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ABSTRACT: Marine hydrocarbon biodegradation is an important environmental
process conducted by microbes and modulated by oceanographic conditions.
Following up on the patterns of petroleum hydrocarbon biodegradation observed
after the Deepwater Horizon disaster, we measured respiration rates for the obligate
alkane-degrading bacterium, Alcanivorax borkumensis SK2, to assess the relationship
between hydrocarbon respiration rates and the phase, wax versus liquid, of the
substrate. Using a matrix of temperatures (20, 25, 30, 35, and 40 °C) and n-alkanes
(n-Cyyy n-Cy5, 1-Cyg) 1-Cyy, n-Cig, n1-Cyq, and n-Cy,) for which each temperature gap
spans the phase transition point of an n-alkane, we demonstrate that the n-alkane
respiration rate decreases substantially when the substrate is in the wax versus liquid
phase. The observed effect spans the full experimental temperature range. Subsequent
experimentation with only wax-phase 1n-C,y indicates that the availability of surface
area modulates the n-alkane respiration rate and is likely a factor contributing to the
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observed respiration rates being lower for wax-phase than for liquid-phase hydrocarbons. These results demonstrate that wax-
phase hydrocarbons are subject to biodegradation by A. borkumensis SK2 but that rates are suppressed relative to those of liquid-
phase hydrocarbons. The results are consistent with interpretations of hydrocarbon biodegradation patterns from Deepwater
Horizon with broader relevance to the behavior of hydrocarbons in the ocean.

B INTRODUCTION

Canonically, hydrocarbon biodegradation follows first-order
kinetic behavior, with the magnitude of the rate constant being
inversely proportional to the number of carbons and the
structural complexity of the molecule being biodegraded."”
Multicyclic molecules, such as hopane and sterane biomarkers
and polycyclic aromatic hydrocarbons, are most resistant to
biodegradation.g’_6 In particular, the biomarker molecule
17a,21f-hopane has been identified as a highly conserved
compound to which other hydrocarbons are commonly
referenced to enable calculation of biodegradation rates.””
However, following the Deepwater Horizon spill, steranes and
hopanes were biodegraded more rapidly than expected.”™"" In
the case of hopane, biodegradation occurred at a rate similar to
that of n-C;, and more rapid than those of n-alkanes > n-Cs,,
undermining the dogma that structural complexity controls
hydrocarbon biodegradation kinetics in the marine offshore
environment.""

On the basis of the observations from Deepwater Horizon, we
asked if molecular weight might conditionally outweigh
structural complexity in modulating biodegradation kinetics.
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We posited that one mechanism by which this might occur is
through reduced bioavailability caused by the phase transition
from liquid oil to solid wax. Formation of wax-phase
hydrocarbon residues may have been facilitated in the case of
Deepwater Horizon by the combination of a low ambient
temperature (~5 °C) and preferential weathering (dissolution
and biodegradation) of low-molecular weight components.'' 7

To test the effect of the wax- versus liquid-phase difference
on hydrocarbon biodegradation, we chose Alcanivorax
borkumensis SK2, a globally distributed marine hydrocarbon
degrader.'®"” Experimental design included replicated growth
of A. borkumensis SK2 in a matrix of temperatures (20, 25, 30,
35, and 40 °C) and n-alkanes (#-C,4, n-C;s, n-Cy4, n-C;, n-Cyg,
n-Cy4 and n-C,), wherein each S °C temperature increment
corresponded to the phase change of an n-alkane. By this
design, we are able to disentangle the confounding effects of
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temperature, substrate, and phase change on the respiration
rate of A. borkumensis SK2.

B MATERIALS AND METHODS

Strain, Chemicals, and Medium. The marine hydro-
carbonoclastic bacterium, A. borkumensis SK2, used in our
experiments was obtained from the German Collection of
Microorganisms and Cell Cultures. All hydrocarbons used in
our study were purchased from Acros Organics Co., and other
chemicals were from Fisher Chemical Co. The purity for each
of seven hydrocarbon substrates is 99%.

Culture medium ONR7a used in incubation experiments was
prepared in a volume of 1 L, from three solutions. Solutions I
and II were prepared and heat sterilized separately (121 °C, 25
min) and then mixed together after being cooled. Solution III
was filter sterilized prior to mixing. Solution I contained 22.79 g
of NaCl, 3.98 g of Na,SO,, 0.72 g of KCl, 83 mg of NaBr, 31
mg of NaHCOj;, 27 mg of H;BO;, 2.6 mg of NaF, 0.27 g of
NH,Cl, 89 mg of Na,HPO,-7H,O, and 1.3 g of 3-{[1,3-
dihydroxy-2-(hydroxymethyl)propan-2-ylJamino}-2-hydroxy-
propane-1-sulfonic acid (TAPSO) and was adjusted to a pH of
7.6 by addition of a 12 M NaOH solution. Solution II
contained 11.18 g of MgCl,-6H,0, 1.46 g of CaCl,-2H,0, and
24 mg of SrCl,-6H,0. Solution III contained 2.8 mg of FeSO,:
7H,0.%°

Cultivation Conditions. To obtain inoculum for each
experiment, A. borkumensis SK2 was grown on 25 uL of liquid-
phase n-C4 in 50 mL of ONR7a medium in the dark at 30 °C
while being shaken at 150 rpm, to a final optical density of ~0.2
(Figure S1). Cells (4 mL) were harvested from the bottom of
the growth vessel and homogenized by being gently shaken,
and a 100 uL inoculum of culture was added to 50 mL of fresh
ONR7a medium for each experimental treatment. All
incubation experiments were conducted using a New
Brunswick Innova 44/44R Shaker.

Incubation Experiment Design. Two experiments were
conducted in 250 mL sterile glass serum bottles sealed using a
stopper with a PTFE-coated plug [Fisher Scientific, 7 mm
(inside diameter) X 13 mm (outside diameter) at mouth] and
an aluminum crimp and outfitted with an oxygen sensor spot
(Pyroscience, OXSPS) to allow for remote monitoring of
oxygen concentration (percent). The first experiment was
designed with a matrix approach to evaluate the combined
effects of the temperature, substrate, and physical phase of n-
alkanes on hydrocarbon respiration of A. borkumensis SK2. In
this experiment, triplicate cultures of A. borkumensis SK2 were
grown in 50 mL of ONR7a medium with 25 uL of a single n-
alkane substrate (0.05% by volume) added to each culture. The
combination of seven n-alkanes (n-C,,, n-C,s, n-C,q, n-C;5, n-
Cyg 1-Cyy, and 1n-C,g) and five different temperatures (20, 25,
30, 35, and 40 °C) forms the basis of the matrix (35 unique
treatments, each in triplicate). Cultivation was conducted in the
dark at 150 rpm for ~90 h. These n-alkanes were chosen for
our experiment because their melting temperatures span the
growth range for A. borkumensis SK2. The melting temperature
of n-C,4, n-Cs, n-Cy4, n-Cyy, n-Cyg, n1-Cyq, and n-C, are 5.9, 9.9,
182, 21, 28—30, 32—34, and 36.7 °C, respectively.”' An alkane
minus control was included at each temperature to exclude any
effect from n-C;s carryover from the A. borkumensis SK2
inoculum.

A second experiment was conducted to assess the effect of
wax particle size on the growth of A. borkumensis SK2, using the
apparatus as described above. For this experiment, two
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treatments were included, with equal amounts of #-C,y used
as a carbon source in the form of wax. The first treatment
contained the larger wax pieces that were formed by placing the
uninoculated culture bottle with S0 mL of ONR7a medium into
an ice bath for ~3 min and quickly adding 25 uL of n-C,,. For
the second treatment, uninoculated bottles with 50 mL of
ONR7a medium and 25 uL of n-C,y were heated to 40 °C to
convert the n-C,y to liquid. Next the medium was sonicated for
30 min to form n-C,y microdroplets and then rapidly cooled in
an ice bath to facilitate the formation of small wax particles. The
visual appearance of wax in the two treatments at the onset of
this experiment is shown in Figure S2. Both treatments were
then inoculated with 100 puL of A. borkumensis SK2 and
incubated at 25 °C on a rotary shaker in the dark at 150 rpm for
90 h. In this experiment, each treatment contained five
replicates, with two of the replicates discarded from each
treatment because they showed clear visible evidence of
aggregation or disaggregation. For the two experiments
described above, respiration rates were monitored by
quantification of the oxygen concentration (percent) in the
headspace at intervals of approximately 5—8 h.

Data Analysis and Calculations. For the first experiment,
the oxygen consumption rates of A. borkumensis SK2 were
obtained by linear regression using the three replicates for each
treatment at each time point as well as using the mean values of
three replicates. We fit the linear regression to the time interval
representing the maximum sustained respiration rate, which
followed a brief exponential phase of growth for the liquid
substrate and spanned the entire duration of the incubation for
the wax substrate. Calculations for liquid-phase alkanes with the
exception of n-C 4 and n-C,, utilized three to six measurements
representing time windows of 24—54, 18—37, 18—34, 12—36,
and 14—39 h at temperatures of 20, 25, 30, 35, and 40 °C,
respectively. In contrast, 10—12 time points were used to
calculate the maximum respiratory rates for wax-phase alkanes,
corresponding to 24—92, 18—90, 18—92, 12—85, and 14—85 h
for 20, 25, 30, 35, and 40 °C, respectively. For liquid-phase n-
Cy and n-C,, linear regressions were also fit to the entire
duration of the incubation. Doubling times were also estimated
for the cultures, using the respiration time series as a proxy.
Importantly, these calculations assume that per cell respiration
rates are much higher for actively dividing cells than for cells in
the stationary phase of growth. These calculations rely on
oxygen time-series data bracketing the period of greatest
exponential increase and assume standard bacterial growth
behavior at this time. Growth curves of A. borkumensis SK2 on
liquid alkanes are similar to traditional bacterial growth patterns
(Figure S1).*° Time points for calculating doubling times on
liquid phases were selected from the early exponential phase,
corresponding to 10—24, 13—18, 8—18, 0—18, and 0—19 h at
20, 25, 30, 35, and 40 °C, respectively. In contrast, plots of
oxygen consumption versus time for wax-phase alkanes are
approximately linear for the full duration. Therefore, these
calculations used time ranges of 30—70, 25—70, 20—70, and
20-70 h at 20, 25, 30, and 35 °C, respectively. To calculate
respiration rates for the second experiment, wherein variability
was higher, we separately computed regression equations for
each replicate and the ensemble.

B RESULTS AND DISCUSSION

For the experiments described in this work, all combinations of
temperature and n-alkane permitted sustained respiration by A.
borkumensis SK2, whereas sustained respiration was insignif-
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Figure 1. Time series of oxygen consumption for A. borkumensis SK2 growth in ONR7a medium, shown as a matrix of n-alkane versus temperature,
as indicated. Columns are invariant for temperature, and rows are invariant for n-alkane substrate. The orange background corresponds to liquid
alkanes; the gray background corresponds to wax-phase alkanes. All data are the mean of triplicate treatments, with error bars (+1o standard

deviation) provided.

icant in the control experiments. Figure 1 displays the time
course of oxygen consumption in matrix form for all 35
incubation conditions, while Figure S14 displays the results
from the alkane minus controls. The matrix approach to
disentangle temperature, substrate, and phase change effects on
the respiration rates of A. borkumensis SK2 reveals a clear effect
associated with the alkane’s phase and highlights the relatively
more rapid respiration rates that accompany liquid-phase
alkanes compared to those that accompany wax-phase alkanes.
Notably, the respiration curves change in form across the wax—
liquid transition. For liquid alkanes, respiration curves display a
clear exponential phase, followed by a sustained linear phase of
maximal respiration, and then an asymptotic approach toward
zero. In contrast, for wax-phase alkanes, the exponential phase
has a shorter duration and subsequent respiration remains
approximately linear for the duration of the incubation,
suggesting that cell division was hindered by the unavailability
of the substrate. This interpretation is supported by estimates
of doubling time calculated by proxy from the respiration time-
series data (Figure 1). These calculations reveal doubling times
on liquid-phase alkanes at optimum temperature similar to
those previously reported,”” whereas more protracted doubling
times are calculated for growth on wax-phase alkanes (Table
S1). Our interpretation of this observation is that A.
borkumensis SK2 becomes substrate-limited when wax is
present, which we attribute to surface area limitation likely
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compounded by the difficulty of obtaining the alkane substrate
from the solid phase.

The maximum respiration rates for each of the 35 treatments
are displayed in the form of a heat plot, in Figure 2. Respiration
rates on liquid-phase substrates ranged from 0.16 to 0.70 ymol
h™ mL™, compared to a rate of 0.06—0.17 gmol h™' mL™" on
the wax-phase substrate, spanning the full range of temper-
atures and substrates. This method of visualization highlights
the impact of wax on respiration while also highlighting other
metabolic features. The optimum range for temperature (2S5,
30, and 35 °C) and substrate (n-Cyy, n-Cys, and n-Cy4) is
apparent by this approach and presumably reflects a
combination of A. borkumensis’ growth physiology and
preferred catabolic pathways. Other subtle trends also emerge.
Respiration rates appear to decline near the wax—liquid
transition, including for conditions under which the substrate
is in the liquid phase. The reason for this behavior remains
uncertain but is perhaps related to physical structuring of the n-
alkanes near the wax transition point. Furthermore, A.
borkumensis’ complex regulatory network may trigger changes
in metabolic preference, contributing to the observed patterns.
Studies from the closely related Alcanivorax dieselolei reveal a
regulatory network that varies with alkane chain length; the
network involves sensing and uptake of alkanes, chemotaxis,
and differential expression of genes encoding four different
alkane hydroxylases.””** Importantly, the four hydroxylase
enzymes (P450, AlmA, and two AIkB homologues, AlkB1 and
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Figure 2. Heat map of respiration rates by A. borkumensis SK2 on
seven alkanes at five temperatures. The yellow line denotes the phase
boundary between the liquid and wax for the n-alkanes.

AIkB2) are also present in A. borkumensis'® and show chain-
length dependence in their activity. By analogy with A. dieselolei,
a shift in hydroxylase expression between P450 and the AlkB
homologues is potentially relevant here, because A. dieselolei
regulates expression of p450 according to n-C,, = n-Cs > n-Cg
> 1n-C,y, for growth on pure alkane substrates.

Subtle differences in the calculated respiration rates are
apparent in the data (Figures S3—S12) when applying different
statistical approaches to the regressions. However, the results
provided in Figure 1 and Figures S3—S12 are generally
consistent with the interpretation that substrate availability
modulates bacterial hydrocarbon consumption, with a signifi-
cant discontinuity observed across the wax—liquid phase
transition temperature and lower respiration rates for wax
alkanes compared to liquid alkanes. While the hydrocarbons
used in this study are insoluble in an aqueous solution, various
adaptive mechanisms—the secretion of biosurfactants and
direct cellular adhesion to hydrocarbon droplets—provide for
cellular contact with extracellular hydrocarbons and
are potentially important factors contributing to these
results.”> > In A. borkumensis SK2, perhaps the efficacy of
such mechanisms is suppressed for the wax-phase substrate.

The results of our first experiment are consistent with
respiration limited by cellular access to the wax-phase alkane
substrate. To explore the importance of surface area
contributing to respiration of A. borkumensis SK2, a second
experiment was conducted wherein the wax-phase #n-Cj
substrate was added as either a single particle or numerous
small particles (see Figure S2). The results from this
experiment demonstrate that the respiration rate of A.
borkumensis SK2 is affected by the particle size distribution.
Slower rates were found for the larger particle treatment (0.08
+ 0.02 ymol h™' mL™" versus 0.11 + 0.02 ymol h™ mL™" per
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Figure 3; 0.07 gmol h™' mL™" versus 0.11 gmol h™' mL™", p <
0.01, per Figure S13), and the distinction was found to be

600
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100

Figure 3. Time series of oxygen consumption for A. borkumensis SK2
grown on wax-phase n-Cio. Green lines display results for #n-C g in the
form of smaller particles, with a mean respiration rate of 0.11 = 0.02
pmol h™ (mL of medium) ™. Red lines display results for n-C,4 in the
form of a single particle, with a mean respiration rate of 0.08 + 0.02
umol h™! (mL of medium)~". The error represents 1o SD.

statistically significant (p value of 0.005) using a two-sample ¢
test. While the surface area of wax was not quantified in these
experiments and indeed changed over the time course, the
results are supportive of our assertion that surface area is a
contributing factor modulating the respiration rate in the wax-
phase substrate.

Our initial motivation for this work was to assess phase
change effects on n-alkane respiration so as to inform
observations of suppressed biodegradation for long chain n-
alkanes (relative to isoprenoidal biomarkers) in the deep ocean
following the Deepwater Horizon disaster. While our findings
support a Deepwater Horizon biodegradation model that
includes seafloor deposition of waxlike particles,""*" the
processes by which such particles formed remain unclear.
Several factors that likely contributed include dissolution of
soluble hydrocarbons, biodegradation of labile hydrocarbons, a
low ambient temperature, ballasting by adhesion to particles or
bacterial flocculent, and surface aggregation effects of the
resulting waxy particles.

In conclusion, A. borkumensis SK2 is able to grow on purely
wax-phase n-alkanes, though it displays a substantially greater
ability to grow on liquid-phase n-alkanes. The size of wax
particles serves to modulate respiration, with slower rates for
the larger particles. These observations are consistent with
surface area being a contributing factor controlling the
respiration rate for the wax substrate. These findings are also
consistent with observations from the Deepwater Horizon
disaster and suggest that wax formation might have contributed
to the conditional recalcitrance of long chain n-alkanes in the
deep ocean. Ramifications for the effect of wax precipitation on
biodegradation extend beyond the Deepwater Horizon disaster
to spills of wax-rich oils (e.g, Montara Spill), to the need for
hydrocarbon compositional data to inform the decision process
leading to application of chemical dispersant, and to
biodegradation patterns for cyanobacterial hydrocarbons,
pentadecane and heptadecane, in the open ocean.
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Growth pattern for A. borkumensis SK2 (Figure S1),
visual appearance of wax-phase n-Cjy in culture media
(Figure S2), linear regressions for the respiration rate of
A. borkumensis SK2 on seven n-alkanes using the three
replicates at each time point (Figures S3, SS, S7, S9, and
S11), linear regressions for the respiration rate of A.
borkumensis SK2 on seven alkanes using the mean value
of the three triplicates at each time point (Figures S4, S6,
S8, S10, and S12), linear regressions for the respiration
rate of A. borkumensis SK2 on wax #n-C,y using the three
replicates at each time point (Figure S13), time series of
consumed oxygen for alkane minus controls (Figure
S14), doubling time calculated by proxy from the
respiration rate time series (Table S1), and all oxygen
content (percent) data in the headspace of culture
bottles for seven alkanes at five temperatures (Tables
$2-86) (PDF)
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