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Alcanivorax borkumensis is a hydrocarbon degrading bacterium found to dominate bacterial commu-
nities in marine regions containing high levels of hydrocarbons. It has been linked to oil degradation
around oil spill sites; thus, it has potential to be used actively in oil spill remediation. Here, we
investigate the effect of solution and interfacial conditions on the growth of A. borkumensis. We show
that providing A. borkumensis with dissolved organic nitrogen as an additional nutrient in solution leads
to shorter lag times prior to hydrocarbon utilization at the oil-water interface. Hence, A. borkumensis can
be encouraged to utilize n-alkanes present at the surface of the system quicker by supplementing the
system with dissolved organic nitrogen. For fixed oil-water interfacial areas, the growth rates of bacteria
show weak dependence on the initial bacteria concentrations; however, increasing bulk interfacial area
leads to higher bacterial growth rates due to an increased amount of available surface area
for degradation. To our knowledge, this is the first study to offer quantitative insight into how
A. borkumensis can be actively supported in their utilization and degradation of oil for the bioremedia-
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tion of marine oil spills.
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1. Introduction

The BP oil spill in 2010 has led to a great increase in discussions
about the effect of oil pollution on the environment, especially the
marine environment. This new interest inspired a closer look at
the need for sustainability plans for marine areas (Levy and
Gopalakrishnan, 2010). The 2010 Deepwater Horizon Spill claimed
11 lives (Joye and MacDonald, 2010) and released 4 million barrels
of oil into the Gulf of Mexico (Water, 2011), the effects of which,
both ecological (DeLaune and Wright, 2011; Williams et al., 2011;
Lin and Mendelssohn, 2012) and economical (Force et al., 2010;
McCrea-Strub et al., 2011; Upton, 2011), are still being dealt with
today and are why it is necessary to understand the ways in which
oil spills can be remediated.

Deep-water oil spills, like the Deepwater Horizon disaster,
result in insoluble hydrocarbons being released into, and ulti-
mately residing on the surface of, the water. Additionally, short-
saturated hydrocarbons and aromatics remain in the deep water
column (Reddy et al., 2012). It is often left to sunlight and naturally
occurring marine bacteria to degrade the insoluble hydrocarbons
that reside on the water surface. Several species of bacteria have
been reported to be able to degrade these hydrocarbons (Golyshin
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et al., 2002; Hara et al., 2003; Liu and Shao, 2005). Many of these
have also been found to grow in abundance in oil spill regions
(Cappello et al., 2007; Hazen et al., 2010). Some of these oil-
degrading bacteria synthesize their own biosurfactant that emul-
sify the oil into distinct droplets, which then serve to improve the
bacteria's ability to degrade the oil (Yakimov et al., 1998; Ron and
Rosenberg, 2002; Calvo et al., 2004). It is thought that this process
increases the available surface area of the oil/water (o/w) interface
for the bacteria to attach to, improving the degradation ability
(Lessard and DeMarco, 2000). Although it has been shown that an
increase in interfacial area on the droplet level generally improves
the ability of the bacteria to access the oil, the bulk interface
between the oil and water phases has yet to be studied.
Alcanivorax borkumensis was first reported as a biosurfactant-
producing, hydrocarbon degrading bacterium in 1998 (Yakimov
et al,, 1998). It is found in high concentrations as the predominant
bacterial species around oil spill regions (Cappello et al., 2007;
Rojo, 2009) and produces a glycolipid biosurfactant to aid in
accessing hydrocarbons within an emulsified droplet (Kasai et al.,
2002; Qiao and Shao, 2010). A. borkumensis growth is extremely
dependent on nutrient concentrations in the region of hydrocar-
bons, namely the amounts of phosphorous and nitrogen (Rojo,
2009), and it has been found to grow on both n-alkanes-water as
well as branched alkanes-water interfaces (Hara et al, 2003).
Previous studies have looked at how droplet size, supplemented
nitrogen and phosphorous and carbon chain length can affect
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bioremediation by A. borkumensis. It is known that the growth
curve of A. borkumensis follows the same trends seen for most
bacteria including a lag phase followed by a growth phase and then
a saturation phase (Cappello et al., 2007). To date, no studies have
looked at how the bulk oil-water interface impacts bioremediation.
Furthermore, the effect of different starting concentrations has
never been examined. Finally, although fertilizers, or supplemented
nutrients, have been studied extensively, dissolved organic nitrogen
as a fertilizer has never been reported on. Here we use A.
borkumensis to probe its growth in contact with the bulk octane-
broth interface when there is and is not dissolved organic nitrogen
in solution. We also investigate the changes in bulk oil/water
interfacial area. Lastly, we explore how bacteria concentration in
the bulk aqueous solution affects the growth of bacteria with an
insoluble hydrocarbon source.

2. Materials and methods
2.1. Bacteria inoculation

Marine broth solution (BD Difco 2216) was mixed into de-
ionized water at a concentration of 37.4 g/L, along with 2 g/L-
supplemented KNOs;. Solution was supplemented with KNOs
based on previous reports of nutrients being a limiting factor
(Leahy and Colwell, 1990; Head et al., 2003). The solution was
mixed and boiled for 1 min and then autoclaved at 121 °C for
40 min. A solution of marine broth without the organic nitrogen
was also prepared by excluding the 5 g/L peptone, 1 g/L yeast
extract available in Difco marine broth. This custom broth con-
tained 19.45 g/L NaCl, 5.9 g/L MgCl,, 3.24 g/L MgS0y4, 1.8 g/L CaCl,,
0.55g/L KCl, 2 g/L KNO3 and 0.126 g/L HK,O04P. A. borkumensis
(ATCC® 700651™) was suspended in 3.5-7 mL of the prepared
broth, depending on the test, and cultured on a shaker plate at
30 °C. Oil phase was introduced into the system as a 1-3 mL layer
of octane (CgH;g density=0.7 g/mL, M,,=114.23 g/mole) resting
above the aqueous phase.

2.2. Bacteria cell viability measurements

After suspending bacteria in broth, an initial concentration
reading was conducted. 500 pL of bacterial solution was removed
and stained for reading. Live/dead stain (LIVE/DEAD® BacLight™
Bacterial Viability Kit, Life Sciences) was mixed into the solution at
0.75 uL of each dye per 1 mL of bacteria solution. At individual
time points, 500 pL of solution was removed, stained and read for
live/dead signals. Live/dead signals were read using a PHERAstar
Plus microplate reader (BMG labtech).

Absorbance Agy = 0.95exp(0.002])

The equation above, where I is the live cell intensity, was used
to convert the live cell intensity readings to absorbencies. Finally,
the absorbance values were converted to live cell concentrations
using the conversion of measured value Aggg of 1 at 8 x 108 cells/
mL.

28 mm Diameter

—— 3mL Octane
— .1 7mL Bacteria solution

Fig. 1. Schematic of apparatus for insoluble hydrocarbon tests.

2.3. Qualitative assessment of bacteria’s emulsifying capabilities

After suspending bacteria in broth, cultures were vortexed for
30s at 1800 rpm. After 5 min, the oil-water interface of each
culture was imaged to show any evidence of emulsion. At certain
time points, the experiment was repeated.

3. Results

Fig. 1 shows the schematic of our experimental setup to
understand the growth of bacteria at the interface. At various
time points, a LIVE/DEAD stain was performed to quantify the
amount of bacteria growth and then converted to live cell
concentration using the calibration curve above.

This simple setup was chosen to look at the bulk oil-water
interface as compared to the droplet interface that has been
studied in the past. Additionally, it mimics an actual oil slick on
the surface of the ocean on a laboratory scale.

3.1. Effect of dissolved organic nitrogen on bacteria growth

Using the apparatus shown in Fig. 1, we investigated the
growth of A. borkumensis under different amounts of nitrogen, as
seen in Fig. 2.

The effect of dissolved organic nitrogen and limited inorganic
nitrogen was probed. Here, initial bacteria concentrations were
kept around c,~ 7.7 x 107 cells/mL. The growth curves show
typically four phases: an initial lag phase, an exponential growth
phase, the stationary phase (maximum growth), and a death
phase, which is the result of the toxic effects of the octanol
product of degradation (Naether et al., 2013). The lag time A is
defined as the time it takes the bacteria to enter its exponential
phase of growth. For our experiments, we determined that a
threshold normalized live cell concentration of 2 would determine
the switch from the lag phase to the growth phase. The cells are
inoculated in a new, fresh medium under laboratory conditions.
Since the environment of bacteria changes suddenly at time t=0,
the initial period of bacteria growth is heavily inhibited as they
need to spend their energy for adaptation. In the growth phase,
the bacteria concentration, ¢, can be described by a well-known
autonomous model (Vance, 1990).
dc
i =p)c, c(0)=co, Co<C<Cmax §))

In this equation, f(c), the specific growth rate of the population,
is dependent on the bacteria type, the concentration of bacteria,
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Fig. 2. The concentration of live Alcanivorax borkumensis versus time with and

without dissolved organic nitrogen. The black lines on the growth curves with
octane represent the fitted model in Eq. (3).
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and the environment. The specific growth rate is the number of
bacteria divisions per unit time. Our specific growth rate values
were determined using the average slope of the growth phase
between the maximum concentration and the threshold concen-
tration used to signify leaving the lag phase and entering the
growth phase. Each experiment was run twice with 4 replicates
each time and error was calculated based on the standard devia-
tion of all 8 replicates. An error of 20% can be assumed for all
calculated growth rates. The bacteria reached a peak concentration
Cmax after which the bacteria growth rate stabilized due to
depleting nutrients. We first tested the growth of bacteria in both
broths with no added hydrocarbon layer. As expected, there was
no growth because hydrocarbons are an essential nutrient for A.
borkumensis. Subsequently, we performed experiments to quantify
the growth of bacteria in a solution containing only a nominal
amount of inorganic nitrogen and another containing dissolved
organic nitrogen both with an added insoluble hydrocarbon layer
on top. Table 1 shows measured values of average lag times,
average specific growth rate and the maximum concentration of
bacteria observed in these experiments.

When bacteria were grown in the organic nitrogen free solu-
tion with an octane layer above the aqueous phase, the lag time
was ~42 h. In these experiments, bacteria grew at a rate of
f=2.20x10" cells/h and reached a peak concentration of
Cmax=6.93 x 108 cells/mL in 69 h. Note that the aqueous solubility
of octane in water is extremely low (~7 pM), which amounts to
about 1.14 nL/mL of water. Since decreases in volumes of octane
observed were much more than soluble amounts, the bacteria
consumed almost all oil directly interacting with the interface.

Finally, experiments were performed in order to look at the
growth of A. borkumensis when there was both dissolved organic
nitrogen in solution and an octane layer at the surface. These
experiments showed that the bacteria experienced much shorter
lag times of A~ 18 h and then grew at a rate of f=2.84 x 107 cells/
h before peaking at 6.18 x 10% cells/mL in just 36 h.

3.2. Effect of initial concentration

We examined the growth of A. borkumensis in relation to the
starting concentration of bacteria is the system, as seen in Fig. 3a.

Microscope images showing the three starting concentrations
can be seen in Fig. 3b. In the images, the green represents the live
cells, while the red is the dead cells. A. borkumensis has been
reported to be roughly 0.7 pm wide and 1.5 pm long (Yakimov
et al., 1998). Some of the larger green spots, that are roughly
20pm in size, indicate that the bacteria aggregate
in solution. The middle image shows what was chosen to be the
mid-level starting concentration of bacteria, and is the same
starting concentration used in the organic nitrogen tests, c,~
7.7 x 107 cells/mL. The lowest starting concentration was chosen to
be 1/10 of the middle value and was calculated based on the
number above to be ¢, ~ 7.7 x 10° cells/mL. Finally, the highest
concentration was chosen to be 10 x higher than the mid level
and was calculated to be around c, ~ 7.7 x 108 cells/mL based on
the starting concentration from the organic nitrogen tests.

At the mid-level starting concentration of bacteria, a lag time of
roughly A~42h and a growth rate of =22 x 107 cells/h were
exhibited. At the highest concentration, the bacteria showed a lag
time of about A~24h and an average growth rate of roughly
=693 x 10° cells/h. Finally, the lowest starting concentration dis-
played a lag time of more than A~60h and a growth rate of only
=212 x 10° cells/h. The lowest starting concentration was not able
to reach its maximum concentration in the 96 h experiment. This was
determined based on the fact that it never surpassed the threshold
concentration for leaving lag phase. Therefore, these numbers do not

represent the true growth curve since it may have continued to grow
after the 96 hours at which we ended the experiment.

3.3. Effect of interfacial area

The effect of the bulk oil/water interface was probed using
different containers for the inoculation, as seen in Fig. 4a.

Tests were conducted using two containers of varying sizes, a
schematic for which can be seen in Fig. 4b. The smaller tube has
half the diameter as the normal tube. This amounted to a surface
area about 70% less than the surface area of the larger tube
(176.63 mm? and 615.44 mm?). Because of differences in both
the diameter and the conical bottoms of the tubes, ¥ the volume
of solution was used in the smaller tube so that both sets of
experiments would begin at the same depth. Each experiment was
started with 7.7 x 107 cells/mL. The smaller tube exhibited a
growth rate of 1.04 x 107 cells/mL and a lag time of just over 54 h.

4. Discussion
4.1. Effect of organic nitrogen on bacteria growth

We assume that certain critical intra-bacterial substances are the
bottleneck in the process of growth (such as certain enzymes or other
metabolites to metabolize substrates in the different environments).
Following a previous study, which showed that A. borkumensis
produces a low molecular weight biosurfactant that acts by decreas-
ing the surface tension of water insoluble hydrocarbons in order to
improve the hydrocarbon's bioavailability (Ron and Rosenberg, 2002),
we assume that biosurfactant is necessary for A. borkumensis to
degrade the hydrocarbon. Hence, this increase in lag time is indicative
of the time it takes the bacteria to produce enough biosurfactant to
decrease the surface tension of the oil enough in order to utilize it.
Note that any predictions of mechanisms of biosurfactant induced
digestion of oil by A. borkumensis are outside the scope of this study.

The results show that by including dissolved organic nitrogen
in the bacteria's growth inoculation, the lag time decreased by
more than half (~57%). The growth rates were much closer on the
other hand (dissolved organic nitrogen increased the growth rate
by just ~25%) as were the maximum concentrations, which were
within the margin of error.

The rate of growth of bacteria, following its lag time, becomes
proportional to its concentration. The growth can be described by
Eq. (2), where A is the lag time and b is the growth parameter.

dc

E—bcs A<t <tmax C(/l) =0Co ()
Table 1
Summary of results.

Bacteria environment Average Average specific  Max bacteria

lag time, 2 growth rate, g concentration,

Cmax
(h) (cells/h) (cells/mL)
Organic nitrogen free 00 0 7.75E+07
broth only
Marine broth (dissolved 00 0 7.96E+07
organic nitrogen) only
Organic nitrogen free 42 2.20E+07 6.93E+08
broth with octane layer
Marine broth with octane 18 2.84E+07 6.18E+08

layer
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Eq. (2) can be integrated to Eq. (3), which describes an
exponential growth rate.

c= Coeb(rﬂl)

3)

The growth curves for both conditions with the oil layer were
fit to Eq. (3), where c is the concentration, ¢, is the initial
concentration, and t is the time. In this equation, an increase in
b corresponds to an increase in the specific growth rate. It can be
assumed that the variable b is independent of t and c. The variable
b was fitted to the growth curves and exhibited no correlation
with either t or c. It is possible that a different model would give a
relationship between b and t and c but that was outside the scope
of this model. After fitting the growth curves to the model, it was
found that providing the bacteria with organic nitrogen increased
the value of b. The system with organic nitrogen yielded a b value
of 0.117, while that without organic nitrogen yielded a b value of
just 0.068. This model fit well with the experimental results, as

seen in Fig. 2, and proves that providing the bacteria with organic
nitrogen can improve its growth. This suggests that A. borkumensis
can be encouraged to utilize hydrocarbons faster by fertilizing the
system with dissolved organic nitrogen.

To further probe this decrease in lag time, the effect of
dissolved organic nitrogen on the bacteria's ability to form an
emulsion was investigated (Fig. 5).

The results indicated that an emulsion is formed 24 h earlier when
there is organic nitrogen in solution. Upon further examination
though, it was clear that the degree of emulsion was a function of
the bacteria concentration in solution. At time 24 in the broth
containing organic nitrogen, there were 141 x 108 cells/mL in solution.
A similar degree of emulsion was observed at time 48 in the broth
without organic nitrogen, and there were 1.67 x 108 cells/mL in
solution. Time 48 in the broth with organic nitrogen showed a similar
emulsion to the broth without organic nitrogen at time 72. At these
times, there were 6.18 x 108 cells/mL and 6.93 x 108 cells/mL, corre-
spondingly. With this in mind, it can be inferred that adding dissolved
organic nitrogen to the system allows the bacteria to better utilize the
oil layer initially, but does not affect the bacteria's ability to lower the
surface tension of the oil interface or create an emulsion. The lack of a
difference in maximum concentration supports this inference as well.
Because it is known that emulsions increase the growth of bacteria,
the fact that both experiments created equivalent emulsions and
yielded similar maximum concentrations is expected. In addition,
the results indicated that an increase in bacteria concentration, and
therefore biosurfactant, which is part of the bacteria's cell membrane
(Abraham et al., 1998), increases the emulsifying ability of the bacteria.

4.2. Effect of initial concentration
The data shows that the decrease in lag time is nonlinear with

respect to initial A. borkumensis concentrations. It can be repre-
sented by the model in Eq. (4), where A is the lag time and ¢, is the
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Fig. 5. Images of the oil/water interface at various time points for (A) a system
without organic nitrogen and (B) a system with organic nitrogen. The bottom layer
for both is the broth, and the upper layer is the octane.

initial concentration.
A ~ 1521¢; 02 “

The model shows that as the initial concentration is increased,
the lag time is decreased. It is likely that there is some limit to this
model, but the limit was not determined in this paper. Due to the
exponential nature of the model though, it is clear that the lag
time decreases less rapidly after an initial concentration on the
order of 102, A. borkumensis is a biosurfactant producing bacteria
as mentioned above. Although its biosurfactant is not entirely
necessary to begin degradation of the oil layer, its production is
likely the bottleneck process in entering the exponential phase of
growth. Assuming a critical biosurfactant concentration is needed
before reaching end of the lag phase, the data suggests that rate of
production of biosurfactant by A. borkumensis depends on the size
of its surrounding population (which is called quorum-sensing).

The growth curves for the middle and high initial concentra-
tions were fit to the growth model in Eq. (3) just like with the
nitrogen tests. The starting concentration 7 x 107 cells/mL yielded
a b value of 0.068 compared to a b value of 0.031 for the tests that
began with 7 x 108 cells/mL. It is clear from the obtained b values
that the larger initial concentration grows at a much slower rate.
As the initial concentration increases, there is a decline in the
growth rate but no correlation exists between the growth rate and
the starting concentration. Although this seems counterintuitive, it
is actually logical. Despite the increased amount of bacteria, the
actual number of bacteria that can fit at the interface is finite so
the growth rate of the bacteria would become almost linear once
the interface is saturated. This implies that A. borkumensis growth
rates depend more on the exposed area of oil interfaces. The above
conclusion is also supported by the fact that the maximum
A. borkumensis concentrations c,qx were observed to be the same
for 2 orders of concentrations, excluding the lowest since it never
peaked.

By using the typical size of A. borkumensis, we can estimate about
~5.86 x 108 bacteria can fit at the interface in monolayer conforma-
tion. Since the middle starting concentration was ¢,=7.7 x 107 cells/mL
and there were 7 mL, there was ~4.9 x 10® bacterium in the initial

inoculation. These A. borkumensis would have almost entirely covered
the interface making the surface area a limiting factor after a very
short period of time. The highest concentration started with 10 times
more bacteria than could fit at the interface. This is why, at initial
times (after lag phase), no exponential growth phase was seen and the
growth followed a more linear trend at the early time points. Hence,
the growth phase is entirely a function of the surface area for the
highest starting concentration. Previous studies have also shown that
when interfacial area becomes limiting, growth becomes linear (Ron
and Rosenberg, 2002).

4.3. Effect of interfacial area

The slight difference in lag time observed for the two different
diameter tubes can be explained by the smaller tube starting with
a smaller mass of bacteria. Since half the volume of broth was
being used, half the mass of bacteria was added in order to achieve
the same starting concentration. The longer lag time is consistent
with the starting concentration experiments since in order to
achieve different starting concentrations in that experiment,
different masses of bacteria were added to each inoculation. The
growth rate observed for the larger interface was ~2.12 times
faster than that observed for the smaller interface (2.2 x 107 cells/h
compared to 1.04 x 107). The larger interface is roughly 3.4 times
the smaller interface so the difference in growth rate is indirectly
proportional to the bulk oil/water surface area. The same growth
model shown in Eq. (3) was fit to the surface area experiments just
as with the Nitrogen tests. For the smaller diameter tube, a b value
of 0.053 was obtained versus 0.068 for the larger diameter tube. As
noted above, an increase in b value corresponds to an increase in
the growth rate. Increasing the diameter of the tube, experimen-
tally and theoretically increased the growth rate.

This relationship suggests that A. borkumensis can be encour-
aged to utilize surface hydrocarbons quicker by increasing the bulk
oil/water surface area in the system. The smaller interface can only
fit 1.68 x 10® bacteria at the surface, but the experiment began
with 2.7 x 108 cells. Therefore, at the beginning of the experiment
not every cell would be able to access the interface. We showed
before that increasing the starting bacteria concentration would
decrease the lag time. For a smaller interface though, since the
interface is already saturated, increasing the amount of starting
bacteria would have no effect on the growth rate. The lag time
would be decreased, but the growth rate would be so much slower
than a larger bulk interface that it would still take more time to
degrade the oil layer. Additionally, the smaller diameter tube
yields a drastically cut maximum concentration. Since it is ulti-
mately the maximum concentration of bacteria that determines
the rate of degradation, it is not suggested using a smaller inter-
face. It has been shown that by using surfactants to emulsify the
oil into discrete droplets bacteria is more readily able to degrade
the oil due to an increase in surface area on the droplet level
(Yakimov et al., 1998; Ron and Rosenberg, 2002; Calvo et al., 2004).
Our experiments show that allowing the oil to spread over a larger
surface area can also increase the bacteria's ability to degrade
the oil.

4.4. Conclusion

We have investigated the growth of A. borkumensis in a variety
of different situations that could be encountered in the marine
environment during an oil spill situation. We have seen that
A. borkumensis grows faster when the system is supplemented
with dissolved organic nitrogen. We have observed that by sup-
plying A. borkumensis with dissolved organic nitrogen when first
introduced to a system containing hydrocarbons, the lag time prior
to degrading the hydrocarbon molecules can be shortened. We
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have studied the effect of different starting concentrations of
bacteria and found that higher starting concentration can lead to
less of a lag time before utilization of the hydrocarbon layer. We
have also shown that by increasing the surface area between the
oil and water phases, we can increase the growth rates and
decrease the lag time.

These insights could have great implications on the future of
bioinspired oil spill remediation. Studies have shown that nitro-
gen, in the form or KNOs and uric acid, and phosphorous access is
a rate limiting step in the growth of hydrocarbonoclastic bacteria
(Ron and Rosenberg, 2014). Our investigation has revealed that
providing dissolved organic nitrogen to an oil spill can also
increase the rate of bioremediation. This is significant because
dissolved organic nitrogen would not be toxic to other species and
would not add to the toxic waste of an oil spill. It is also known
that contact with the oil layer is necessary for bacteria degrada-
tion, which is why emulsifying surfactants and particles have been
studied extensively (Ron and Rosenberg, 2014). During the BP
Deepwater Horizon oil spill, COREXIT was used as a dispersant to
emulsify the oil layer because it was thought that it would aid the
bacteria in degradation (Hamden and Fumer, 2011). Unfortunately,
it was later discovered that COREXIT made the oil 52 times more
toxic (Rico-Martinez et al., 2013). Our findings show how simply
increasing the bulk surface area of an oil spill can increase the rate
of bioremediation. Therefore, surfactants, which may prove toxic
to marine organisms, are not necessary for enhanced bioremedia-
tion. Future studies will involve using this same technique to
quantify the growth of other types of bacteria under certain
conditions. Furthermore, the same technique can be modified for
larger scale experiments. A. borkumensis has been shown to yield
higher growth rates when using alkanes with a chain length of
C12—Cyg in the past (Naether et al., 2013). We are currently testing
the effect of certain surfactant and dispersant-stabilized crude oil
emulsions on the growth of A. borkumensis for application in
future oil spills.
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