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ABSTRACT
Several novel methods are described to advance the study of Botryococcus braunii race B
as a potential production platform for algae biofuels. A feed-forward culturing strategy to obtain
and maintain high-density cultures of B. braunii race B is described. By predicting the nutrient
requirements of a culture based on a nitrogen-based mass balance, B. braunii cultures were grown
to densities greater than 10 grams dry weight per liter (gDW/L) in shake flasks. This strategy is
combined with the use of low-density stock cultures as “back-up” inoculum for high-density
cultures which are maintained using a stoichiometrically balanced medium that was developed for
the high density growth and maintenance of pH balance in freshwater algal species. In this work
the preferential uptake of ammonium and associated drop in pH is confirmed to occur as with
previous studies of Chlorella and Chlamydomonas. Additionally, the recalcitrance of
contaminating bacterial species within the algal culture is discussed along with a method for
generation of an axenic culture. A novel dual-flask co-culturing strategy is then presented and
shown to enable the long-term aseptic maintenance of axenic B. braunii race B cultures using
elevated CO2 in a closed system. Ongoing and future work involving the newly obtained axenic
B. braunii race B lines is briefly discussed.
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PREFACE
This work describes efforts associated with the culture of Botryococcus braunii race B which was
largely in support of providing inocula for bioreactor and continuous cultures studies (Grady,
2010; Khatri, Hendrix, Neihaus, Chappell, & Curtis, 2013; Tuerk, 2011). At the same time, trying
to develop an understanding of nitrogen use and pH effects following up similar media
stoichiometry experiments in the lab (Scherholz & Curtis, 2013). Efforts to obtain axenic cultures
are presented in detail including attempts to achieve genetic transformation using Agrobacterium
with the assistance of Sergio Florez, and initial testing associated with heterotrophic growth.
Subsequent studies to characterize bacteria that were found to be closely associated within the
colony hydrocarbon matrix are preliminarily described.
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Chapter 1
Background and Significance
The development of a viable alternative energy production platform is crucial to
minimize the world’s dependence on fossil fuels. The potential economic impacts of this reliance
have been magnified in the past decade as oil prices have increased by a factor of 4 from 2000 –
2008 (Shafiee & Topal, 2010). In addition to increasing gasoline prices, significant increases in
fossil fuel usage in the United States have caused a rise in the health costs associated with
exposure to emissions from these fuels. The total amount of health-related costs associated with
fossil fuel usage has been estimated to be as high as $886.5 billion/yr, which represents 6% of the
national GDP (Machol & Rizk, 2013). As a result of the need to develop an alternative to fossil
fuels, significant research has been conducted on various sources of alternative energy including
algae.

Biofuels
The process of producing ‘first generation’ biofuels, such as biodiesel, bioethanol, and
biogas, has improved significantly in the past decade; however, these fuels are largely derived
from crops, other sources of food, or limited capacity waste streams (Mata, Martins, & Caetano,
2010; Naik, Goud, Rout, & Dalai, 2010). As a result, these biofuels compete with food products
for the use of their respective feedstocks, igniting the food vs. fuel debate. Additional limitations
to these biofuels include a need for large amounts of water and fertilizer and competition for
arable land use (Brennan & Owende, 2010).
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‘Second generation’ biofuels seek to utilize plant and crop material that are not used to
make food products as a feedstock. Examples of these fuels include cellulosic ethanol and liquid
hydrocarbons, produced from the Fischer-Tropsch process, which rely on feedstocks such as
lignocellulosic biomass (Naik et al., 2010). Although the production of these ‘second generation’
fuels does not involve potential food sources, it still requires a large amount of arable land that
may compete with food crops (Schenk et al., 2008). Additionally, there remain obstacles in the
processing of the recalcitrant lignocellulosic material which require costly or energy-intensive
pretreatments (Wyman, 2007).

Microalgae as a Biofuels Source
Microalgae represent a ‘third generation’ of biofuels that utilizes a feedstock that avoids
the issues facing those of the ‘first generation’ and ‘second generation’ biofuels. Microalgae offer
advantages similar to first and second generation biofuels such as carbon sequestration (Ghasemi
et al., 2012). Additionally, certain oil-producing algal organisms can be grown in saline
conditions and in waste water streams (Pittman, Dean, & Osundeko, 2011), avoiding the need for
arable land or any cost-prohibitive pretreatment processes prior to the harvesting of oil products.
Botryococcus braunii race B is a green, colony-forming microalgae that has been studied
extensively as an algae biofuel candidate due to its ability to accumulate extracellular, energydense hydrocarbons, generally known as botryococcene (Banerjee, Sharma, Chisti, & Banerjee,
2002). These hydrocarbons have been shown to accumulate to as high as 86% of the algal
biomass and can be easily separated and extracted due to its hydrophobicity (Wolf, Nonomura, &
Bassham, 1985). Despite the advantages conferred to this organism by its unique ability to
synthesize and excrete botryococcene, doubling times of B. braunii race B have been reported
from 3 to 31 days (Khatri, Hendrix, Neihaus, Chappell, & Curtis, 2013) which is typically
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assumed to preclude its use as a source of renewable energy. Under light-limiting conditions,
however, the intrinsic growth rate of the organism becomes secondary to the growth rate allowed
by the photons entering the algal culture. Under these light-limited conditions, B. braunii captures
more energy than Chlorella vulgaris, a lipid accumulating algae (Tuerk 2011). To overcome the
problem of light-limitation and achieve high algae density, typical large-scale algal cultures are
grown in large raceway ponds with shallow depth or thin-film photobioreactors (Ugwu, Aoyagi,
& Uchiyama, 2008).
When determining a methodology to cultivate enough biomass to inoculate large-scale
photobioreactor systems, however, the growth rate of B. braunii does become an issue. In order to
overcome the slow growth rate of B. braunii race B, heterotrophic culturing of this organism has
been suggested. An axenic line of this organism, isolated from a lake in Japan, was cultured on
heterotrophic media and, as a result, the growth rate of this organism increased by 7-fold when
growing mixotrophically compared to photoautotrophically (Tanoi, Kawachi, & Watanabe,
2010). However, the improved heterotrophic growth rate of this strain was reported as 8 times
slower than that of the Berkeley strain under photoautotrophic conditions (personal observation).
Attempts to grow B. braunii race B strain Berkeley under heterotrophic growth conditions have
resulted in algal death due to high levels of bacterial contamination (personal communication, Dr.
Joe Chappell).
Additionally, the colonies of this algal species are surrounded by an extracellular matrix
composed of both hydrocarbons and cellulose-like carbohydrate fibers (Weiss et al., 2012). These
extracellular materials may provide a specialized environment in which the bacteria can consume
organic carbohydrates excreted by the algae, take up O2 given off by the algae, and avoid other,
competitive bacterial species that may lie outside of the matrix. Accordingly, bacteria residing in
this region have shown resistance to typical methods of elimination such as antibiotic treatment.
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For this reason, there are very few reports of axenic, or non-contaminated, B. braunii race B
cultures in the literature.
The establishment of axenic lines of a faster growing B. braunii race B strain is essential
in overcoming modern obstacles in commercializing algae biofuels production. The work
presented here represents a novel approach to establishing axenic lines of B. braunii race B
cultures and a unique strategy to aseptically maintain and scale up these cultures using elevated
CO2.
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Chapter 2
High Density Culturing Strategy for Botryococcus braunii race B

Materials and Methods
Strain and Culture Conditions
The algae strain Botryococcus braunii race B strain Berkeley (Showa) was cultivated in
125-mL and 500-mL Erlenmeyer flasks using WFAM (Wayne’s Freshwater Algae Medium,
Appendix A). This medium was formulated to support high density culturing of freshwater algal
species while providing both ammonium and nitrate to enable pH balancing and prevent
inhibitory pH levels. Cultures were grown on a New Brunswick Scientific G10 gyratory shaker
operating at 125 rpm. The cultures were illuminated to a range of light intensities between 130 250 µE/m2/s using 400W metal-halide lamps. To imitate a 24-hr diurnal light cycle, lighting was
set to a 16-hr light/8-hr dark cycle. The temperature of the shaker environment was maintained at
room temperature. A gas mixture composed of 5% (v/v) CO2 in air was provided to the cultures
through a series of Tygon R-3603 tubing, passed through 0.2 µm Gelman Acro gas vent filters
upstream and sterile cotton downstream of each culture flask to exclude contaminating algae. In
order to minimize evaporative losses of culture medium, the gas mixture was humidified prior to
the culture flasks by sparging through three flasks in series containing distilled water.
Dry Weight Measurements
Due to the tendency for B. braunii race B colonies to float in media, a unique protocol
was developed for determining culture dry weight cell density. Using clean-room gloves to avoid
oil residue, small punctures were made on the bottom of 0.6 mL polypropylene eppitubes with a
needle. These eppitubes were then packed with two ~2 mm pieces of glass fiber filter paper from
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Gelman Sciences cut out using a 5 mL pipette tip and pretared. To prepare for filtration of each
sample, 300 µL distilled water was aliquoted into each perforated eppitube. This eppitube was
placed inside of a larger 2.0 mL polypropylene microcentrifuge tube which was then centrifuged
using a Denville Scientific microcentrifuge for 2 minutes. After centrifugation, the filtrate
collected in the outer microcentrifuge tube was poured out. B. braunii samples were mixed by
aspirating repeatedly with a P1000 pipetman. Each algal sample was then transferred to the
prepared eppitubes in 300 µL aliquots and centrifuged for 5 minutes. The supernatant collected in
the microcentrifuge tube was poured off, and 300 uL distilled water was aliquoted into the
eppitubes to rinse the filtered biomass. The eppitubes were centrifuged again for 5 minutes, and
the filtrate was poured off. The eppitubes were closed, removed from the microcentrifuge tubes,
and placed in a -80oC freezer for 1 hour. The eppitubes were taken out of the freezer and opened.
The frozen samples were then immediately placed into a Labconco freeze dryer to be freeze-dried
for 24 hours. Lyophilized samples were massed, and the algal dry weight cell density was
determined by difference. It should be noted that this procedure did not include the quantification
of extracellular soluble carbohydrates.
Conductivity Measurements
In order to quantify the degree of ion accumulation in the high-density cultures, electrical
conductivity measurements of the sampled culture volumes were taken weekly. Conductivity
measurements were taken for each sampled culture volumes at room temperature using a MI-905
miniature conductivity probe (Microelectronics Inc.) and a YSI model 35 conductance meter.
pH Measurements
Continuous online pH data was obtained for high-density B. braunii cultures to monitor
pH fluctuations in between subculturings. Weekly off-line pH measurements of sampled culture
volumes were also taken in order to plan the subsequent subculturing. Continuous pH
measurements were obtained using Cole-Parmer pH electrodes connected to a LI-COR LI-1400
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datalogger. Weekly, offline pH measurements were taken using a Mettler Toledo SevenEasy pH
Meter S20. Prior to taking the offline pH measurements, samples were degassed on a gyratory
shaker for 30 minutes to ensure dissolved CO2 was in equilibrium with the air.
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High Density Culturing Strategy
Low-Density Stock Cultures
Due to the difficulty of maintaining high-density B. braunii race B cultures, several lowdensity cultures were kept as back-up, stock cultures. These stock cultures were used as inoculum
for cultures that were to be grown to high-densities. Initial low-density cultures were provided by
the laboratory of Dr. Joe Chappell at the University of Kentucky. Subsequent stock cultures were
inoculated from high density cultures observed to be growing well from dry weight cell density
measurement data and qualitative observations of appearance. When inoculating a low-density
culture, the most recent growth data (previous 2 – 3 weeks) of a high-density culture was used to
predict the dry weight cell density of the culture for the next subculturing. This cell density was
then used to predetermine the volume of culture required to inoculate a 50 mL culture to a final
dry weight cell density of ~1.0 gDW/L. This volume of culture was aseptically transferred to a
125 mL Erlenmeyer flask with balance 0.5X (1/8 NH4) WFAM to 50 mL (Appendix A). The
media solution was prepared by diluting an appropriate volume of standard 1X (1/8 NH4) WFAM
with sterile water.
Stock cultures were subcultured weekly at a dilution rate of 80% with 0.5X (1/8 NH4)
WFAM which was sufficient to maintain culture cell densities between 1.0 – 3.0 g/L. The culture
volume removed during each subculturing was used to determine the pH and dry weight cell
density of each culture. If the pH of the culture was not between 6 – 8, the ammonium content of
the media was adjusted to either increase or decrease the culture pH. For cultures with a pH less
than 6.0, WFAM containing no-NH4 was used; however, the NH4 content of the media was
quickly increased after a rise in pH to avoid ion accumulation to inhibitory levels. For culture
with a pH greater than 8.0, (1/2 NH4) WFAM was used in the next feeding. If the culture pH did
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not decrease over the course of the week following this subculture, the NH4 content of the media
was increased to (3/4 NH4) WFAM. If the dry weight cell density of the culture did not fall
between 1.0 – 3.0 gDW/L, the dilution rate of the culture was either increased or decreased to
maintain culture density in this range with a target culture cell density of 1.0 gDW/L.
Grown under a light intensity of 90 μE/m2/s, the average doubling time of low-density
stock cultures, calculated using Equation 1, was 3.94 ± 1.91 days which is comparable to the
optimal growth rate of this species (Metzger & Largeau, 2005).
(

Where

is doubling time,

⁄

is the cell density of a culture determined in a given week,

is the cell density of the culture determined in the next week, and
between these growth measurements,

Eq. 1

)

and

is the period of time

(1 week).

The nearly optimal growth rate observed under these conditions was anticipated as it was
presumed that the low-density cultures would be neither light- nor nutrient-limited. As shown in
Equations 2 - 4 and Table 1, the gas transfer rate of CO2 would greatly exceed the carbon
requirements of the algae under carbon-limited conditions. The value of the gas-liquid mass
transfer coefficient, kLa, was assumed to equal 50 hr-1 for shake flasks, and the CO2 concentration
in the liquid was assumed to be zero, thereby representing the maximum gas transfer rate,
, that would be experienced if the system were CO2-transport limited.
Eq. 2
Eq. 3
Eq. 4
Here,
culture.

is the maximum gas transfer rate of CO2 from the gas phase into the liquid

represents the mass transfer coefficient across the gas-liquid interface.
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represents the equilibrium concentration of CO2 in the liquid phase,
constant for CO2 under the conditions specified, and

is the Henry’s Law

represents the partial pressure of CO2 in

the gas phase.
Table 1: Gas Transfer Rate (GTR) calculations for shake flask cultures

An assessment of the growth rate as compared to typical CO2-transport limitations can be
made to show that CO2 is not limiting. A 50 mL algal culture at a dry weight cell density of 1.0
gDW/L contains 0.05 gDW of cells. As noted in Table 1 and described in detail in Appendix B, at
the specified mass transfer rate for 5% CO2, this corresponds to an accumulation of 2.79 gDW of
algal biomass in 1 week or a final cell concentrations of 56.8 gDW/L in this 50 mL culture. This
growth greatly exceeds the observed growth of a low-density stock culture which typically
accumulates 0.10 g (2.0 gDW/L) of algal biomass in the same period. Thus, the observed net gas
transfer rate equates to 0.00298 mol L-1 hr-1, over an order of magnitude less than the maximum
value.
Additionally, WFAM has been developed to provide stoichiometrically balanced media
components including nitrogen, and in this experimentation, nitrogen is presumed to be yieldlimiting (Scherholz & Curtis, 2013). As shown in Appendix B, based on a cell biomass
composition similar to Chlorella vulgaris of CH1.73N0.067O0.327 (roughly 5% nitrogen by mass)
(Spoehr, 1949), a weekly dilution rate of 80% with 0.5X WFAM would provide sufficient
nitrogen to support 0.119 gDW cells in a 50 mL culture. For the same culture with a presubculture dry weight cell density of 1.0 g/L, this growth corresponds to a final dry weight cell
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density of 2.57 g/L. Since the observed growth of stock cultures yielded a final dry weight cell
density of

2 – 3 gDW/L, the provided nitrogen levels were appropriate to achieve the goal

of balanced assimilation.

High Density Culture Inoculation
B. braunii race B cultures to be grown to high densities were inoculated with a lowdensity stock culture. Inoculum culture (20 mL) was transferred aseptically to a 500 mL
Erlenmeyer flask containing 180 mL 0.5X (1/8 NH4) WFAM. The inlet and outlet tubing
connected to the flask was then connected to gas lines to provide 5% CO2 to the culture and
placed on a gyratory shaker with an initial light intensity of 130 µE/m2/s.
High Density Feed-Forward Culturing Strategy
B. braunii race B cultures were subcultured weekly, replacing a predetermined volume of
culture with sterile WFAM at a volume and concentration determined using a feed-forward
culturing strategy. Growth data pertaining to the most recent feedings (2 – 3 weeks) were used to
determine an average growth rate for each culture. Assuming a cell biomass composition similar
to Chlorella vulgaris, the culture’s biomass was presumed to be composed of roughly 5%
nitrogen by mass. A nitrogen content in the lower range is reasonable because the biomass
includes ~25% nitrogen-free hydrocarbons (Khatri, Hendrix, Neihaus, Chappell, & Curtis, 2013).
Using the average growth rate and presumed nitrogen composition, the quantity of nitrogen
required to allow one additional week of growth was determined using Equations 5 - 9:
(

)

Eq. 5
Eq. 6
Eq. 7
Eq. 8
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Eq. 9
DWꞋ and DWo are the dry weight cell densities of the previous subculturings. VꞋculture and
Voculture are the corresponding volumes of the cultures, which were maintained at 200 mL by
adding sterile milli-Q water to the culture prior to subculturing. Vosample is the volume of culture
removed for the collection of various data. Nconsumed is the nitrogen consumed during the previous
week, NꞋpre-sub is the amount of unassimilated nitrogen present in the media prior to the planned
subculturing, Nopost-sub is the amount of nitrogen that was present after the most recent
subculturing, and Nfeed is the quantity of nitrogen to be fed to the culture.
An additional 10% of the calculated nitrogen to be fed was supplied to each culture in
order to account for potential increases in the growth rate of the culture. Overestimations of
growth rates were corrected for by calculating the quantity of unassimilated nitrogen in the
culture prior to subculturing, N’pre-sub, and adjusting the amount of nitrogen to be fed to the culture
accordingly. In this manner, the cultures would not be overfed nitrogen in intervals of reduced
growth thereby providing stability to the feed strategy.
This feed strategy is based on the logic of a need to provide NH4 for achieving
stoichiometric balance while, at the same time, acknowledging that NH4 is preferentially utilized
and causes a decrease in culture pH. Excess feed of a balanced NH4/NO3 medium will result in
imbalanced assimilation of NH4 and culture acidification. The nitrogen source used in WFAM
was in the form of NH4NO3 and KNO3 in order to provide a stoichiometrically balanced media
that enabled pH balance and high-density growth. Previous studies have shown that algal cultures
preferentially utilize ammonium when both ammonium and nitrate are available in the presence
of excess CO2 (Scherholz & Curtis, 2013). These studies reported that when a sufficient amount
of ammonium was present in the medium, algal cultures assimilated ammonium until the pH of
the culture dropped to inhibitory levels which led to algal death although a switch to nitrate
assimilation could have maintained culture viability. As shown in Figure 1, the same pH dynamic
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was observed in B. braunii race B cultures on a greatly extended time frame as a result of the
culture’s longer doubling time.

Start of nitrate
consumption

Figure 1: Continuous pH profile of B. braunii race B culture. A B. braunii race B culture was grown in
a 500 mL Erlenmeyer flask on WFAM media and fitted with a continuous pH probe. The culture was
supplemented with 5% CO2 and illuminated with 130 µE/m2/s light in a 16 hour light/8 hour dark cycle to
imitate day and night. During the dark period, both the lights and CO2 gas delivery system were turned off.

The pH of the culture is observed to decrease steadily, which is consistent with an
exclusive assimilation of ammonium. Only after the ammonium is exhausted, nitrate is
consumed, and the pH of the culture begins to rise. Rapid increases in pH are observed when CO2
supplementation is turned off during the dark growth period. When CO2 is absorbed into water, it
reacts with water to form carbonic acid which in turn dissociates to bicarbonate and carbonate,
lowering the pH of the culture. Accordingly, when CO2 is no longer delivered to the continuously
shaken culture, the concentration of dissolved CO2 will decrease and the pH of the culture will
increase toward an equilibrium with air. Conversely, when the CO2 was turned on during the light
growth period, a corresponding decrease in pH was observed.
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In order to avoid inhibitory pH levels, the pH of the sampled culture volume was
measured after each subculturing, and the subsequent feeding was planned to maintain the
daytime pH between 6.0 - 8.0. In order to adjust the predicted pH drop, the ammonium content of
the media was varied between 1/8 of the NH4 content in WFAM (1/8 NH4) and the full NH4
content in the media.
Because algal cultures tend to become light-limited at high cell densities (Pulz &
Scheibenbogen, 1998), a sequential increase in light intensity was utilized to facilitate an increase
in the dry weight cell density of the cultures. In order to avoid photoinhibition that would result if
cultures were moved too rapidly to high light intensities, cultures were slowly adapted to higher
light levels (Kojima & Zhang, 1999). Newly inoculated cultures were illuminated at a light
intensity of 130 µE/m2/s. Once cultures reached a dry weight cell density of ~3.0 g/L, culture
flasks were moved to a new location on the shaker to receive a light flux of ~180 µE/m2/s.
Culture that exceeded a dry weight cell density of ~10.0 g/L were moved again to a position
exposed to an illumination of ~ 220 µE/m2/s; however, cultures illuminated at these levels rarely
sustained growth likely due to photoinhibition.
Qualitative assessments of the culture were also utilized in order to determine the health
of cultures in between subculturings and decide which cultures to continue to proliferate. These
assessments were used to evaluate the effects of the previous subculture and the culturing
conditions of the algae (i.e. light intensity). Cultures designated as healthy were typically a
vibrant green color with a top layer of bubbles as a result of oxygen evolution (Figure 2A). As B.
braunii cultures began to deteriorate, the color of the culture began to turn yellow, and the
amount of bubbles in the culture decreased (Figure 2B). Cultures in stationary phase would
typically become bright orange with no bubbles. Once cultures became this bright, orange color
(Figure 2C), reversion of the cultures to a healthy, green state was rare.
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A

B

C

Figure 2: Appearance of B. braunii race B cultures varying with state of culture. (A) Healthy B.
braunii cultures appear bright green with a layer or ring of bubbles on top of the culture. (B) B. braunii
culture beginning to enter stationary growth phase. Cultures turn a yellow-green and have fewer bubbles.
(C) B. braunii culture that has entered stationary phase and has turned a typical orange color.

Growth and conductivity data of high-density B. braunii cultures grown using the
aforementioned methods is presented in Figure 3. For all culture data shown, the dry weight cell
densities exceeded 6.0 g/L, reaching a maximum of ~9.0 g/L in Figures 3C & 3D.
Similar to the low-density stock cultures, an assessment of the observed CO2 gas transfer
rates within the high-density cultures can be made to show that the cultures were not CO2-limited.
As shown in Table 2, the observed gas transfer rates,
1

, did not exceed 0.00687 mol L-

hr-1, over an order of magnitude less than the maximum gas transfer rate,

, under the

conditions specified. Details calculations are presented in Appendix B.
Table 2: Observed net gas transfer rates (

) based on biomass accumulation for high-density B.
braunii cultures
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Additionally, weekly conductivities measurements are presented over the duration of
each culture’s lifetime. Taken collectively, a general trend emerges corresponding to the initiation
of culture death when the conductivity reaches ~3.0 mS which is almost double the conductivity
of 0.5X (1/8 NH4) WFAM (1.6 mS); however, many other factors may have contributed to
culture death including photoinhibition and inhibitory pH levels. Additional experimentation
must be performed in order to determine the exact nature of the phenomena leading to algal
culture death.
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Figure 3: Growth and conductivity data of high-density B. braunii cultures. (A-D) All growth and
conductivity data correspond to B. braunii race B cultures grown to high cell densities (>6 g/L).
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Chapter 3
Preliminary Efforts to Establish Axenic B. braunii race B Cultures

Materials and Methods
Strain and Culture Conditions
The algal culture Botryococcus braunii race B strain Berkeley (Showa) was cultivated in
125-mL and 500-mL Erlenmeyer flasks using WFAM (Appendix A) as described in Chapter 2.
Hexane and Antibiotic Treatments of Liquid Culture
In order to eliminate contaminating bacteria from non-axenic B. braunii cultures, various
antibiotics were used to treat liquid cultures. A hexane wash was utilized prior to antibiotic
treatment to reduce extracellular hydrocarbons that may serve to protect the bacteria from the
antibiotic agents. Aliquots of 0.9 mL 0.5X (1/8 NH4) WFAM media were combined with 0.1 mL
YCC media in sterile eppitubes. Antibiotics and antifungal agents were transferred to respective
eppitubes as shown in Table 3. Vacuum filtration was utilized with an 11 μm nylon mesh to filter
10 mL B. braunii culture. Retained cells were then transferred to a glass culture tube and washed
with sterile n-hexane for 1 minute. Cells were filtered again using vacuum filtration with an 11
μm nylon mesh and resuspended in 10 mL 0.5X (1/8 NH4) WFAM. 200 μL aliquots of the
resuspended culture was transferred to each antibiotic-containing eppitube and placed onto a
VWR Standard Orbital shaker and illuminated at a light intensity of 60 μE/m2/s. After 24 hours,
the cells were filtered using vacuum filtration with an 11 μm nylon mesh and resuspended in 3
mL 0.5X (1/8 NH4) WFAM and tested for contamination by streaking onto solid LB and YCC
media.
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Table 3: Experimental conditions used in hexane and antibiotic treatments

Cellulase and Hexane Treatment of Culture
A commercial mixture of enzymes with endoxylanase activity was used to treat B.
braunii cultures in order to degrade the cellulose-like matrix surrounding the algal colonies.
Cultures were incubated with 10% (v/v) Cellic HTec2 (Novozymes) and incubated at room
temperature for 18 hours. Cultures were then treated with 1% (v/v) sterile n-hexane and stirred by
hand by shaking for 2 minutes. Colonies were then filtered using vacuum filtration with an 11 μm
nylon mesh and resuspended in sterile 0.5X (1/8 NH4) WFAM. In order to observe the efficacy of
cellulase and hexane treatments, treated colonies were observed using a Nikon Labophot
microscope.
Phylogenetic Analysis of Isolated Contaminants
In order to develop an antibiotic treatment specific to the contaminating organisms, 16S
rRNA genomic sequencing was utilized to identify the contaminants. Contaminants were first
isolated on solid R2A bacterial growth media by pattern streaking non-axenic B. braunii race B
cultures and incubating plates at 30oC until growth was observed. Colonies with different
morphologies were picked and streaked again onto R2A media. This process was repeated until
single morphologies were present on each plate. Colony PCR was utilized to amplify a 1500-bp
16S rRNA gene sequence using 2.5 µL REDTaq DNA polymerase (Sigma-Aldrich) in a 50 µL
reaction as specified by the manufacturer. The primer set used consisted of the universal 16S
rDNA forward primer 8f (5’-GAGTTTGATCATGGCTCAG-3’) and reverse primer 1495r (5’CTACGGCTACCTTGTTACG-3’) (Grifoni, Bazzicalupo, Di Serio, Fancelli, & Fani, 1995). The
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PCR products were analyzed using agarose gel electrophoresis, ligated into the PCR2.1-TOPO
vector using the TOPO-TA cloning kit (Invitrogen), and electroporated into electrocompetent E.
coli TOP10 cells as specified by the manufacturer’s protocols. Transformants were selected on
solid LB medium containing 50 µg/mL kanamycin. Individual colonies were used to inoculate 5
mL LB medium containing 50 µg/mL kanamycin and grown overnight on a shaker set to 125 rpm
at 37oC. Plasmids were isolated using the QIAprep Spin Miniprep kit (Qiagen) and sequenced by
Genewiz Inc. using the universal forward primer M13F(-21) and reverse primer M13R.
Sequencing results were analyzed using a nucleotide blast search against the National Center for
Biotechnology Information (NCBI) database.
Antibiotic Screening of Isolated Contaminant
An antibiotic screen was performed on isolated contaminants to determine their
susceptibility to various antibiotics. Contaminants were isolated by pattern streaking non-axenic
B. braunii race B cultures onto R2A bacterial growth media and incubating plates at 30oC until
growth was observed. Colonies with different morphologies were picked and streaked again onto
R2A media. This process was repeated until single morphologies were present on each plate.
Solid R2A media was prepared with various antimicrobial agents at concentrations typically used
in selection plating as shown in Table 4. Each isolated colony was then streaked onto each
antibiotic plate and incubated at 30oC for 1 week or until growth was observed.
Targeted Antibiotic Treatment of Culture
Non-axenic algal cultures were plated onto R2A plates containing the antibiotics
determined to be effective against isolated contaminants to determine the minimum inhibitory
concentrations (MIC) of the antibiotics. Solid R2A bacterial media was prepared with antibiotics
determined to be effective in eliminating isolated contaminants: kanamycin (25 mg/L – 1000
mg/L) and tetracycline (1 mg/L - 100 mg/L). 100 µL of a single B. braunii race B culture at a dry
weight cell density of 4 g/L was plated onto each antibiotic plate as well as a control R2A plate

20
without antibiotics. Due to the light sensitivity of tetracycline, plates containing this antibiotic
were covered in aluminum foil and incubated at room temperature for 2 weeks or until bacterial
growth was observed. R2A plates containing kanamycin were incubated at room temperature for
2 weeks or until growth was observed.
B. braunii Sample Preparation and Confocal Microscopy
Confocal microscopy was utilized to examine the colonial structure of B. braunii race B
as well as the nature of the physiological association between B. braunii and contaminants.
Calcofluor White (Fluorescent Brightener 28, Sigma) stocks were diluted in 1.5 mL microcentrifuge tubes with distilled water to 100 μL at a final concentration of 0.8 μg mL-1. Syto 9
(Invitrogen) stocks were diluted in 1.5 mL micro-centrifuge tubes with 18 μL distilled water to a
concentration of 0.5 mM. 2 μL aliquots of the 0.5 mM solution were then transferred to clean 1.5
mL microcentrifuge tubes and diluted to 100 μL with distilled water to obtain a final
concentration of 10 μM. The diluted Calcofluor White solution was added to the samples and
allowed to incubate in the dark at room temperature for 7 minutes. The diluted Syto 9 solution
was then added to the Calcofluor White/sample solution and allowed to incubate for an additional
5 minutes. Samples were placed onto glass microscope slides and gently covered with glass
coverslips.
Images were captured with a Zeiss Cell Observer SD microscope with a Zeiss EX PlanNEOFLUAR 10x/0.3, EC Plan-NEOFLUAR 20x/0.5 or Plan-Apochromat 63x/1.4 oil objective
and 405 nm OPSL (50 mW), 488 nm (100 mW) diode and 561 (40 mW) diode laser for
excitation. Image J software (National Institute of Health) was used to adjust the brightness,
contrast, and color of the images presented.
Serial Hexane Dilutions
Hexane extractions were used to remove the extracellular hydrocarbon layer and
associated bacteria from B. braunii colonies. Dilution plating of treated cultures were then
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utilized to determine the effectiveness of these hexane extractions in decreasing the bacterial load
of contaminated cultures. Algae colonies in a 20 mL B. braunii race B culture at a dry weight cell
density of 4 g/L were collected using vacuum filtration with an 11 µm Millipore nylon mesh.
Retained colonies were resuspended in 20 mL sterile water. 1 mL of this suspension was used to
make serial dilutions (10-1 – 10-5) which were plated on R2A media. Sterile n-hexane was added
to the remaining 19 mL suspension to bring the concentration to 20% (v/v) n-hexane. The
suspension was stirred by hand for 1 minute and filtered again through a clean 11 µm nylon
mesh. The resuspension, dilution plating, wash with n-hexane, and filtration steps were repeated
twice more. All plates were incubated at 30oC for 1 week. Colony forming units (CFU) were
counted by hand for plates containing 30 – 300 colonies.
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Results and Discussion
Initial attempts to establish a line of axenic B. braunii race B consisted of treatment of
liquid algal cultures with the antibiotics shown in Table 3. The combination of these antibiotics
represents a range of mechanisms effective against both gram positive and gram negative
bacteria. Additionally, amphotericin B, an antifungal compound used to treat fungal infections
present in mammalian cell lines (Mehta, Lopez-Berestein, Hopfer, Mills, & Juliano, 1984), was
included in the initial treatment to eliminate any fungal contaminants. Prior to the antibiotic
treatment, a hydrocarbon extraction was performed on cultures to reduce the extracellular
hydrocarbons surrounding B. braunii colonies. The reduction of the hydrocarbon matrix was
hypothesized to facilitate diffusion of antibiotics to contaminating organisms; however,
contamination testing of treated cultures on LB and YCC media resulted in the growth of bacteria
for all cultures. The persistence of the contaminating organisms may be due to several reasons:
there may be a different mechanism serving to protect the contaminants from the antibiotic
compounds, the contaminants are resistant to the concentrations and/or antibiotics used, or the
hydrocarbon matrix was not sufficiently reduced to mediate diffusion of antibiotics to the
contaminants.
Exploring the idea that a separate mechanism may be involved in protecting
contaminating organisms within B. braunii cultures, it was hypothesized that the cellulose-like
matrix surrounding B. braunii colonies provide a niche for bacteria to reside. In conjunction with
the extracellular hydrocarbons, this cellulose-like matrix would further limit the efficacy of any
antibiotic compounds used to treat liquid algal cultures. The composition of the carbohydrate
matrix surrounding B. braunii colonies has been shown to contain 42% arabinose and 39%
galactose, by mass, which is consistent with the monomeric subunits of hemicellulose. Therefore,
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to test this hypothesis a commercial mixture of enzymes with high specificity towards
hemicellulose was used to degrade the carbohydrate matrix surrounding B. braunii colonies. As
shown in Figure 4, B. braunii cultures treated with this mixture were observed to release both
individual cells and a large amount of intracolonial hydrocarbon bodies.

A

B

10 µm

10 µm

Figure 4: Light micrographs of B. braunii cultures treated with Cellic HTec2 hemicellulose
degrading enzymes. (A) Negative control culture observed under 100X magnification. Extracellular and
intracellular oil bodies are present in the structured colonies. (B) Treated culture observed under 100X
magnification. After treatment with enzymes, colonies begin to break apart; individual cells and
hydrocarbons are released.

The enzyme treatment was then combined with the hexane and antibiotic treatment;
however, contamination testing of cultures treated with this combined protocol resulted in the
continued persistence of one contaminant.
In order to develop an antibiotic treatment specific to this contaminant, 16S rRNA
sequencing was used to identify this organism. After bacterial colonies were isolated, 16S rRNA
sequences were amplified and sequenced resulting in identification of one contaminating
organism as a Flavisolibacter sp. Although a genus of bacteria was specified from the
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sequencing results, the antibiotic susceptibility of Flavisolibacter was still not clear enough to
develop an antibiotic regimen specific to this organism (Yoon & Im, 2007).
Thus, in order to develop a protocol for eliminating bacterial and fungal contaminants
from B. braunii cultures, an antibiotic screen was first performed on isolated contaminants to
determine effective antimicrobial agents. Since the identity of the contaminating organisms was
unknown, a variety of antibiotics with different antimicrobial mechanisms were used (Table 4).
Table 4: Antibiotics and concentrations for Susceptibility Screening

The results of the antibiotic screen are presented in Table 5, where (+) corresponds to
resistance and (-) corresponds to susceptibility of the organism to the antibiotic agent. Among the
antibiotic agents used, both organisms showed susceptibility to streptomycin (50 mg/L),
rifampicin (150 mg/L), tetracycline (20 mg/L), and kanamycin (200 mg/L). The antibiotics that
were ineffective against the unknown organisms included ampicillin (100 mg/L) which is the
only β-lactam antibiotic used in the screening. The resistance of the contaminants to this
peptidoglycan-synthesis inhibitor corroborates initial gram staining results that indicated the class
of these organisms as gram negative.
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Table 5: Contaminant susceptibility screening results where (+) indicates antibiotic resistance

Experiments to determine the minimum inhibitory concentrations (MIC) of the effective
antibiotics for each organism were subsequently performed. The MIC measurements were
performed directly on non-axenic B. braunii cultures as opposed to isolated contaminants in order
to assess the antibiotics’ effectiveness in eliminating contamination from cultures and their
biocompatibility with the algae. After 2 days of incubation, growth of pink and white
contaminants was observed on all plates containing tetracycline. As expected, bacterial colonies
were present in significantly higher numbers on plates containing lower concentrations of the
antibiotic. Interestingly, the growth of B. braunii was also observed on these plates, indicating
that the algae could assimilate an organic carbon source; however, the growth of B. braunii
colonies was not significantly enhanced by the use of a heterotrophic medium as would have been
expected. This slower-than-expected growth may be due to inhibitory effects of the antibiotics or,
more likely, diffusion limited transport of the carbon source through the hydrocarbon and
carbohydrate matrix surrounding these colonies.
Growth of pink and white colonies was also observed after 2 days on all but two R2A
plates which contained the highest concentrations of kanamycin (500 mg/L and 1000 mg/L).
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After 1 week, however, white colonies began to appear on the two remaining kanamycincontaining plates. Growth of B. braunii colonies was also observed on all kanamycin-containing
plates.
The resistance of these organisms to these unusually high concentrations of antibiotics
was unanticipated. For reference, Table 6 presents the minimum inhibitory concentrations of
common reference strains for the antibiotics used in this experiment (Andrews, 2001; Perreten et
al., 2005),.
Table 6: MIC (mg/L) values of kanamycin and tetracycline for selected reference organisms

The recalcitrance of these contaminating organisms was likely due to the hydrocarbon
and cellulose-like fibril containing matrix surrounding B. braunii race B colonies. The celluloselike fibrils extending out from the colony may act to protect organisms from antimicrobial agents
by limiting diffusion of those agents to the organisms. Likewise, contaminants embedded within
extracellular hydrocarbons would experience a similar protective mechanism whether freefloating or embedded in the extracellular matrix of B. braunii. However, if the bacteria within the
algal cultures were free-floating as opposed to entrapped within extracellular matrices, they could
be largely removed using a biocompatible hexane wash procedure similar to those used to extract
extracellular hydrocarbons from B. braunii race B cultures (Frenz, Largeau, Casadevall, Kollerup,
& Daugulis, 1989).
In order to determine the physiological distribution of bacteria within B. braunii cultures,
algal cultures were observed under confocal microscopy after staining with Syto 9, a green-
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fluorescent nucleic acid stain, and Calcofluor White, a cellulose- and chitin-binding whitefluorescent stain (Figure 5).

20 μm

Figure 5: Confocal micrographs of Syto 9 and Calcofluor White stained non-axenic B. braunii
culture. (A) No stain projection of B. braunii colony observed at 405 nm, 488 nm, 561 nm wavelengths.
(B) Time lapse projection of B. braunii colony and associated contaminants stained with Syto 9 dye
observed at 405, 488, and 561 nm wavelengths. Imaging performed by Trevor Zuroff.

In a B. braunii sample prepared without fluorescent stains (Figure 5A), individual cells
are shown in colony form, attached by intracolonial substances which are thought to include both
polymerized, non-hydrolysable and hydrolysable hydrocarbons (Weiss et al., 2012). After
incubation with the fluorescent stains, algal colonies were examined using light at wavelengths of
405, 488, and 561 nm (Figure 5B). Green fluorescence was observed in both bacterial DNA as
well as the DNA present within the chlorophyll of the algae. Additionally, the fluorescing
bacterial DNA was shown as blurred objects within the figure. This phenomenon was an artifact
of the preparation of the micrograph which requires stacking of the images representing each
focal plane examined using the confocal microscope. As a result, there is a short time lag between
the capturing of each focal plane image, causing the movement of a fluorescing organism to be
depicted as a blurred object. The fluorescing chlorophyll DNA within the algal cells was fixed as
expected, and the arrangement of the stained chlorophyll DNA within the cells was consistent
with that in B. braunii race B cells (Weiss et al., 2012).
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The blurred bacterial DNA indicates that the bacteria were migrating freely around the
perimeter of the B. braunii colonies. Further, as these bacteria approached the algal colony, they
were not observed to come within 10 µm of the colony. As such, the bacteria were deemed to be
largely free-floating and associated with extracellular hydrocarbons rather than embedded within
the cellulose-like matrix. The lack of white fluorescence that would be indicative of Calcofluor
White binding to cellulose is consistent with the known composition of the carbohydrate matrix
surrounding B. braunii colonies. As stated previously, this matrix has been shown to contain 42%
arabinose and 39% galactose, by mass, which is consistent with the monomeric subunits of
hemicellulose as opposed to cellulose or chitin(Weiss et al., 2012).
As a result of these findings, experiments were performed in order to quantify the
effectiveness of n-hexane pretreatments in reducing bacterial loads in contaminated cultures. As
shown in Figure 6, serial treatments of a B. braunii culture with n-hexane and subsequent
filtration through an 11 µm nylon filter resulted in a decrease in bacterial load by 5 orders of
magnitude. Additionally, inoculation of treated algal cells into sterile WFAM resulted in the
growth of cells with no apparent inhibition of growth.

Figure 6: Colony forming unit (CFU) after various stages of n-hexane pretreatment. Treatments
correspond to (1) CFU prior to treatment; (2) CFU after harvesting and resuspension in sterile media; (3)
CFU after wash with 20% (v/v) n-hexane, harvesting, and resuspension in sterile media; (4) CFU after
second wash with 20% (v/v) n-hexane, harvesting, and resuspension in sterile media; and (5) CFU after a
third wash with 20% (v/v) n-hexane, harvesting, and resuspension in sterile media.
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Chapter 4
Methods for the Establishment of Axenic B. braunii Cultures

Materials and Methods
Strain and Culture Conditions
The algal culture Botryococcus braunii race B strain Berkeley (Showa) was
cultivated in 125-mL and 500-mL Erlenmeyer flasks using WFAM (Appendix A) as described in
Chapter 2.
Serial Hexane and Bleach Treatment
Since antibiotic treatments were ineffective in establishing axenic B. braunii
cultures, serial hexane extractions were combined with exposure of contaminated cultures to a
non-specific antiseptic compound, sodium hypchlorite (bleach), in order to accomplish this goal.
Algal colonies in a 20 mL B. braunii culture were treated with the serial hexane dilution method
described above. Treated colonies were resuspended in a 0.1% (v/v) sodium hypochlorite solution
and stirred by hand for 15 seconds. The suspension was filtered through an 11 µm nylon mesh
and immediately rinsed with water. The retained colonies were resuspended in 20 mL sterile
0.5X (1/8 NH4) WFAM and distributed in 200 µL aliquots into sterile eppitubes. The eppitubes
were placed under illumination at a light level of 70 µE/m2/s. After one week, 200 µL from each
eppitube was plated onto R2A media and incubated at 30oC for 1 week or until growth was
observed in order to check for contamination. The volumes of the treated liquid B. braunii
cultures were slowly increased by adding 50% (v/v) sterile 0.5X (1/8 NH4) WFAM to each
culture every 3 days. After 2 weeks, 1 mL of each culture was used to inoculate 4 – 125 mL
Erlenmeyer flasks containing 24 mL 0.5X (1/8 NH4) WFAM. These cultures were illuminated at
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a light intensity of 70 µE/m2/s and placed on a VWR Standard Orbital shaker (15 mm stroke)
operating at 115 rpm. Liquid cultures were checked periodically for contamination by streaking
on R2A media.

Results and Discussion
In order to circumvent the antibiotic resistance conferred to bacteria inhabiting B. braunii
cultures, the use of a non-specific antimicrobial compound was employed. Sodium hypochlorite,
commonly known as bleach, has been used extensively in plant tissue culture for the surface
sterilization of seeds and plant explants (Sauer & Burroughs, 1986); therefore, preliminary
experiments were performed to test the effectiveness of sodium hypochlorite in eliminating the
bacteria present in B. braunii cultures. These experiments initially resulted in either the removal
of contamination and algal death or persisting contamination and live algae cells. In order to
develop a protocol that could successfully eliminate all contaminants while retaining the viability
of cells, the serial n-hexane treatment was combined with a brief sodium hypochlorite treatment.
Treated cultures were also distributed into sterile eppitubes after the treatment to increase the
likelihood of isolating an axenic sample.
Ultimately, a serial n-hexane pretreatment followed by a 15-second wash with sodium
hypochlorite and distribution of 200 µL aliquots into sterile eppitubes successfully yielded axenic
cultures of B. braunii race B. Newly obtained axenic cultures were grown heterotrophically and
photoautotrophically on solid R2A media and solid 1X (1/8 NH4) WFAM + 1% (m/v) glucose
and in 500 μL 0.5X (1/8 NH4) WFAM, respectively. After 1 week, no bacterial growth was
observed on either plated culture, and growth of B. braunii colonies was observed. After an
additional 2 weeks of incubation, significant growth of B. braunii was observed on both plates
with no signs of contamination (Figure 7).
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Figure 7: Light micrographs of axenic B. braunii colonies plated on R2A media. (A) B. braunii colony
observed at 7.5X magnification at time, t = 0 days. (B) B. braunii colony observed at 7.5X magnification at
time, t = 6 days. (C) B. braunii colony observed at 7.5X magnification at time, t = 12 days.

Liquid cultures were slowly brought up to a volume of 1 mL and subsequently used to
inoculate 25 mL shake flask cultures. Initially, no significant growth was observed in the shake
flask cultures. After 3 weeks of growth, the cultures became a light green color with few bubbles
on the surface of the culture. Similar to the plated cultures, periodic contamination testing of
these cultures confirmed their axenic state throughout the experimentation.
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Chapter 5
Implementation of Novel Aseptic Culturing Techniques

Materials and Methods
Strain
Newly established axenic lines of the algae Botryococcus braunii race B strain Berkeley
(Showa) were used in these experiments.
Culturing Flasks
Single-Flask Co-Culture
A 38 mm polypropylene culture tube cap (Bellco) was attached with silicone adhesive to
the bottom of a 500 mL wide-mouth (No. 10) Erlenmeyer flask. After this apparatus was
autoclaved, 15 – 20 Nicotiana benthamiana ‘hairy’ root segments were inoculated into 10 mL
sterile B5 medium (Gamborg, Miller, & Ojima, 1968) inside of the cap. The outer area of the
flask which obtains more light than within the cap contains 40 mL sterile 0.5X (1/8 NH4) WFAM
which is inoculated with 10 mL axenic B. braunii race B culture. These co-cultures were
stoppered with a sponge plug and grown at light intensities ranging from 70 - 92 μE/m2/s at a
temperature of 25oC.
Nephelo Flask-Buchner Flask Co-Culture
A 300 mL Nephelo flask with sidearm (Bellco) was attached to a 250 mL Buchner flask
using Tygon R-3603 tubing. Both flasks were stoppered using a silicone stopper with metal
tubing connected to sampling ports for gas phase CO2/O2 measurements. After the apparatus was
autoclaved, 10 mL axenic B. braunii was inoculated into 40 mL sterile 0.5X (1/8 NH4) WFAM in
the Nephelo flask. 40 mL B5 medium was aseptically transferred to the Buchner flask, and 15 –
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20 root strands were inoculated into the medium. A control culture of axenic B. braunii was
grown in a single Nephelo flask stoppered with a sponge plug. The open sidearm of the Nephelo
flask was capped with a rubber-lined sidearm cap. All cultures were placed on a VWR Standard
Orbital shaker (15 mm stroke) rotating at 115 rpm. Cultures were grown under continuous light at
a light intensity of 68 µE/m2/s.
Optical Density Measurements
Optical density measurements were made using a Beckman DU-520 Spectrophotometer
at 550 nm. This wavelength enabled optical density measurements that were largely independent
of changes in chlorophyll content (Myers, Curtis, & Curtis, 2013). To perform OD550
measurements of cultures in Nephelo flasks, the spectrophotometer was first blanked using tap
water at room temperature. After blanking, the cultures were stirred by hand and poured into the
sidearm. OD550 measurements were taken and cultures were poured back into the bulk liquid in
the flask.

Results and Discussion
Concurrent culturing of an axenic, photoautotrophically grown strain of B. braunii with
axenic, heterotrophically grown Nicotiana benthamiana root cultures enabled exchange of
gaseous byproducts of photosynthesis and aerobic respiration, respectively. This release of CO2
and O2 augmented the growth of both cultures. The closed system also mitigated contamination
risks that are present when supplementing cultures with elevated CO2 streams from gas cylinders.
The implementation of both co-culture designs (Figure 8 A & B) resulted in the serial culturing of
an axenic B. braunii culture over a 3 month period without introducing external contamination.

34

A

B
O2
CO2
O2

O2

CO2

Figure 8: Closed concurrent shake flask culture bioreactors. Axenic B. braunii race B and axenic N.
benthamiana cultures were grown concurrently in closed shake flask bioreactor systems. (A) N.
benthamiana root cultures grown in a polypropylene cap and B. braunii growing photoautotrophically in
the surrounding liquid culture. (B) B. braunii cultures were grown in Nephelo flasks with sidearms to
mediate OD550 measurements. Connection of the algal culture with a heterotrophically grown root culture
enabled diffusion of CO2 and O2 to augment each culture’s growth.

Several B. braunii – N. benthamiana root co-cultures were grown in single 500 mL
Erlenmeyer flasks fixed with a 38 mm polypropylene cap (Figure 8A). These cultures were
grown under various light intensities without shaking. Initially, slow growth of cultures was
observed for those grown at a light intensity of ~92 µE/m2/s, while there was no growth observed
for cultures grown with an illumination of ~35 µE/m2/s. Additionally, the root cultures within the
inner caps did not show any signs of root growth in any culture during the entire 3 months of
culturing. Due to the relatively large volume of media surrounding the non-shaken root cultures,
the lack of root growth may have resulted from impaired transport of O2 into the media in the
inner cap as a result of the absence of mixing. Since there was no significant root growth, the
algal cultures were dependent on the low levels of CO2 supplied by the atmosphere, resulting in
slow algal growth.
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Algae – Plant root co-cultures were also grown in a second design that was prepared as
shown in Figure 8B. In this dual-flask system, the algae was cultured in a Nephelo flask which
has a sidearm that can be used to take OD measurements of the culture while maintaining a
closed system. The O2 and CO2 produced by the algae and roots, respectively, can diffuse through
the connecting tubing and, as a result, augment the other culture’s growth. In order to mediate
gas-liquid mass transfer, these cultures were grown on a VWR Standard Orbital shaker.
Accordingly, a BN co-culture grown in this apparatus grew significantly faster than a
control culture that was grown without roots (Figure 9). An extended lag-phase growth period of
440 photohours was observed for the BN co-culture. After this lag phase, the co-culture grew at a
fairly linear rate, corresponding to a doubling interval of 5.66 days. Meanwhile, the control
culture did not seem to exit the lag phase in this experiment, maintaining an OD550 between 0.15
– 0.21.

A

B

Figure 9: Growth curve of a BN co-culture and control B. braunii culture. (A) B. braunii cultures
grown as a BN co-culture grew with a doubling time of 5.66 days and maintained a vibrant green color
with many bubbles on the culture surface. (B) A control B. braunii culture grown alone was not able to exit
lag-phase growth. The culture had a yellow-green color with few bubbles.
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Similarly, it was apparent that the root culture in the BN co-culture benefited from the
concurrently growing algae culture. Compared to the root-only control (Figure 10A), the root
culture grown with an algae culture (Figure 10B) accumulated more mass at a faster rate. Further,
after 2 months, the co-cultured roots exhibited nutrient limitation, evaluated by the change in
medium color to brown due to the release of stress-induced compounds into the media. The rootonly cultures, however, did not show signs of nutrient limitation substantiating the improved
growth rate of the co-cultured roots.

A

B

Figure 10: Root cultures grown alone and concurrently with an axenic algal culture. (A) Control N.
benthamiana culture grown alone. (B) N. benthamiana culture grown in a dual-flask system with B.
braunii.

While it is apparent that the supplemented CO2 provided by the roots aided the growth of
the algal cultures, another possible explanation for the improved growth observed in a co-culture
is the mitigation of feedback repression of the Calvin (CBB) cycle by O2. When a sufficient level
of O2 is present in autotrophic systems, the catalytic action of ribulose-1,5-bisphosphate
carboxylase oxygenase (RuBisCO) may be inhibited. RuBisCO catalyzes the reaction of CO2 and
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ribulose-1,5-bisphosphate to G-3-P in the Calvin cycle; however, when oxygen is present, the
oxygenation of the substrates competes with its carboxylation (Keys, 1986). Thus, in addition to
increasing the liquid phase CO2 concentration within the algal culture, the roots’ uptake of O2
from the system would help to relieve feedback repression of the carbon fixation pathway
catalyzed by RuBisCO.
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Chapter 6
Conclusions and Future Work
As a result of this work, methods for the growth of the difficult-to-culture algae strain
Botryococcus braunii race B (Showa) strain Berkeley have been developed. Specifically, in
Chapter 2, methods for the inoculation and growth of low-density stock cultures and high-density
cultures of B. braunii race B have been developed. In the literature, studies performed with B.
braunii are typically done at low cell densities due to the difficulty of obtaining and maintaining
high density cultures of this algae; therefore, these methods will serve to advance the work that
has been done to establish this algae as a potential production platform for algae biofuels. Further,
the utility of WFAM for the growth of high density algal systems was substantiated by the work
described and can be extended to the culturing of both B. braunii and other freshwater algal
species based in part on understanding the interaction of nitrogen utilization at pH balance.
In Chapters 3 and 4, methods are described to establish axenic B. braunii race B cultures
and scale-up these cultures using a novel closed, co-culturing system. The development of these
methods enables a broad range of future work ranging from the genetic engineering of B. braunii
to the elucidation of the native botryococcene synthesis pathway. Similar to the work done by
Tanoi et al. with a recently isolated strain of B. braunii race B, the growth kinetics of the algae on
a heterotrophic carbon source may be studied to evaluate the economic viability of generating
large scale inoculum of B. braunii for high-density outdoor culture. Further, the elimination of
contaminating bacterial species allows for the advancement of genetic engineering work on B.
braunii race B. This algal species has the capacity for growth-associated isoprenoid production
which may be leveraged to advance its potential as an algal production platform. By knocking in
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specific genes involved in isoprene synthesis, it is conceivable that the yield of botryococcene in
a genetically modified B. braunii culture may be enhanced significantly or directed to a different
isoprenoid product. In order to perform this work, however, the specific pathway for isoprene
synthesis in B. braunii must be elucidated. Due to the difficulty of obtaining axenic B. braunii
race B cultures, transcriptomes have been constructed from cultures containing low levels of
contamination. Since prokaryotes and eukaryotes differ in the synthesis of isoprenoids, an axenic
culture is necessary to conclusively determine the pathway used in B. braunii race B for the
synthesis of botryococcene. In addition, the isolation of DNA from an axenic line will facilitate
proper genomic sequencing.
There are many obstacles in the development of algae biofuels as a source of alternative
energy. Despite the slow growth rate and recalcitrance of B. braunii cultures, this algae remains a
highly regarded candidate for biofuels production due to its ability to produce high-value
products. Although there is much work to be done to improve the viability of using B. braunii as
a platform for alternative fuels, the results described in this work will enable a broad range of
future research to reach that goal.
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Appendix A

Botryococcus braunii – WFAM media recipe
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Appendix B
WFAM Preparation Matrix for Various Concentrations and NH4+/NO3- Ratios
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Appendix C
CO2-limited Growth Rate Calculations

Maximum Gas Transfer Rate Calculation
The maximum gas transfer rate of CO2 into a 50 mL liquid culture was calculated using
Equations 1 and 2 using the parameters shown in Table B.1:
Table B.1: Parameters used in gas transfer rate calculations

Thus, using Equations 3 and 4:

Observed Gas Transfer Rate Calculations
Low Density Culture
A 50 mL culture typically accumulates 0.10 g biomass over a 1 week subculturing period. Thus,
when grown on a 16-hour light/8-hour dark diurnal light cycle, the volumetric growth rate of the
culture would equate to
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Then, assuming a 50% yield of biomass on carbon, the gas transfer rate of carbon required to
sustain this growth rate is

Converting to the gas transfer rate of CO2, the observed gas transfer rate in a low-density stock
culture is calculated:

High Density Cultures
Similar calculations may be performed to determine the observed gas transfer rates of highdensity B. braunii cultures grown in a 200 mL culture volume:
Culture A:

Culture B:

Culture C:
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Culture D:

Nitrogen Yield-Limited Growth Calculations
For a 50 mL culture with a dry weight cell density of 1.0 g/L subcultured weekly with a dilution
rate of 80%, the density immediately following the subculture would correspond to an
introduction of 40 mL media every week as shown below:

The media used to subculture the low-density stock cultures is 0.5X (1/8 NH4) WFAM which
contains 0.00741 g nitrogen as shown in the calculations below:

Where

and

represent the mass of ammonium nitrate and potassium nitrate,

respectively, provided in 40 mL 0.5X (1/8 NH4) WFAM. The total mass of nitrogen provided by
each of these nitrogen sources can also be calculated as follows:

Where

and

represent the mass of nitrogen provided by ammonium nitrate

and potassium nitrate, respectively, in 40 mL 0.5X (1/8 NH4) WFAM. The total mass of nitrogen
provided in the media is represented as

. Assuming a cell biomass composition of roughly 5%
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nitrogen by mass, the total biomass that can be sustained by the media provided in one subculture
is equal to

The growth of 0.119 g biomass would correspond to a final dry weight cell density of

(

)
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