original scenario was then compared to a second situation where at the beginning of
each batch 50 mL of axenic C. vulgaris of OD 5 would be added to the pond (Figure 5). This
corresponded to 1.73 x1010 C. vulgaris cells in the 50 mL addition based on a CFU/OD550
correlation of 6.92 x107 cells/mL for the Beckman DU 520 Spectrophotometer (Myers, Curtis, &
Curtis, in press). The amount of weed algae cells at the beginning of the new cycle still abided by
Equation 7 due to the addition being axenic C. vulgaris. However, instead of the amount of C.
vulgaris cells at the beginning of the new cycle being defined by Equation 6, it was now defined
by Equation 8:
C C. vulgaris, post-change out = 0.25 * C C. vulgaris, pre-change out + 1.73 x1010

Eq. 8

Both the original and second scenario assumed a starting amount of 5.19 x1011 cells of C.
vulgaris in the 30L pond; this corresponded to an OD550 of 0.25 and concentration of 1.73 x107
cells/mL. Both scenarios also assumed a starting amount of 1.0 x104 cells of the “weed algae” in
the pond with a concentration of 33.3 cells/L.
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Figure 5: The stability of the pond was modeled to determine when the pond's “weed algae”
concentration was too high. Even by adding 6.92 x107 cells per cycle (1 mL of OD 1), the
stability of the pond was not jeopardized until roughly 2.5 years.

When axenic algae was not added to the pond at the beginning of each cycle, the stability
of the pond was jeopardized after 520 days (65 cycles). The pond was operated with 50 mL of
axenic C. vulgaris of OD 5 being added at the beginning of each cycle. Under these conditions,
the model predicted that the stability of the pond was never jeopardized. Even by adding 1.5 mL
of axenic C. vulgaris with an OD of 5 (5.19 x108 cells), the stability of the pond was extended to
4.4 years (data not shown). Adding 1 mL of OD 1 (6.92 x107 cells) extended the stability of the
pond to 2.5 years (data not shown).
By increasing the weed algae’s competitive yield advantage from 20% to 50%, and
decreasing the amount of axenic algae added at the beginning of each cycle to 2.77 x108 cells (4
mL of an axenic sample with OD equal to 1), the stability of the pond was not jeopardized until
after 2.3 years (data not shown). These two examples and the model demonstrate that by adding
even just a small volume of axenic C. vulgaris can extend the stability of the pond immensely.
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Biomass Accumulation
Biomass would accumulate in the pond, particularly in areas with poor circulation
(Figure 6).

Figure 6: (A) Contamination and dead algae cells would accumulate against the sides of the tank,
especially in locations with poor circulation. (B) Accumulation on the saran wrap lid that covered
the tank.

Algae would also grow on the sides and in the corners of the tank (Figure 7).

Figure 7: Algae would grow on the sides of the tank and reduce light penetration into the culture.
The accumulated mass was removed at the end of each batch during change out. (A) Close up of
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algae accumulation in the pond. (B) Behind the pump was the location with the highest
accumulation due to low circulation. (C) The entire face of one side of the tank could become
covered in algae.

Wall growth and biomass accumulation posed two major effects on the system. The first
issue is that the pond would not be a “well-mixed” system. This is more of a concern for
continuous culture systems that abide by the general rule that the dilution rate should be equal to
the growth rate of the organism (Law, Robertson, Dunker, & Button, 1976). If the sedimentation
rate is large enough and the dilution rate remains unchanged, the dilution can “wash out” the
liquid culture in the reactor. A larger reactor size can help to negate this issue if the amount of
growth is minimal. Large amounts of growth will require a method of cleaning that does not
disrupt the process.
The second detrimental effect from wall growth is that it would decrease the amount of
light that was available to the culture. A reduction in available light should have decreased the
growth rate of the C. vulgaris because its growth was light-limited, though the growth rate
appeared to be unaffected. This suggested that the biomass accumulation was not dense enough to
disrupt the light penetration into the culture or the algal growth of the light-limited system.
Though this problem was not observed to have any significant effect on this system, it still
remains a potentially hazardous problem for other algae cultivation systems.
A decrease in algal growth rate was likely not observed because the tank was cleaned at
the end of each batch. Paper towels were used to wipe the walls clean and seize large clumps of
biomass that accumulated in the corners. A wet scrub brush would then be used to scrub the glass
where the algae had hardened into thin layers. Figure 8 shows the contrast between an algaecovered tank and a clean tank.
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Figure 8: (A) The pond at the end of a cycle with algal accumulation on the sides of the tank. (B)
The tank was cleaned before the following batch was initiated.

Though algae “accumulation” is more of an issue for a small-scale operation such as the
pond, large-scale operations have developed ways to help reduce the problem. One solution is to
use small, connected balls that rotate through the bioreactor (Stroiazzo-Mougin & Molina, 2010).
As the balls brush against the sides of the reactor, they remove the accumulated biomass. Another
solution for PBRs is to ensure that turbulent flow is enacted so as to decrease the likelihood of
accumulation and sedimentation in the first place (Chisti, 2007). Developing internal cleaning
techniques is important because it eliminates the need to open the reactor for the specific purpose
of removing accumulated biomass and decreases the frequency that the sterile environment is
jeopardized.

pH control
The nitrogen source in WFAMC media is KNO3. As C. vulargis consumes nitrate, the pH
of the culture increases as hydroxide ions are released (Scherholz & Curtis, in press). The CO2
that is supplied in gaseous form not only serves as a carbon source for the algae, but it also acts as
a pH buffer due to bicarbonate equilibrium.
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Eq. 9

↔

Eq. 10

↔

Eq. 11

As nitrate is consumed, the equilibrium shifts and more CO2 is dissolved into water and the pH is
buffered from increasing dramatically as C. vulgaris consumes nitrate.
The pond was supplied with excess CO2 during the day. However, at night the CO2 flow
was turned off, and the pH increased as seen in Figure 9 designated by the thin sections marked
by dashed lines. When the CO2 flow was restored, the pH decreased. At higher CO2 flow rates,
the pH would return to a lower day-time pH due to the greater shift in equilibrium caused by
higher CO2 amounts being sparged into the system.

Figure 9: The pH of the pond fluctuated when CO2 flow was stopped during night hours. The 8
hour night session is the thin sections marked by dotted lines. At higher flow rates, the pH
returned to a lower daytime value. However, the peak pH during night hours remained roughly
the same for varying flow rates.
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When the CO2 flow was inadvertently turned off permanently over the course of a week, the pH
of the culture rose to over 10.1. The environment became too basic for C. vulgaris to grow. The
algae was suspended in stationary phase for over one week as the pH remained elevated. When
the CO2 flow was restored, the pH decreased to a moderate level and algae was able to grow at a
healthy rate again.

Estimation of Volumetric Mass Transfer Coefficient
To better understand the pH fluctuations of the system due to the flow rate of CO2
sparged through the system, the volumetric mass transfer coefficient of CO2 should be estimated.
The procedure involves measuring the change in system pH when the CO2 gas flow rate is
changed. Due to time limitations and incomplete data sets, this task was not able to be completed,
though the process is outlined below as explained by Hill (2006).
Due to bicarbonate equilibrium, CO2 exists in an aqueous system in four different forms:
CO2, H2CO3, HCO3-, and CO32-. The equilibrium concentration of each of these species is
dependent on the pH of the system. To estimate the mass transfer coefficient, the concentrations
of each carbonate species must first be assessed. Using Equations 10 and 11, the concentration of
each H2CO3 and HCO3- are evaluated.
[
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]
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]

Eq. 12
Eq. 13

The concentration of H+ can also be evaluated by using the dissociation constant of water.
Though this value does vary with temperature, the value for Kw at 25 °C is used:
[

]

Eq. 14
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Henry’s law can be used to determine the solubility of CO2 in the system, where the following
equation has shown to be a good representation according to Hill:
[
where

]

Eq. 15

is the partial pressure of CO2 in air, H is the Henry’s law coefficient, and [H2CO3] is

the dissolved concentration of H2CO3 in the aqueous system. Another equation can be written due
to water being unable to carry a net charge.
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Eq. 16

Solving Equations 12-16 simultaneously using Microsoft Excel, Mathematica, or another tool
will yield the equilibrium concentrations of each species for any partial pressure of CO2.
Hill explained that due to CO2 being sparged through the reactor, the concentration of
CO32- is insignificant. He also illustrated that because CO2 renders the solution acidic, the
concentration of OH- can be ignored. Due to these two assumptions, Equation 16 can then be used
to assume that the concentration of H3O+ and HCO3- are equal. The volumetric mass transfer
coefficient of CO2 (KLa) can now be estimated by the change in the concentration of H2CO3 over
time.
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where [
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)

Eq. 17

] is the saturation concentration of H2CO3.
Using the logic explained by Hill, the volumetric mass transfer coefficient can be

estimated by measuring the change in pH in the system over time. First, equations 12-16 are
solved simultaneously using known values for the rate constants (K1, K2) and Henry’s law
coefficient (all of which are functions of temperature and salt concentrations) to find the
equilibrium concentrations of each carbonate species. Next, the pH of the system is measured
over time at a constant flow rate of CO2. The pH values can then be correlated to [H2CO3] by
using known equilibrium concentrations for the compound assuming a rapid equilibrium
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compared to the CO2 transport rates. The concentration of H2CO3 is then plotted against time. By
using least squares regression to fit the data, the volumetric mass transfer coefficient can be
estimated for the CO2 flow rate.

Chapter 3
Initial Degradation Studies on Biofuel Feedstocks
High productivities in cultivation systems are critical to economic success. However,
contaminant organisms, both bacteria and other algae species, can negate the effects of a high
productivity by initiating and creating product loss. Due to its persistence in non-axenic
conditions, botryococcene is proposed to be a better biofuel to manufacture commercially
compared to other molecules
To test this theory, initial degradation studies were completed using the biofuel substrate
molecules sucrose and glucose. It has been proposed to use algae and microorganisms to secrete
glucose (Nobles & Brown, 2010) and sucrose (Nobles & Brown, 2008) that can be collected and
used as a feedstock for biofuel production. However, if the system becomes contaminated with
bacterial cultures, the invasive organisms will thrive on the secreted sugar, and the overall
productivity of the system will be in jeopardy.
The rates of degradation of the biofuel substrate molecules were measured to determine
the maximum rate at which the biofuel substrate molecules were consumed. Due to time
limitations, degradation studies on biofuel candidate molecules were not completed. Degradation
studies on glucose and sucrose were completed due to the ease of analytics and their proposed
synthesis as biofuel feedstocks. Future work (Chapter 5) will complete degradation studies using
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current popular biofuel candidate molecules, such as ethanol and biobutanol, and the proposed
ideal biofuel candidate molecule botryococcene.

Methods: Sucrose Degradation
A 250 mL Erlenmeyer flask was inoculated from the pond to a volume of 100 mL with
an OD550 of approximately 0.30. Included in this 100 mL was 10 mL of 5X WFAMC media to
support the nitrogen needs of the culture during the course of the experiment. A second 250 mL
Erlenmeyer flask was also inoculated with axenic C. vulgaris.
The refractive index (RI) of each flask was measured to establish a baseline value. Each
flask then had 0.5 g of sucrose added to it and was thoroughly mixed to a sucrose concentration
of 5 g/L. Though the flasks were not axenic after the sucrose addition, they were treated as such
so that no new organisms would be introduced into the flasks during sampling. The RI of the
flasks were monitored to measure how quickly the sucrose was consumed. The initial and final
OD550 of the cultures were recorded.
The cultures were kept on a shaker table with a 16 hour light cycle. The temperature of
the flasks were approximately 32 C  2 C during light hours and 22 C  2 C during dark
hours; these temperatures were measured using a temperature probe on an algae culture that was
not used during the degradation study. The flasks were supplied with a 5% CO2 in air flow rate of
40 mL/min during light hours, measured by a bubble-o-meter.
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Methods: Glucose Degradation
A 250 mL Erlenmeyer flask was inoculated from the pond to a volume of 100 mL with
an OD550 of approximately 0.30. Included in this 100 mL was 10 mL of 5X WFAMC media to
support the nitrogen needs of the culture during the course of the experiment. A second 250 mL
Erlenmeyer flask was also inoculated with axenic C. vulgaris.
The refractive index (RI) of each flask was measured to establish a baseline value. Each
flask then had 0.5 g of glucose added to it and was thoroughly mixed to a glucose concentration
of 5 g/L. Though the flasks were not axenic after the glucose addition, they were treated as such
so that no new organisms would be introduced into the flasks during sampling. The RI of the
flasks were monitored to measure how quickly the glucose was consumed. The initial and final
OD550 of the cultures were recorded.
The cultures were kept on a shaker table with a 16 hour light cycle. The temperature of
the flasks were approximately 32 C  2 C during light hours and 22 C  2 C during dark
hours; these temperatures were measured using a temperature probe on an algae culture that was
not used during the degradation study. The flasks were supplied with a 5% CO2 in air flow rate of
40 mL/min during light hours, measured by a bubble-o-meter.

Chapter 4
Initial Degradation Studies: Results and Discussion
The degradation rates of the biofuel substrate molecules in axenic cultures were
compared to those from cultures that were inoculated from the non-sterile pond.

Sucrose Degradation
It took roughly two days for the degradation of sucrose to begin in the non-axenic algae culture.
This culture consumed the sucrose as a maximum rate of 0.321 g/L/day. The degradation curve of
sucrose is shown in Figure 10.

Figure 10: Sucrose was consumed by the contaminated algae culture in approximately 5 days,
though the axenic culture did not consume sucrose. The maximum degradation rate of sucrose in
the non-axenic culture was 0.321 g/L/day.

25

The culture inoculated from axenic algae did not consume sucrose over the period
studied. This suggested that the consumption of sucrose in the non-sterile culture was due to the
contaminant organisms that were present in this culture. C. vulgaris has been shown not to
consume sucrose (Kamiya, 1985), though other species of algae (the “weed algae”) and bacteria
contamination do regularly consume sucrose.
The final ODs of the cultures help to predict the amount of bacterial growth in the flasks.
The average final OD550 of the axenic culture flasks was 1.12 with the growth being attributed to
C. vulgaris using CO2 as its carbon source in view of the fact that no sucrose was consumed. The
average final OD550 of the non-axenic flasks were 3.5 times larger at an OD550 of 3.99. If the same
amount of growth is contributed by C. vulgaris as in the axenic case, then roughly 1.12 of the
final OD can be attributed to C. vulgaris. This corresponded to 7.75 x107 cells/mL based on a
CFU/OD conversion of 6.92 x 107 cells/ mL per OD unit (Myers, Curtis, & Curtis, in press). This
leaves 2.87 of the final OD being attributed to bacteria. Using the correlation of E. coli as a basis
for the bacterial growth with 8 x108 cells/mL per OD unit, there would be 2.30 x 109 cells/mL of
bacteria in the non-axenic flask (Myers, Curtis, & Curtis, in press). This demonstrates how well
the bacteria were able to grow using sucrose when C. vulgaris was not competing for it as well.

Glucose Degradation
It took roughly two days for the contaminated algae culture to begin to consume the
added glucose. This culture consumed the glucose at a maximum rate of 0.415 g/L/day. The
axenic culture only took about one day for consumption of glucose to begin. The axenic culture
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consumed glucose at a maximum rate of 0.343 g/L/day. The degradation curve of glucose is
shown in Figure 11.

Figure 11: Glucose was consumed by the axenic culture in roughly 3 days with a maximum
degradation rate of 0.343 g/L/day. Glucose was consumed by the non-axenic culture in roughly
3.5 days with a maximum degradation rate of 0.415 g/L/day.

Glucose was likely consumed at a higher rate by both the axenic and non-axenic culture
compared to sucrose because C. vulgaris is capable of assimilating glucose (Gruneberg & Komor,
1976). While only the bacterial organisms were responsible for the consumption of sucrose, both
bacteria and C. vulgaris were capable of consuming glucose.
Unfortunately, at some point during the experiment the axenic culture became
contaminated, which was evaluated by a visual inspection. This likely occurred during the
addition of glucose to the flasks. Due to limited time, the experiment was not repeated. While the
results cannot be used to estimate bacterial growth as in the case of the sucrose degradation, the
results do positively show that glucose is an easier organic carbon source to consume compared

27
to sucrose due to the higher degradation rates. While genetically modifying organisms to produce
glucose as a biofuel feedstock can be useful, it the production environment would become
contaminated, the glucose would become an extremely easy target for consumption.

Bacterial Load of the Pond
It is useful to be able to estimate the bacterial load in the “smart pond” because the
microbial population is responsible for the degradation of the biofuel molecules or feedstock
substrates. While the degradation studies here were performed in 250 mL flasks using a one-time
addition of the substrate, a more rigorous execution would involve addition of the fuel molecules
directly in the pond using a continuous drip of the substrate (further explained in Chapter 5). This
method would more realistically represent an industrial algae production facility where the
biofuels would be constantly secreted by the algae. Under this more realistic situation, the
continuous culture would also selectivity grow microbial species that are capable of consuming
the biofuel being produced. In the degradation studies performed using glucose and sucrose, the
degradation rates would be “best case scenario” at the lowest rate possible because the microbial
population did not have time to selectivity grow those that use sucrose and glucose the more
efficiently. In a continuous system after the most efficient substrate users are selected, the
degradation rates would be higher. Considering that the system is highly aerobic due to
photosynthesis, the situation of producing fuel molecules that are extracellular inevitably will be
subject to this type of competition for recovery before they are consumed. The level of bacterial
growth in the pond reflects their ability to proliferate on the 'waste' generated from the algae since
there is no additional carbon source. It is instructive to measure this bacterial level as a baseline
understanding of presence of bacteria in an otherwise algae monoculture.
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The amount of bacterial in the pond was estimated by plating the culture on LB plates
and incubating them in a 37 °C oven. It was predicted that the amount of bacteria in the pond
would be on the order of 106 or 107. Plates were performed using dilutions of 105, 106, and 107.
However, after 3 days, only the 105 plates showed one colony each, resulting in an estimation of
1x105 bacterial cells/mL in the pond. This accounted for less than 1% of the cells in the pond, as
there were 3.46 x107 cells/mL of C. vulgaris. It should be kept in mind that it would probably
make more sense to repeat this incubation at the operational temperature of the pond and utilize a
low sodium media such as YCC to provide a better growth environment for this bacterial load
determination. None the less, this result does indicate that the levels are at least on the order of
104 bacteria per milliliter, which gives an idea of just how many bacteria are opportunistically
proliferating in this algae production system.

Chapter 5
Future Work and Conclusions
Due to time constraints the full project was not completed. Future work to complete the
project is described below.

Pond Management
The pond should continue to be monitored. Instead of using CO2 to buffer the pH through
bicarbonate equilibrium, a balanced media could be implemented (Scherholz & Curtis, in press).
Using CO2 is effective for small-scale cultures, though it would not be sustainable for industrial
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processes. A benefit to microalgae cultivation is that CO2 is consumed by the algae as a carbon
source; by releasing such large amounts of CO2 to the atmosphere, the biofuel production would
not be as clean as hoped for an alternative source of energy.
The validity of the pond stability model could be tested. Based on the stability model, the
pond would be able to be cultivated continuously without a “weed algae” representing more than
5% of the total cells in the culture as long as 50 mL of axenic C. vulagris of OD 5 was added at
the beginning of each batch. Plating could be used to determine when C. vulgaris represents less
than 95% of the total cells in the culture. This time could then be compared to the model to
determine the accuracy in the assumptions that were made.
The volumetric mass transfer coefficient of CO2 can also be determined. The changes in
pH can be used to determine this value, and the procedure for completing this task was outlined in
Chapter 2.

Degradation Studies
Initial degradation studies were performed using the biofuel feedstock molecules glucose
and sucrose. Because the axenic flask in the sucrose degradation experiment became
contaminated, this experiment should be repeated. Future work should also include degradation
studies on popular biofuel candidate molecules, such as biobutanol and ethanol. These
degradation rates will then be compared to the degradation rate of botryococcene, which is
proposed to be an ideal candidate molecule based on its persistence in non-axenic culture
conditions.
In addition, the degradation experiments should be conducted on a larger scale. Instead of
conducting the experiments in 250 mL flasks, they should be conducted in the pond itself. The
large culture would be supplied with a fuel component via a continuous drip for a significant
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period of time before measuring the degradation rate so that the culture could acclimate to using
the fuel component as a carbon source and bacteria would have sufficient time to be selectivity
grown for the biofuel that was added. Different analytical methods would be used for different
biofuels to determine how much of the biofuel remained unconsumed in the culture. A mass
balance should then be used to determine how much of the biofuel was consumed based on
knowing the amount that was continuously added to the pond and the amount that remained in the
pond.

Conclusions
The pond was grown for five months without succumbing to contamination by “weed
algae”, which was predicted by the contamination stability model. The pond was controlled as a
repeated batch process with the regular removal of biomass. The pH of the pond was maintained
by supplying supplemental CO2 during light hours. While high rates of CO2 helped to buffer pH,
much of it was wasted and released to the atmosphere. Further experiments could search for other
methods of pH control, such as using a balanced media that contains both NO3- and NH4+.
Initial degradation studies on biofuel feedstock molecules were conducted. For both
glucose and sucrose, the non-axenic algae cultures consumed the biofuel feedstock molecules at a
higher rate compared to the axenic culture. Future work will perform degradation studies on
ethanol, biobutanol, botryococcene, and other popular biofuel candidate molecules. The
degradation rates will be compared to that of botryococcene to determine if the oil is a more ideal
biofuel to commercially manufacture.
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Appendix A
WFAMC Recipe

Table 2: Media recipe for Wayne's Freshwater Algal Medium for Chlorella (WFAMC)
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Appendix B
Pond Standard Operating Procedure

How to Maintain the Pond
Manual Outline
 Introduction
o Schedule and Basics
o Basic Troubleshooting
o Daily Tasks
 How to Take the OD550 of the Pond
o Taking OD Basics
o Procedure for Measuring the Pond OD
o Basics of Using Specs
o How to Use the Beckman DU 520 Spec
o Data Sheets
o Beckman (1A) vs. Spectramax Spec (222)
o Enter the OD data into the Excel sheet
 How to Complete a Pond Change out
o Take OD550 of Pond and Complete Calculations
o Sub-culture chlorella
o Pour Media
o Take supplies upstairs
o Remove Pond
o Fill Up Pond
o Take OD sample of Pond AGAIN
o Go Downstairs to 1A
o Pond Change-out Clean up
o Enter Data into Excel file
 Excel File

Introduction
Schedule and Basics
 Daily
o Take OD550
o Make sure CO2 sparger and circulation pump is running
o Check to see if everything looks good (pond, axenic chlorella, general lab area)
 Wednesdays
o Take OD550
o Use Excel File to determine how much pond should be removed and how much
media/water should be added
o Pond Change out
 Sub-culture chlorella
 Remove pond
 Add media, water, and axenic chlorella
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Take OD550 again
Materials
o Everything is organized so that it is very accessible. Anything that is needed (test
tubes, syringe, data sheets) will either be on the desk in the glass tower or a
cabinet in 1A.
Equipment
o If manuals exist, the links will be listed in this document. If they do not, short
instructions will be provided.

Basic Troubleshooting
 OD gets too high, growth slows due to light limitation
o Performing a pond change out as it reaches a high OD solves the problem.
o The highest OD that the pond has reached is 1.2 on the Beckman spec. The pond
may be able to go higher, though it has not been attempted.
 Not enough media, growth slows because media has been consumed
o Adding enough media solves this problem.
o The “0” NO3 mark was artificially set at 2 g in the entire pond. This allows for a
growth rate that’s about 50% higher than the highest that has been observed. This
way, it is much more difficult for the nitrogen level to be completely depleted
and cause nitrogen-limited growth.
 OD does not increase from previous measurement
o Ensure that the CO2 flow is accurate. All previous growth problems were linked
to the CO2 shutting off and the pH increasing to a level too high for chlorella
growth. Restoring CO2 flow will lower the pH and algae growth will resume.
 Non-chlorella species overtakes chlorella growth
o This problem has not been encountered yet.
o Axenic chlorella is added in at each change out to help mitigate this problem.
The theory is that even if the “stuff” outgrows chlorella, chlorella will be starting
at a higher concentration so that other organisms will not be able to outgrow it.
Daily Tasks
 Take OD550
 Check that CO2 sparger is bubbling
 Check that the pump is running
 Check that everything looks normal
o Ensure the tank looks normal. (No abnormal growths.)
o Ensure the axenic chlorella on the shaker looks healthy.

How to Take the OD550 of the Pond
Taking OD Basics
 Take OD once a day.
o OD550 (550 nm): This is the wavelength that is used for chlorella OD
measurements.
o If not taking the OD every day, the most important thing is that it is taken right
before and right after a pond change out, and hopefully at least once or twice
during the week. More data points provide a more accurate growth curve.
However, sampling more than once a day is not necessary.
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Take the OD in the afternoon or late morning. The pond is on a 16 hour light
cycle, and the lights are on from 8:30 AM until 12:30 AM. Waiting for the lights
to come on allows the cells to “wake up”, and the measurement is more accurate.
If the OD is taken within the first hour of the lights being turned on, there is a
large amount of error.
If the OD decreases, or if it does not increase at the rate that is expected
(estimated by plotting previous data), do not panic. Measure the OD for at least
two more days to see if growth rate is still abnormal. If it still has not increased,
check the pH and CO2 flow rate.

Procedure for Measuring the Pond OD
 Lift the front right corner of the saran wrap lid and fold over
 Take a 3 mL sample from the close right corner using a syringe and put it into a short
flat-bottomed test tube.
 Reseal the saran wrap lid to the tank. (Using water helps to create a good seal.)
 Take sample downstairs to 1A and use the Beckman DU 520 spectrophotometer to find
the OD550.
o Downstairs in 1A, everything that is needed is in the cabinet that is closest to the
wall (next to the hood). The materials are in the doors (lowest shelves) and on the
middle shelf. There is a box of cuvettes labeled for this work.
o If you need extra cuvettes, there is an unlabeled box in the same cabinet. If you
do use any extras, you can put them into my box afterwards.
 Use tap water. There is a small jar of this sitting on the counter top.
 Make sure to use a fresh “blank” cuvette. Do not store a blank in the box or reuse it for
multiple days.
 Aim for the spec to read an OD between 1.10 and 0.200. This is the most accurate range.
While working with John Myers, it seemed that anything over 0.300 began to lose
accuracy
o In the first few days after a pond change (when OD is closer to 0.25), dilutions
are usually close to 2X.
o When the OD is higher in the pond (towards the end of the cycle), dilutions are
usually close to 5X
o If the measured OD is too low or too high, change what dilutions you use!
Basics of Using Specs
https://docs.google.com/a/curtislab.org/document/d/1pBw5mCB5ZLHXuuQ9btRLHJNkI449UC
cMgD5ELgLGiu0/edit
 This guide advises diluting samples down so that the spec reads above 0.100. Try not to
let it read about 0.200.
How to Use the Beckman DU 520 Spec
https://docs.google.com/a/curtislab.org/document/d/1yUHefwDcKsZS5F-xRQn_3Opgqy8H-tcsOJSwZ64Ui4/edit
 This explains how to use the Beckman DU 520 Spec (the spec that you will be using in
1A).
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Data Sheets


Data sheets are prepared for you to keep track of everything. They will be on the desk in
the glass tower in a folder.
o Please use these sheets so that I can attach them into my lab notebook later.
o If you’d like to keep track of the data in your own lab notebook as well, please do
so. Just please use the sheets so that I can save the data in my notebook as well.

Beckman (1A) vs. Spectramax Spec (222)
 If for some reason you use the other spec, please indicate it! This is important if the bulb
on the Beckman spec burns out.
Enter the OD Data into excel sheet
Download the file from Google Drive. It is named “Chlorella Pond”.
“OD” sheet
 Highlight the last “block” of cells under the “Pond” title (left side of sheet). This will be
from column A to column M, and it will be four cells in height.
 Copy this highlighted block.
 Paste below in the next available row. Do a regular paste (not “values” or any “paste
special”) so that the formatting stays the same.
o More/Less than 4 dilution data points?
 If you did more than 4 dilution data points, insert a row after the second
row of the block that you just pasted. Highlight the row above the blank
row from column A to M. Use the crosshair at the bottom right corner of
the highlighted box and drag down one row to fill the empty row.
 If you have less than 4 dilution points, delete the second to last row in the
group.
 Enter the Date in column A in the top cell of the new block. The remaining cells will
change automatically.
 Enter the time in column B in the top cell of the block. The remaining cells will change
automatically.
 Enter which spec you used (Beck/Smax) in column D in the top cell of the block. The
remaining cells will change automatically.
 In column H and column I, enter the amount of pond and water you used during the
dilutions. Column H is for the pond amount, and column I is for the tap water amount.
The units are in microliters.
 In column J, enter the measured OD550 that was recorded from the spec.
“N MB” Sheet
 On the “OD” sheet, copy column A to column E in the first row of your data block.
(Date, Time, Day, Spec, Average OD)
 Paste Special “Values” into the “N MB” tab in column A in the next available row. (This
will alter the formatting. For example, the Date will show as numerals. You can change
this by formatting the cell like the ones above it by using the paintbrush tool.)
 Highlight the cells in the row above where you just pasted from column F to column AF.
 Drag this down using ‘drag down’ crosshair at the bottom right corner of the highlighted
box.
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Look at column AD. Make sure that there is still nitrogen left in the media. (Because I set
my “0” mark at 2g, there should be plenty.)
Make sure that Column M says “NO” and columns N through T say “0”. (This is because
you did not change out the pond or add media.)
Save the excel file.
Go to google drive. Right click on ‘Chlorella Pond’ and click on ‘manage revisions’
Upload the new version.

How to Complete a Pond Change out
After approximately one week, it is time for a pond change. This will correspond to an OD550 of
0.85. The actual cycle time may be slightly shorter or longer than one week.
Completing a change out will take approximately two hours. Do not begin until there is ample
time to complete the project.
Take OD550 of Pond and Complete Calculations



Use the instructions above to record the OD550 of the pond.
Enter this information into the spreadsheet as indicated above, and it will calculate how
much pond needs to be removed to reduce the OD back to 0.25 (column AF), and how
much 5X media is needed to raise the NO3 amount in the pond to 2 g (column AE).
Anything that has a heading that is yellow needs manually entered.
o Enter OD data into “OD Data” tab like in the procedure above.
o Copy column A to column E in the first row of your data. (Date, Time, Day.
Spec, Average OD)
o “Paste Special” into the “N MB” Tab in the next available row in column A (This
will fill column A to column E)
o Highlight the cells in the row above where you just pasted from column F to
column AG.
o Drag this down using ‘drag down’ crosshair at the bottom right corner of the
highlighted box.
o In column M, specify that you are changing out the pond (enter YES, all caps)
o Scroll to column AF. This will tell you how much pond needs to be removed to
reduce to OD to 0.250.
o Round this amount to the closet 50 mL, and enter this amount into column N.
THIS IS HOW MUCH POND YOU NEED TO REMOVE.
o Scroll to column AE. This will tell you how much 5X WFAMC media needs to
be added.
o Round this amount UP to the closest 10 mL. Scroll to column O and enter this
amount. THIS IS HOW MUCH MEDIA YOU NEED TO ADD.
o In column P, enter 5 for 5X media. (You may use other concentrations, though
other calculations will need to be performed.)
o In column Q, you can drag down the formula from an above cell, or copy and
paste an active cell to here.
o You will be adding 50 mL of axenic chlorella to the pond.
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THE AMOUNT OF WATER YOU NEED TO ADD TO THE POND is “the
amount of pond removed” minus “the amount of media added” and “amount of
axenic chlorella added”.

Sub-culture chlorella
 Remove the axenic chlorella from the shaker. There should be two flasks: an older one
(two weeks old), and a newer one (one week old). (The old flask is saved in case the new
one becomes contaminated.)
o Remember to disconnect the tubing on the cotton side of the filter.
 Take them to Room 57 for sub-culturing. Other materials that are needed are a 500 mL
media bottle, test tube rack, short flat-bottomed test tubes, and a 1 L graduated cylinder.
These can be found in Room 232.
In Room 57
 Discard the flask that contains the two-week old chlorella.
 Aseptically subculture a new flask from the flask that is one-week old.
o Use a CO2 flask
o Add 20 mL of 5X WFAMC media and 80 mL of mQ water
o Add 5 mL of chlorella
 Remove an extra 50 mL of chlorella from the one-week old flask and put into a flat
bottomed test tube. THIS IS TO ADD TO THE POND.
 Remove an extra 1 mL so you can find the OD of the axenic chlorella that you are adding
to the pond. Put this into a separate short flat-bottomed test tube. You will measure the
OD of this later.
 Label everything so that nothing is mixed up.
Pour Media
 Measure how much media is needed based on the excel spreadsheet calculation. Premade 5X WFAMC media is on the shelf in the algae room in 57.
 Measure out the necessary amount of media in the hood using the 1 L graduated cylinder.
 Pour this into the 500 mL media bottle that you brought down. The bottle will actually
hold up to 600 mL. If a larger amount is needed (unlikely), another bottle will be needed.
 Remember to label everything.




Take supplies upstairs
Put supplies (newly subcultured chlorella flask, 1 week-old chlorella flask, 25 mL of
chlorella in a test tube, 1 mL of chlorella in a test tube, poured media, graduated cylinder)
on the tray to carry upstairs.
Set the test tubes aside. Reconnect BOTH flasks to the CO2 train in the shaker. (In case
the new flask gets contaminated, you still have the old one).

Remove Pond
 Turn off pump by unplugging it - it is in a power strip to the left of the housing. (Don’t
turn off the power strip.)
 Remove clear-wrap lid. Throw it out and replace with a fresh one at the end.
 Place a few paper towels down in front of the tank (on the desk and on the wire racks in
the incubator) because you are going to spill! This helps to prevent a huge mess from
forming.
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Remove pond liquid by using a 1 L beaker to dip into the pond. Pour this into a 4 L
graduated cylinder. Dump the 4 L graduated cylinder into the polycarbonate container.
o DO NOT LOSE COUNT. Sing a song, write it down, but don’t forget how much
you’ve taken out.
o YOU ARE GOING TO SPILL SOME. Do your best to estimate how much
you’ve spilled and adjust how much you’re taking out.
o If you lack arm muscle, make multiple trips to dispose of the algae (see next
step).
When finished, take the container to the loading dock (down the hall on the right hand
side). Dump the algae into the sink that’s on the right wall.
Rinse the drain with tap water.

Fill Up Pond
 At the loading dock, fill the polycarbonate container with as much distilled water as you
need based on what you calculated.
o Use the lines on the side as a guide. These are NOT accurate and are an estimate.
 Take the container back to the glass tower.
 Add in the media that you poured in Room 57.
 Add in the 50 mL axenic chlorella.
 Measure out how much water you calculated that you needed to add and add it to the
tank.
o DO NOT just dump in all of the water in the container. This is extremely
inaccurate. You also won’t be able to fit the container into the incubator.
o METHOD: Dump the water from the container into a large beaker. Then dump
the beaker into a 4L graduated cylinder to measure it.
o DON NOT LOSE COUNT.
o DO NOT fill the pond above the piece of tape that marks 30 L. If a little less
water is added to the pond than what was calculated, that is okay.
 Plug the pump back in.
o Give it a few seconds to warm up. It may make funny noises while doing so.
Jiggling and flicking the pump will help it to start up.
Take OD sample of Pond AGAIN
 Wet the edges of the top of the tank using extra water that you have.
 Use a new piece of saran wrap to make a new lid. (The water seals the clear wrap to the
tank).
 Wait five minutes to allow the pond time to thoroughly mix
 Take another OD sample
o You should have this sample of “post change out” algae and the axenic algae to
take the OD of now.
Go Downstairs to 1A
 Take your sample of “post change out” pond and axenic chlorella and go to 1A to
measure the OD using the Beckman DU 520 spec
 Take the OD of the “post change out” pond axenic chlorella
o The axenic chlorella will probably have an OD between 9-14. This may require
dilutions up to 50 or more! Make sure to do enough dilutions so you can get a
good average and know that you have diluted enough!
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Pond Change-out Clean up
 Liquid from the pond can be disposed of down the drain
 Cuvettes
o Rinse the cuvettes twice with tap water and twice with dH2O.
o Spray the inside with 70% ethanol.
o Dispose of the ethanol, turn the cuvettes upside down, and blot them on a paper
towel.
o Wipe the outside dry with a KimWipe and put them back into the cuvette box to
dry
 Syringe
o Pull the stopper out and rinse twice with tap water
o Rinse twice with dH2O
 Polycarbonate container
o This should be clean since you should have rinsed it after carrying the waste
pond to the drain and then filling with dH2O
o Replace the lid and store under the desk.
 Test tubes (short and regular flat-bottomed), 1L beaker, 4L graduated cylinder
o Rinse with tap water and dH2O
o Take these to the dirty dishes counter in Room 232.
Enter Data into Excel file
 Enter the OD data into excel as explained above for the ‘post changeout pond” OD.
 For the OD of the axenic chlorella, it is a similar process, however the data is under the
“OD” tab in columns O to Z

Excel File
Excel Data Spreadsheet (Need to download and re-upload once it has been edited)
https://docs.google.com/a/curtislab.org/file/d/0B7jF3ENe7A7KT1pyMDEzLTl2TUk/edit


Much of how to use the excel file has been explain in the document



“OD Data” Sheet
o This is where I enter the OD data that I take for both the pond (left side) and
axenic chlorella (right side)
o Headings that are highlighted in yellow are those that need to have data manually
entered. The remaining cells will calculate automatically.
 For the “Date”, “Time”, and “Spec” columns, you only have to enter in
the top cell of each group and the other 3 will change automatically.
 “Chlorella”, “dH2O”, and “Measured OD550” need to have all 4 cells of
each group entered manually.
“N Mass Balance” Sheet
o This page keeps track of the nitrogen mass balance.
o Copy and paste (paste “values”) the first five columns from the “OD Data” Sheet
(Date, Time, Day, Spec, Average OD550) into the “N Mass Balance” sheet. By
using “paste values”, all cells will be in numerals. Format the cells so that the
date and time are correctly shown.
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Highlight the row above where you just entered data from column F (“Beck
OD550”) to column AG (“Pond Needed to be removed for OD = 0.25”) and drag
it down, and everything will automatically calculate.
o If you’re replacing media, you will need to change columns M, N, O, P, R, S, T
(Anything under the “Pond Change out” heading except for “total nitrogen
added”). Columns S and T can be linked from the “OD Measurements” or copied
and pasted.
“Beck vs Smax” Sheet
o Because the Beckman spec’s lamp was burnt out for a while, the Spectramax
spec in 225 was used for about 2 weeks. A conversion factor between the two
specs was calculated based on data recorded on both specs when the Beckman
lamp was replaced.
“OD Data Sheet” Sheet
o OD data sheets to be printed out. The sheets contain all of the necessary
information that needs to be recorded.
“C.O Data Sheet”
o Change-out Data Sheets to be printed out. The sheet contains all of the necessary
information that needs to be recorded.
o
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