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Abstract 22 

Crude oil has been part of the marine environment for millions of years, and microbes that 23 

use its rich source of energy and carbon are found in seawater, sediments and shorelines 24 

from the tropics to the polar regions.  Catastrophic oil spills stimulate these organisms to 25 

‘bloom’ in a reproducible fashion, and although oil does not provide bioavailable nitrogen, 26 

phosphorus or iron, there are enough of these nutrients in the sea that when dispersed oil 27 

droplets dilute to low concentrations these low levels are adequate for microbial growth.  28 

Most of the hydrocarbons in dispersed oil are degraded in aerobic marine waters with a 29 

half-life of days to months.  In contrast, oil that reaches shorelines is likely to be too 30 

concentrated, have lower levels of nutrients, and have a far longer residence time in the 31 

environment.  Oil that becomes entrained in anaerobic sediments is also likely to have a 32 

long residence time, although it too will eventually be biodegraded.  Thus, data that 33 

encompass everything from the ecosystem to the molecular level are needed for understanding 34 

the complicated process of petroleum biodegradation in marine environments.  35 

 36 

1.  Introduction 37 
The world’s oceans are our largest contiguous ecosystem, and microbes play a central role in the 38 

processes that occur there
1
.  One that has been going on for millions of years is the 39 

biodegradation of crude oil, and microbes from all three domains of life exploit the ~600,000 40 

tonnes of oil that annually enters the marine environment from natural seeps.
2
  It is often 41 

forgotten that petroleum is a natural product formed from algae that were deposited in marine 42 

and lacustrine sediments millions of years ago, buried, and subjected to high temperatures and 43 

pressures over millions of years (Box 1).  While the diagenesis and potential subsequent 44 

degradation of crude oils in reservoirs
3, 4

 lead to differences in the composition of different oils, 45 

all contain molecules that are clearly related to compounds found in marine algae
5
.   Thus, 46 

microorganisms have been using these compounds since the beginning of biology, and it is no 47 

surprise that such organisms are found in all marine environments perfecting their ability to 48 

utilize the diverse components of crude oil, especially in the carbon-starved oceans of the world. 49 

  50 

Box 1. Crude oils and their biodegradability 51 
The average age of the oil in commercial reservoirs is about 100 million years

6 52 

Crude oils are principally hydrocarbons – on average ~ 30% linear and branched alkanes, 53 

~ 30% cyclic alkanes, ~30% aromatics (molecules that contain at least one aromatic ring, 54 

usually with cyclic and linear alkane substituents) and ~10% molecules with heteroatoms 55 

such as S, O and N6 the latter give oils most of their color. Gas chromatography is the 56 

technique of choice for analyzing the hydrocarbons up to those with about 40 C atoms.  57 

These molecules are biodegraded almost completely in a month or two under appropriate 58 

conditions, with the exception of some hopanes and steranes7 but larger molecules, such as 59 

those found in materials destined for roadways, obviously degrade much more slowly.  The 60 

polar molecules have not yet been extensively characterized; some are consumed by 61 
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microbes8, but others are generated by photochemistry if oil remains exposed to the sun9, 62 
10, and their overall fate in the environment is not yet clear.  After extensive 63 

biodegradation, the residual material, principally polars, is essentially indistinguishable 64 

from soil humins.11 65 

 66 
An important indicator of value is the API (American Petroleum Institute) gravity, measured 67 

in degrees: 68 

 69 

Thus, distilled water has an API gravity of 10°.  Oils with API gravities > 40° are usually said to 70 
be ‘light’ oils, while those with API gravities < 17° are said to be ‘heavy’.  Note that almost all 71 
crude oils float on water at equilibrium; only those with API gravities < 7 will sink in seawater 72 
unless they absorb denser material.  Since hydrocarbons have low density, their preferential 73 
removal by biodegradation leads to oils become progressively denser as biodegradation 74 

proceeds, and likely contributes to the phenomenon of ‘dirty snow’
12

.  75 

 76 

2.  Microorganisms that degrade petroleum hydrocarbons 77 

Some 175 prokaryotic genera in 7 phyla of Bacteria and Archaea, and a similar number of fungal 78 

genera, can use hydrocarbons as their sole or major carbon source (Figure 1).  With the explosive 79 

advances in genomic technologies over the last 10 years, allowing us to identify and characterize 80 

microorganisms without having to grow them in pure cultures, we confidently expect our 81 

knowledge of the diversity of known oil-degraders to increase dramatically.  Indeed it is a 82 

demonstration of the progress of marine microbiology that many of what we now perceive as the 83 

most important oil degrading microbes have only been identified in the last 20 years (e.g. 84 

Cycloclasticus
13

; Alcanivorax
14

, Fundibacter
15

, Oleispira
16

)  85 

 86 

2.1.  Marine Bacterial hydrocarbon degradation 87 

Bacteria are able to degrade many hydrocarbons under both aerobic and anaerobic conditions,
4, 17

  88 

and different locations in the marine environment are home to these distinct physiologies.  Thus 89 

aerobic hydrocarbon degrading microbes are found throughout the marine water column and in 90 

oxic sediments even in deep waters
7
 while anaerobic hydrocarbon degraders are primarily found 91 

in anoxic sediments and within hydrocarbon seeps.
18

  Oil biodegradation occurs readily at depth 92 

(2000-5000 m)
19, 20

, in the Arctic
21

 and Antarctic
22

, and even in polar ice
23

.  93 

 94 

As noted above, natural seeps likely contribute the majority of oil that enters the oceans 95 

every year, with the next largest fraction coming from delocalized run-off from human 96 

activities.2  Nevertheless catastrophic oil spill are the most concentrated inputs, and they 97 

rightfully garner significant public attention.  Fortunately they are becoming less frequent
24

, 98 

but oil spills have resulted in contamination of shorelines around the world. Modern molecular 99 

5.131
5.141
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tools are beginning to be applied to understand the microbes involved in the biodegradation that 100 

eventually removes the mess (Table 1).   101 

 102 

 103 

Here we focus on biodegradation offshore and in the deep ocean, since these have become 104 

more relevant in light of the disposition of oil from the Deepwater Horizon spill in the Gulf 105 

of Mexico.25   The deep ocean is a distinct environment from polar surface water in that, while 106 

the temperatures are cold, the environment is in darkness and under high pressures.  Therefore, it 107 

is possible that distinct communities of oil degraders thrive in the deep ocean and in polar 108 

surface water.  Some 400,000 to 1,000,000 barrels of oil go into the Gulf of Mexico every year 109 

through natural seeps on the seafloor
2
 and this has likely been going on for millions of years. 110 

Thus, the microbial community may be “pre-adapted” to oil and respond more readily to oil than 111 

in other parts of the world.  The Deepwater Horizon oil spill resulted in oil accumulating at the 112 

surface and in a dilute deep-water oil plume, and the microbial communities responded in both 113 

settings.  Gammaproteobacteria were dominant in both the surface and the deep-water, but the 114 

types were distinct.  Pseudoalteromonas, Pseudomonas, Vibrio, Acinetobacter and Alteromonas 115 

predominated in the warm surface waters, while the dominant organisms in the 4ºC deep-water 116 

were Oceanospirillales, Colwellia, and Cycloclasticus (Figure 2).
26, 27

  In both settings the 117 

microbial communities degraded at least some hydrocarbon components of the released oil with 118 

a half-life of days when the oil was dispersed as dilute small droplets(40).  The uncontaminated 119 

areas at the same depth, and samples taken at the same sites before the DWH spill, were 120 

dominated by Alphaproteobacteria, Pelagibacter and Actinobacteria (Figure 2).  There were no 121 

significant differences between samples taken before the spill and an uncontaminated site near 122 

the spill at the same depth during the spill.
28

 123 

 124 

Preliminary data from multiple deep-sea hydrocarbon basins around the world (Eastern 125 

Mediterranean sea, the Great Australian Bight, and the Caspian Sea) have confirmed many of the 126 

findings from the deep water in the Gulf of Mexico.
29-32

 Oil-degrading microbes are always 127 

present, and relatives of the Oceanospirilalles, Colwellia and Cycloclasticus routinely bloom 128 

when deep-water from these locations is amended with oil and COREXIT 9500. These genera 129 

appear to be cosmopolitan cold-adapted oil degraders in polar surface waters and the deep ocean 130 

around the world.   131 

2.2.  Dynamics of microbial community succession in response to oil.   132 

The complex composition of crude oil is matched by a complex community of microbes that 133 

degrade it, and this community changes as biodegradation proceeds.  As the preferred substrates 134 

are consumed the microbes specialized to consume those compounds die off and are replaced by 135 

microbes able to utilize the remaining compounds, a process of bloom and succession that was 136 

observed during the Deepwater Horizon spill (Figure 3).
28

  During the initial phase of the spill, 137 

which began on April 20, 2010, the microbial community was dominated by Oceanospirillales 138 

able to consume a variety of alkanes.
26, 33

  Starting on June 4, 2010, there was a shift in the 139 
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microbial community to dominance by Colwellia and Cycloclasticus.  Colwellia was shown to 140 

consume propane, ethane and butane
27

 and Cycloclasticus was shown to consume BTEX 141 

(benzene, toluene, ethyl benzene and xylenes) as well as some PAHs.  Finally, after well shut in, 142 

the microbial community shifted to dominance by Flavobacteria (Tenacibaculum and 143 

Polaribacter), Alteromonadaceae, and Rhodobacteraceae.
28
  These groups are often found as 144 

degraders of high molecular weight organics and dissolved organic matter in the marine 145 

environment.  This suggests that after well shut in the microbial community shifted to grow off 146 

the organic matter released from the decaying bloom of hydrocarbon degraders.  These shifts 147 

underscore the dynamic nature of the microbial response to released oil.  Degradation of a 148 

complex contaminant, such as oil, necessitates a complex microbial community response.  149 

3.  Critical Biogeochemistry  150 

The intrusion of oil into a marine system provides a substantial surplus of carbon for microbial 151 

growth.  However, low availability of nutrients such as nitrogen and phosphorus can limit 152 

microbial growth and thus oil degradation.  The addition of fertilizers containing bioavailable 153 

nitrogen and phosphorus has been successfully used to enhance oil biodegradation on a number 154 

of different shorelines
34

 including the Arctic.
35

  The Exxon Valdez oil spill has been the most 155 

studied in this regard.  Approximately 50,000 kg of nitrogen and 5,000 kg of phosphorus were 156 

applied to shorelines in Prince William Sound over a three-year period.
36

  Extensive laboratory 157 

and field-testing found that the addition of nutrients stimulated the growth of hydrocarbon-158 

degrading microorganisms thereby increasing the observed rate of oil degradation.
37

 159 

 160 

Following the Deepwater Horizon oil spill, a rapid enrichment of hydrocarbon-degrading 161 

microorganisms was observed in the water column, and surface and subsurface plume waters 162 

were dominated by known hydrocarbon-degrading bacteria.
38

  Perhaps because substrate 163 

availability was limited as the surface slicks coalesced into thick emulsified oil with much 164 

reduced surface area for microbial colonization,  Edwards et al.
39

 found no increase in microbial 165 

biomass in the surface slick and that microorganisms exhibited enzymatic signs of phosphate 166 

stress  consistent with previous observations that the Gulf of Mexico is limited by phosphate 167 

availability.  Hazen et al.
26

 found that microbial cell density in the deep water oil plume was 168 

significantly higher than waters outside of the plume; > 5.5 x 10
4 

cells/ml in the oil plume and < 169 

2.7 x 10
4
 cells/mL outside of the plume, but the increase was not as dramatic as might have been 170 

expected.  This is likely due to the low concentrations of oil in the deepwater plume (< 1ppm).  171 

We note that the Gulf of Mexico has similar levels of nitrogen and phosphorus to several other 172 

marine environments undergoing active oil and gas exploration, but other areas, such as the 173 

Eastern Mediterranean Sea, have a much lower phosphorus level.  If a spill were to occur in this 174 

environment, the rates and extent of biodegradation may be initially much slower than in the 175 

Gulf of Mexico.  On the other hand, as dispersed oil continues to dilute as it gets further from a 176 

spill site, it is likely that eventually the oil to available nutrient ratio will drop to a value where 177 

biodegradation can proceed to completion. 178 
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 179 

Microbial degradation of hydrocarbons is often an oxidative process where the initial attack is 180 

performed by oxygenases and peroxidases.  Aerobic conditions are thus necessary for 181 

degradation to occur through these pathways.  Surface waters are rarely oxygen limited, but 182 

oxygen concentrations can decrease throughout the water column and under some circumstances 183 

there can be anoxic conditions in bottom waters.  Further, sediments are usually anoxic a short 184 

distance below the surface, although in some cases oxygen penetrates many meters below the 185 

seabed.
40

  Thus, it is unlikely that oxygen will limit biodegradation of surface slicks or in the 186 

upper levels of the water column.  Oxygen limitations may occur at lower depths depending on 187 

the concentration of oil and the rate of oxygen replenishment by waves and currents; however, 188 

since oil droplets dilute quickly, it is unlikely that oxygen will become depleted in the water 189 

column.  Degradation of hydrocarbons in the absence of oxygen has been shown to occur in the 190 

presence of other electron acceptors such as Fe
3+

, SO4
2-

 and NO3
-
.
41

  Anaerobic degradation of 191 

hydrocarbons is usually considered to be several orders of magnitude slower and less is known 192 

about the genes and enzymes involved in these pathways.
42

  Marine harbor sediments have been 193 

shown to degrade petroleum hydrocarbons under anaerobic conditions and specifically under 194 

sulfate-reducing and iron-reducing conditions.
43

  Some marine environments such as the Caspian 195 

Sea have permanent anoxic conditions in bottom waters, so any biodegradation occurring there 196 

must be anaerobic, perhaps sulfate-reducing.  197 

4.  Role of Synergistic Effects in Oil Degradation 198 

As we have discussed, the fate of oil in marine systems is dependent on a number of physical, 199 

chemical, and biological factors working independently or in consort with one another.  The 200 

most important seems to be the physical state of the oil, and this can be altered by adding 201 

dispersants – mixtures of surfactants designed to lower the interfacial tension of oil and water so 202 

that even minimal turbulence can generate tiny droplets.
44-46

  It has long been assumed that since 203 

dispersants encourage smaller droplets they would stimulate biodegradation because the surface 204 

to volume ratio would favor attachment and subsequent degradation.
46

  One difficulty in testing 205 

this has been creating oil droplets of uniform and different sizes, and keeping them in suspension 206 

in seawater in the laboratory.  Recently Brakstad et al.
45

 demonstrated with a unique apparatus, 207 

and low concentrations of oil typical of a dispersed plume – 3 ppm oil, that 10 µm oil droplets 208 

degrade faster than 30 µm oil droplets over 70 days using Macondo oil from the Deepwater 209 

Horizon.  Droplets degrade much faster than surface slicks
46

, and there are now a number of 210 

studies reporting very rapid biodegradation of dispersed oil
47

. 211 

 212 

Dispersants were used at a wellhead for the first time during the Deepwater Horizon oil spill, 213 

injected at a rate of 40 Lm
-1

 for a total of 3 million L in the deep injection.
48

  Another 4 million L 214 

of dispersant were sprayed on the surface slicks during the response phase.  According to the 215 

Operational Science Advisory Team
48

, dispersant components were not found in either the deep 216 

or surface water samples collected away from the wellhead.  Nevertheless, Kujawinski et al.
49

 217 
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demonstrated that one component, dioctylsulfosuccinate (DOSS) could be detected with 218 

sensitive LC/MS/MS techniques up to 64 days after the deep-water injections ceased, although it 219 

was noted that since the compound is used in a myriad of consumer and industrial products, it is 220 

found in many environments and could have been from other sources.
49

  Hayworth et al.
50

 221 

concluded that traces of dispersant components found nearshore were from storm water 222 

discharges, not dispersant application. 223 

 224 

Other vital factors include environmental conditions (e.g., dissolved oxygen, water temperature), 225 

physical conditions of the system (e.g., currents, eddies, waves), diffusion of oil in the water 226 

column, and the microbial diversity and function within the water column.  For example, Li et 227 

al.
51

 showed that both chemical dispersants and mineral fines each resulted in an increase of oil 228 

dispersion, and when combined the formation and transport of oil droplets and oil-mineral 229 

aggregates from the surface to the water column increased significantly.  Figure 4 illustrates 230 

what is believed to have happened to the rising oil droplets and the deep-water plume (< 1 ppm 231 

total petroleum hydrocarbons) that was created by the jetting of the oil into the deep and the 232 

application of dispersant at the Macondo wellhead. 233 

 234 

5  Transport of hydrocarbons by ocean currents.  235 

 236 

Until recently, the synergistic role of oceanic currents and gyres affecting oil biodegradation was 237 

not well documented, although the impacts of waves and mixing had been studied within wave 238 

tanks and simulation models.
51

  During the Deepwater Horizon oil spill, Valentine et al.
52

 were 239 

able to model the effect of transport on microbial community structure and hydrocarbon 240 

biodegradation within the deep plume in the Gulf of Mexico.  Specifically, the model was 241 

designed to track mixing of deep waters, circulation of water within the Gulf of Mexico, fluxes 242 

in bacterial abundance and metabolic rates, and hydrocarbon degradation rates.  In total 26 243 

compounds and 52 microorganisms were incorporated into the model design
52

 and it suggested 244 

that autoinoculation and ‘memory response’ were key components that enhanced biodegradation 245 

rates.  Autoinoculation occurs when hydrocarbons moving in the water are mixed with 246 

previously exposed water parcels containing hydrocarbon-degrading microorganisms.  Memory 247 

response is the ability of previously exposed microorganisms to degrade at a significantly faster 248 

rate than during initial exposure.   249 

 250 

One autoinoculation event is predicted as occurring in mid-June until mid-July 2010, when 251 

waters from the Northwest region returned to the Macondo wellhead and remained there until the 252 

discharge was terminated.   253 

6.  Cometabolic Biodegradation of oil.  254 

 255 
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 Studies by our group
26

 and others
53, 54

 established that the deep oil cloud (< 1 ppm total 256 

petroleum hydrocarbons), which developed as small droplets were released from the Deepwater 257 

Horizon wellhead, was rapidly dispersed and biodegraded.  Though this deep-water plume could 258 

be seen spectrophotometrically, plume samples could not be identified by sight or smell by the 259 

scientists on board the sampling ships, except extremely close to the well head.  The high rates of 260 

biodegradation of the Macondo oil were in part due to its being a light crude, which meant that a 261 

larger proportion of this oil was more inherently biodegradable.  In terms of mass, the Macondo 262 

release was 38% natural gas and 62% liquid oil.
55

  As we discussed above, the oil in the water 263 

column underwent progressive biodegradation by dominant microbial communities as the more 264 

readily degradable components gave way to the more recalcitrant ones.  Methane was degraded 265 

after most of the light liquid components had been degraded or diluted to very low 266 

concentrations.  Indeed, in August and September 2010, when oil in the water column was barely 267 

detectable, the biodegradation of methane by methane-oxidizers surged to create some detectable 268 

dissolved oxygen dips in the water column.
53
 269 

 270 

Cometabolism may well be an important process for removing oil components.  Cometabolism is 271 

the process by which a contaminant is fortuitously degraded by an enzyme or cofactor during 272 

microbial metabolism of another compound.  Typically, there is no apparent benefit to the 273 

microorganism involved, but it enables biodegradation of contaminants at concentrations that are 274 

below the concentration that could be of carbon or energy benefit to the biodegrader.  Thus 275 

cometabolic bioremediation has the added advantage of allowing scrubbing of environmental 276 

contaminants to undetectable concentrations, e.g. < parts per trillion.  Cometabolic 277 

bioremediation has been applied both aerobically and anaerobically to a wide variety of 278 

contaminants in different environments.  It has now been used in the field for more than 20 years 279 

on some of the most recalcitrant contaminants (e.g., halogenated aliphatic and aromatic 280 

hydrocarbons,  explosives, dioxanes, creosote, crude oil and pesticides).
56

  281 

 282 

Many aerobic cometabolic biodegraders are dependent upon oxygenases, e.g., methane 283 

monooxygenase, toluene dioxygenase, toluene monooxygenase, and ammonia monooxygense.  284 

These enzymes are extremely strong oxidizers (e.g., methane monooxygenase is known to 285 

degrade over 300 different compounds).
57

  However, like any bioremediation process the proper 286 

biogeochemical conditions are necessary to maximize and maintain biodegradation (e.g., 287 

maintaining oxygen levels, nutrients or other terminal electron acceptors that the cometabolic 288 

biodegrader is dependent on).  In addition, cometabolic biostimulation may require pulsing of 289 

electron donor or electron acceptor to reduce competitive inhibition between the substrate the 290 

microbe can use and the contaminant.  Pulsing of methane was found to significantly improve 291 

biodegradation of trichloroethylene (TCE), creosote and oil rates by methanotrophs.  Recent 292 

reports suggest that methane may have persisted in the Gulf of Mexico beyond initial reports.
53

  293 

Crespo-Medina et al.
58

 showed that although gas-rich deep-water plumes were a short-lived 294 

feature initially, water column concentrations of methane remained above background levels 295 
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throughout the rest of the year.  Rates of microbial methane oxidation peaked in the deep-water 296 

plumes in May and early June, coincident with a rapid rise in the abundance of known and new 297 

methane-oxidizing microbes.
58

 298 

 299 

It seems likely that a number of factors can work synergistically to affect the biodegradation of 300 

oil with unforeseen outcomes in marine systems (Table 2).  Thus, a systems approach should be 301 

included in planning for oil spill mitigation.  302 

 303 

7.  Summary and Future Research Directions 304 

Microorganisms that can degrade oil are in all marine environments, even cold, deep (low 305 

nutrient), and high-pressure settings.  The number of taxonomically identified oil-degraders is 306 

increasing exponentially.  However even though the same groups of microorganisms are found in 307 

deep-sea, near-shore and sediments worldwide, the rates at which they degrade oil may vary 308 

significantly.  Exposure to natural seeps and recent anthropogenic oil spills likely increases the 309 

biodegradation rates of oil.  Marine half-lives of dispersed oil can range from 1 day to months; 310 

however, in the deep-sea it is more common to see half-lives of days or weeks.  Even in pristine 311 

environments, the microbial community can rapidly shift to oil biodegradation because similar 312 

compounds are naturally found in the environment.  Undispersed oil is likely to have a much 313 

longer life-time in the environment, because the surface area available for microbial attachment 314 

is much less, and competing physical processes, especially photo-oxidation, likely interfere with 315 

biodegradation. A further complicating factor might be the overall limiting nutrients (P, N, Fe) 316 

and other physical/chemical characteristics of the environment including currents, pressure, 317 

temperature, etc., which might select for different hydrocarbon-degrading organisms.  In marine 318 

environments, oxygen limitations are rare due to the low concentrations of oil caused by natural 319 

and chemical dispersion which limits the relative oil concentrations in the water column to <1 320 

ppm.  The overall impacts on biodegradation from synergistic effects of chemical additives, 321 

biosurfactants, and autoinoculation of water parcels may be significant.  As such, it is important 322 

to consider the role of multiple factors, including those outlined above, when developing 323 

remediation strategies and evaluating the fate of oil within marine systems. 324 

 325 

8.  Author information 326 

Corresponding Author 327 

*E-mail: tchazen@utk.edu 328 

 329 

9.  Biography 330 

 Terry Hazen is Governor’s Chair Professor at the University of Tennessee and Oak Ridge 331 

National Laboratory.  He has over 30 years experience studying microbial ecology, especially as 332 

it relates to bioremediation.  Roger Prince is a Senior Research Associate at ExxonMobil 333 

Biomedical Sciences, Inc., and has worked on the biodegradation of oil since 1989. 334 

Page 9 of 22

ACS Paragon Plus Environment

Environmental Science & Technology



 10

 335 

10.  Acknowledgment 336 

   Terry Hazen was funded in part by the American Petroleum Institute via a contract (2013-337 

107396-2) to the University of Tennessee. 338 

 339 

11.  References 340 

 341 

1. Karl, D. M., Microbial oceanography: paradigms, processes and promise. Nat. Rev. 342 
Microbiol. 2007, 5, (10), 759-769. 343 
2. National Research Council, Oil in the Sea III:Inputs, Fates, and Effects. In The National 344 
Academies Press: 2003. 345 
3. Prince, R. C.; Walters, C. C., Biodegradation of oil and its implications for source 346 
identification. In In Oil Spill Environmental Forensics, Wang, Z.; Stout, S. A., Eds. Academic 347 
Press: Burlington, MA 01803, 2007; pp 349-379. 348 
4. Head, I. M.; Gray, N. D.; Larter, S. R., Life in the slow lane; biogeochemistry of 349 
biodegraded petroleum containing reservoirs and implications for energy recovery and carbon 350 
management. Frontiers in Microbiology 2014, 5. 351 
5. Head, I. M.; Gray, N. D.; Larter, S. R., Life in the slow lane; biogeochemistry of 352 
biodegraded petroleum containing reservoirs and implications for energy recovery and carbon 353 
management. Frontiers in Microbiology 2014, 5, 23. 354 
6. Tissot, B. P.; Welte, D. H., Petroleum formation and occurrence. Springer Verlag: 1984. 355 
7. Prince, R. C.; McFarlin, K. M.; Butler, J. D.; Febbo, E. J.; Wang, F. C. Y.; Nedwed, T. J., 356 
The primary biodegradation of dispersed crude oil in the sea. Chemosphere 2013, 90, (2), 521-357 
526. 358 
8. Lavania, M.; Cheema, S.; Sarma, P. M.; Mandal, A. K.; Lal, B., Biodegradation of 359 
asphalt by Garciaella petrolearia TERIG02 for viscosity reduction of heavy oil. Biodegradation 360 
2012, 23, (1), 15-24. 361 
9. Aeppli, C.; Carmichael, C. A.; Nelson, R. K.; Lemkau, K. L.; Graham, W. M.; Redmond, 362 
M. C.; Valentine, D. L.; Reddy, C. M., Oil Weathering after the Deepwater Horizon Disaster Led 363 
to the Formation of Oxygenated Residues. Environmental Science & Technology 2012, 46, (16), 364 
8799-8807. 365 
10. Garrett, R. M.; Pickering, I. J.; Haith, C. E.; Prince, R. C., Photooxidation of crude oils. 366 
Environmental Science & Technology 1998, 32, (23), 3719-3723. 367 
11. Hayes, M. H. B., Solvent systems for the isolation of organic components from soils. Soil 368 
Sci. Soc. Am. J. 2006, 70, (3), 986-994. 369 
12. Vonk, S. M.; Hollander, D. J.; Murk, A. J., Was the extreme and wide-spread marine oil-370 
snow sedimentation and flocculent accumulation (MOSSFA) event during the Deepwater 371 
Horizon blow-out unique? Mar. Pollut. Bull. 2015. 372 
13. Dyksterhouse, S. E.; Gray, J. P.; Herwig, R. P.; Lara, J. C.; Staley, J. T., Cycloclasticus 373 
pugetii gen-nov, sp-nov, an aromatic hydrocarbon-degrading bacterium from marine-sediments. 374 
Int. J. Syst. Bacteriol. 1995, 45, (1), 116-123. 375 
14. Yakimov, M. M.; Golyshin, P. N.; Lang, S.; Moore, E. R. B.; Abraham, W. R.; Lunsdorf, 376 
H.; Timmis, K. N., Alcanivorax borkumensis gen. nov., sp. nov., a new, hydrocarbon-degrading 377 
and surfactant-producing marine bacterium. Int J Syst Bacteriol 1998, 48, 339-348. 378 

Page 10 of 22

ACS Paragon Plus Environment

Environmental Science & Technology



 11

15. Bruns, A.; Berthe-Corti, L., Fundibacter jadensis gen. nov., sp. nov., a new slightly 379 
halophilic bacterium, isolated from intertidal sediment. Int. J. Syst. Bacteriol. 1999, 49, 441-448. 380 
16. Yakimov, M. M.; Giuliano, L.; Gentile, G.; Crisafi, E.; Chernikova, T. N.; Abraham, W. 381 
R.; Lunsdorf, H.; Timmis, K. N.; Golyshin, P. N., Oleispira antarctica gen. nov., sp nov., a novel 382 
hydrocarbonoclastic marine bacterium isolated from Antarctic coastal sea water. Int. J. Syst. 383 
Evol. Microbiol. 2003, 53, 779-785. 384 
17. Prince, R. C.; Walters, C. C.; Wang, Z.; Stout, S. A., Biodegradation of Oil 385 
Hydrocarbons and Its Implications for Source Identification. Elsevier Academic Press Inc: San 386 
Diego, 2007; p 349-379. 387 
18. von Netzer, F.; Pilloni, G.; Kleindienst, S.; Kruger, M.; Knittel, K.; Grundger, F.; 388 
Lueders, T., Enhanced Gene Detection Assays for Fumarate-Adding Enzymes Allow 389 
Uncovering of Anaerobic Hydrocarbon Degraders in Terrestrial and Marine Systems. Appl. 390 
Environ. Microbiol. 2013, 79, (2), 543-552. 391 
19. Bazylinski, D. A.; Wirsen, C. O.; Jannasch, H. W., Microbial Utilization of Naturally-392 
Occurring Hydrocarbons at the Guaymas Basin Hydrothermal Vent Site. Appl. Environ. 393 
Microbiol. 1989, 55, (11), 2832-2836. 394 
20. Schwarz, J. R.; Walker, J. D.; Colwell, R. R., Deep-sea bacteria: growth and utilization of 395 
hydrocarbons at ambient and in situ pressure. Applied microbiology 1974, 28, (6), 982-986. 396 
21. McFarlin, K. M.; Prince, R. C.; Perkins, R.; Leigh, M. B., Biodegradation of Dispersed 397 
Oil in Arctic Seawater at-1 degrees C. PLoS One 2014, 9, (1). 398 
22. Delille, D.; Basseres, A.; Dessommes, A., Effectiveness of bioremediation for oil-399 
polluted Antarctic seawater. Polar Biol. 1998, 19, (4), 237-241. 400 
23. Brakstad, O. G.; Nonstad, I.; Faksness, L. G.; Brandvik, P. J., Responses of microbial 401 
communities in Arctic sea ice after contamination by crude petroleum oil. Microb. Ecol. 2008, 402 
55, (3), 540-552. 403 
24. Eckle, P.; Burgherr, P.; Michax, E., Risk of Large Oil Spills: A Statistical Analysis in the 404 
Aftermath of Deepwater Horizon. Environ. Sci. Technol. 2012, 46, (23), 13002-13008. 405 
25. Atlas, R. M.; Hazen, T. C., Oil Biodegradation and Bioremediation: A Tale of the Two 406 
Worst Spills in US History. Environ. Sci. Technol. 2011, 45, (16), 6709-6715. 407 
26. Hazen, T. C.; Dubinsky, E. A.; DeSantis, T. Z.; Andersen, G. L.; Piceno, Y. M.; Singh, 408 
N.; Jansson, J. K.; Probst, A.; Borglin, S. E.; Fortney, J. L.; Stringfellow, W. T.; Bill, M.; 409 
Conrad, M. E.; Tom, L. M.; Chavarria, K. L.; Alusi, T. R.; Lamendella, R.; Joyner, D. C.; Spier, 410 
C.; Baelum, J.; Auer, M.; Zemla, M. L.; Chakraborty, R.; Sonnenthal, E. L.; D'Haeseleer, P.; 411 
Holman, H. Y. N.; Osman, S.; Lu, Z. M.; Van Nostrand, J. D.; Deng, Y.; Zhou, J. Z.; Mason, O. 412 
U., Deep-Sea Oil Plume Enriches Indigenous Oil-Degrading Bacteria. Science 2010, 330, 413 
(6001), 204-208. 414 
27. Redmond, M. C.; Valentine, D. L., Natural gas and temperature structured a microbial 415 
community response to the Deepwater Horizon oil spill. Proceedings of the National Academy of 416 
Sciences 2011. 417 
28. Dubinsky, E. A.; Conrad, M. E.; Chakraborty, R.; Bill, M.; Borglin, S. E.; Hollibaugh, J. 418 
T.; Mason, O. U.; M Piceno, Y.; Reid, F. C.; Stringfellow, W. T.; Tom, L. M.; Hazen, T. C.; 419 
Andersen, G. L., Succession of hydrocarbon-degrading bacteria in the aftermath of the deepwater 420 
horizon oil spill in the gulf of Mexico. Env. Sci. & Tech. 2013, 47, (19), 10860-7. 421 
29. Harris, A. P.; Techtmann, S. M.; Stelling, S. C.; Utturkar, S. M.; Alshibli, N. K.; Brown, 422 
S. D.; Hazen, T. C., Draft Genome Sequence of Pseudoalteromonas sp. strain ND6B, an oil 423 

Page 11 of 22

ACS Paragon Plus Environment

Environmental Science & Technology



 12

degrading isolate from Eastern Mediterranean Sea water collected at a depth of 1210 m. Genome 424 
Announcement 2014. 425 
30. Mahmoudi, N.; Robeson, M. S.; Castro, H. F.; Fortney, J. L.; Techtmann, S. M.; Joyner, 426 
D. C.; Paradis, C. J.; Pfiffner, S. M.; Hazen, T. C., Microbial community composition and 427 
diversity in Caspian Sea sediments. FEMS Microbiol. Ecol. 2015, 91, (1), 11. 428 
31. Stelling, S. C.; Techtmann, S. M.; Utturkar, S. M.; Alshibli, N. K.; Brown, S. D.; Hazen, 429 
T. C., Draft Genome Sequence of Thalassotalea sp. strain ND16A Isolated from Eastern 430 
Mediterranean Sea water collected from a depth of 1055 m. Genome Announcement 2014. 431 
32. Techtmann, S. M.; Fortney, J. L.; Ayers, K. A.; Joyner, D. C.; Linley, T. D.; Pfiffner, S. 432 
M.; Hazen, T. C., The Unique Chemistry of Eastern Mediterranean Water Masses Selects for 433 
Distinct Microbial Communities by Depth. PLoS One 2015, 10, (3), 22. 434 
33. Mason, O. U.; Hazen, T. C.; Borglin, S.; Chain, P. S. G.; Dubinsky, E. A.; Fortney, J. L.; 435 
Han, J.; Holman, H. Y. N.; Hultman, J.; Lamendella, R.; Mackelprang, R.; Malfatti, S.; Tom, L. 436 
M.; Tringe, S. G.; Woyke, T.; Zhou, J. H.; Rubin, E. M.; Jansson, J. K., Metagenome, 437 
metatranscriptome and single-cell sequencing reveal microbial response to Deepwater Horizon 438 
oil spill. Isme J. 2012, 6, (9), 1715-1727. 439 
34. Swannell, R. P. J.; Mitchell, D.; Lethbridge, G.; Jones, D.; Heath, D.; Hagley, M.; Jones, 440 
M.; Petch, S.; Milne, R.; Croxford, R.; Lee, K., A field demonstration of the efficacy of 441 
bioremediation to treat oiled shorelines following the Sea Empress incident. Environ. Technol. 442 
1999, 20, (8), 863-873. 443 
35. Prince, R. C.; Lessard, R. R.; Clark, J. R., Bioremediation of marine oil spills. Oil Gas 444 
Sci. Technol. 2003, 58, (4), 463-468. 445 
36. Prince, R. C.; Bragg, J. R., Shoreline bioremediation following the Exxon Valdez oil spill 446 
in Alaska. Bioremediation Journal 1997, 1, (2), 97-104. 447 
37. Atlas, R.; Bragg, J., Bioremediation of marine oil spills: when and when not - the Exxon 448 
Valdez experience. Microb. Biotechnol. 2009, 2, (2), 213-221. 449 
38. King, G. M.; Kostka, J. E.; Hazen, T. C.; Sobecky, P. A., Microbial Responses to the 450 
Deepwater Horizon Oil Spill: From Coastal Wetlands to the Deep Sea. Annu. Rev. Mar. Sci. 451 
2015, 7, 377-401. 452 
39. Edwards, B. R.; Reddy, C. M.; Camilli, R.; Carmichael, C. A.; Longnecker, K.; Van 453 
Mooy, B. A. S., Rapid microbial respiration of oil from the Deepwater Horizon spill in offshore 454 
surface waters of the Gulf of Mexico. Environ. Res. Lett. 2011, 6, (3), 9. 455 
40. Roy, H.; Kallmeyer, J.; Adhikari, R. R.; Pockalny, R.; Jorgensen, B. B.; D'Hondt, S., 456 
Aerobic Microbial Respiration in 86-Million-Year-Old Deep-Sea Red Clay. Science 2012, 336, 457 
(6083), 922-925. 458 
41. Foght, J., Anaerobic biodegradation of aromatic hydrocarbons: pathways and prospects. 459 
J. Mol. Microbiol. Biotechnol. 2008, 15, (2-3), 93-120. 460 
42. Heider, J.; Schühle, K., Anaerobic Biodegradation of Hydrocarbons Including Methane. 461 
In The Prokaryotes, Rosenberg, E.; DeLong, E.; Lory, S.; Stackebrandt, E.; Thompson, F., Eds. 462 
Springer Berlin Heidelberg: 2013; pp 605-634. 463 
43. Coates, J. D.; Anderson, R. T.; Woodward, J. C.; Phillips, E. J. P.; Lovley, D. R., 464 
Anaerobic hydrocarbon degradation in petroleum-contaminated harbor sediments under sulfate-465 
reducing and artificially imposed iron-reducing conditions. Environ. Sci. Technol. 1996, 30, (9), 466 
2784-2789. 467 

Page 12 of 22

ACS Paragon Plus Environment

Environmental Science & Technology



 13

44. Brakstad, O. G.; Bonaunet, K., Biodegradation of petroleum hydrocarbons in seawater at 468 
low temperatures (0-5 degrees C) and bacterial communities associated with degradation. 469 
Biodegradation 2006, 17, (1), 71-82. 470 
45. Brakstad, O. G.; Nordtug, T.; Throne-Hoist, M., Biodegradation of dispersed Macondo 471 
oil in seawater at low temperature and different oil droplet sizes. Mar. Pollut. Bull. 2015, 93, (1-472 
2), 144-152. 473 
46. Prince, R. C., Oil Spill Dispersants: Boon or Bane? Environ. Sci. Technol. 2015, 49, (11), 474 
6376-6384. 475 
47. Prince, R. C.; Butler, J. D., A protocol for assessing the effectiveness of oil spill 476 
dispersants in stimulating the biodegradation of oil. Environ. Sci. Pollut. Res. 2014, 21, (16), 477 
9506-9510. 478 
48. OSAT, Summary Report for Sub-sea and Sub-Surface Oil and Dispersant Detection: 479 
Sampling and Monitoring. In NOAA, Ed. 2010. 480 
49. Kujawinski, E. B.; Soule, M. C. K.; Valentine, D. L.; Boysen, A. K.; Longnecker, K.; 481 
Redmond, M. C., Fate of Dispersants Associated with the Deepwater Horizon Oil Spill. Environ. 482 
Sci. Technol. 2011, 45, (4), 1298-1306. 483 
50. Hayworth, J. S.; Clement, T. P., Provenance of Corexit-related chemical constituents 484 
found in nearshore and inland Gulf Coast waters. Marine Pollution Bulletin 2012, 64, (10), 2005-485 
2014. 486 
51. Li, Z.; Kepkay, P.; Lee, K.; King, T.; Boufadel, M. C.; Venosa, A. D., Effects of 487 
chemical dispersants and mineral fines on crude oil dispersion in a wave tank under breaking 488 
waves. Mar. Pollut. Bull. 2007, 54, (7), 983-993. 489 
52. Valentine, D. L.; Mezic, I.; Macesic, S.; Crnjaric-Zic, N.; Ivic, S.; Hogan, P. J.; 490 
Fonoberov, V. A.; Loire, S., Dynamic autoinoculation and the microbial ecology of a deep water 491 
hydrocarbon irruption. Proc. Natl. Acad. Sci. U. S. A. 2012, 109, (50), 20286-20291. 492 
53. Kessler, J. D.; Valentine, D. L.; Redmond, M. C.; Du, M. R.; Chan, E. W.; Mendes, S. 493 
D.; Quiroz, E. W.; Villanueva, C. J.; Shusta, S. S.; Werra, L. M.; Yvon-Lewis, S. A.; Weber, T. 494 
C., A Persistent Oxygen Anomaly Reveals the Fate of Spilled Methane in the Deep Gulf of 495 
Mexico. Science 2011, 331, (6015), 312-315. 496 
54. Valentine, D. L.; Kessler, J. D.; Redmond, M. C.; Mendes, S. D.; Heintz, M. B.; Farwell, 497 
C.; Hu, L.; Kinnaman, F. S.; Yvon-Lewis, S.; Du, M. R.; Chan, E. W.; Tigreros, F. G.; 498 
Villanueva, C. J., Propane Respiration Jump-Starts Microbial Response to a Deep Oil Spill. 499 
Science 2010, 330, (6001), 208-211. 500 
55. Ryerson, T. B.; Aikin, K. C.; Angevine, W. M.; Atlas, E. L.; Blake, D. R.; Brock, C. A.; 501 
Fehsenfeld, F. C.; Gao, R. S.; de Gouw, J. A.; Fahey, D. W.; Holloway, J. S.; Lack, D. A.; Lueb, 502 
R. A.; Meinardi, S.; Middlebrook, A. M.; Murphy, D. M.; Neuman, J. A.; Nowak, J. B.; Parrish, 503 
D. D.; Peischl, J.; Perring, A. E.; Pollack, I. B.; Ravishankara, A. R.; Roberts, J. M.; Schwarz, J. 504 
P.; Spackman, J. R.; Stark, H.; Warneke, C.; Watts, L. A., Atmospheric emissions from the 505 
Deepwater Horizon spill constrain air-water partitioning, hydrocarbon fate, and leak rate. 506 
Geophys. Res. Lett. 2011, 38, 6. 507 
56. Hazen, T. C., Cometabolic Bioremediation. In Handbook of Hydrocarbon and Lipid 508 
Microbiology: Microbial interactions with hydrocarbons, oils, fats and related hydrophobic 509 
substrates and products., Timmis, K. N., Ed. Springer Verlag: Berlin, Germany, 2010; pp 2505-510 
2514. 511 
57. Nzila, A., Update on the cometabolism of organic pollutants by bacteria. Environ. Pollut. 512 
2013, 178, 474-482. 513 

Page 13 of 22

ACS Paragon Plus Environment

Environmental Science & Technology



 14

58. Crespo-Medina, M.; Meile, C. D.; Hunter, K. S.; Diercks, A. R.; Asper, V. L.; Orphan, V. 514 
J.; Tavormina, P. L.; Nigro, L. M.; Battles, J. J.; Chanton, J. P.; Shiller, A. M.; Joung, D. J.; 515 
Amon, R. M. W.; Bracco, A.; Montoya, J. P.; Villareal, T. A.; Wood, A. M.; Joye, S. B., The rise 516 
and fall of methanotrophy following a deepwater oil-well blowout. Nat. Geosci. 2014, 7, (6), 517 
423-427. 518 
59. Grossman, M. J.; Prince, R. C.; Garrett, R. M.; Garrett, K. K.; Bare, R. E.; O’Neil, K. R.; 519 
Sowlay, M. R.; Hinton, S. M.; Lee, K.; Sergy, G. A.; Owens, E. H.; Guénette, C. C. In 520 
"Microbial diversity in oiled and un-oiled shoreline sediments in the Norwegian Arctic." In 521 
Microbial Biosystems: New Frontiers. Proceedings of the 8th International Symposium on 522 
Microbial Ecology. Atlantic Canada Society for Microbiology, Kentville, Nova Scotia, Canada, 523 
2000; Kentville, Nova Scotia, Canada, 2000; pp 775-787. 524 
60. McFarlin, K. M.; Prince, R. C.; Perkins, R.; Leigh, M. B., Biodegradation of Dispersed 525 
Oil in Arctic Seawater at-1 degrees C. PLoS One 2014, 9, (1), 8. 526 
61. Kasai, Y.; Kishira, H.; Harayama, S., Bacteria belonging to the genus Cycloclasticus play 527 
a primary role in the degradation of aromatic hydrocarbons released in a marine environment. 528 
Appl. Environ. Microbiol. 2002, 68, (11), 5625-5633. 529 
62. Kasai, Y.; Kishira, H.; Sasaki, T.; Syutsubo, K.; Watanabe, K.; Harayama, S., 530 
Predominant growth of Alcanivorax strains in oil-contaminated and nutrient-supplemented sea 531 
water. Environ. Microbiol. 2002, 4, (3), 141-147. 532 
63. Roling, W. F. M.; Milner, M. G.; Jones, D. M.; Lee, K.; Daniel, F.; Swannell, R. J. P.; 533 
Head, I. M., Robust hydrocarbon degradation and dynamics of bacterial communities during 534 
nutrient-enhanced oil spill bioremediation. Appl. Environ. Microbiol. 2002, 68, (11), 5537-5548. 535 
64. Wang, W. P.; Wang, L. P.; Shao, Z. Z., Diversity and Abundance of Oil-Degrading 536 
Bacteria and Alkane Hydroxylase (alkB) Genes in the Subtropical Seawater of Xiamen Island. 537 
Microb. Ecol. 2010, 60, (2), 429-439. 538 
65. Gertler, C.; Nather, D. J.; Cappello, S.; Gerdts, G.; Quilliam, R. S.; Yakimov, M. M.; 539 
Golyshin, P. N., Composition and dynamics of biostimulated indigenous oil-degrading microbial 540 
consortia from the Irish, North and Mediterranean Seas: a mesocosm study. FEMS Microbiol. 541 
Ecol. 2012, 81, (3), 520-536. 542 
66. Kostka, J. E.; Prakash, O.; Overholt, W. A.; Green, S. J.; Freyer, G.; Canion, A.; 543 
Delgardio, J.; Norton, N.; Hazen, T. C.; Huettel, M., Hydrocarbon-Degrading Bacteria and the 544 
Bacterial Community Response in Gulf of Mexico Beach Sands Impacted by the Deepwater 545 
Horizon Oil Spill. Appl. Environ. Microbiol. 2011, 77, (22), 7962-7974. 546 
67. Lamendella, R.; Strutt, S.; Borglin, S. E.; Chakraborty, R.; Tas, N.; Mason, O. U.; 547 
Hultman, J.; Prestat, E.; Hazen, T. C.; Jansson, J., Assessment of the Deepwater Horizon oil spill 548 
impact on Gulf coast microbial communities. Frontiers in Microbiology 2014, 5. 549 
68. Mason, O. U.; Scott, N. M.; Gonzalez, A.; Robbins-Pianka, A.; Baelum, J.; Kimbrel, J.; 550 
Bouskill, N. J.; Prestat, E.; Borglin, S.; Joyner, D. C.; Fortney, J. L.; Jurelevicius, D.; 551 
Stringfellow, W. T.; Alvarez-Cohen, L.; Hazen, T. C.; Knight, R.; Gilbert, J. A.; Jansson, J. K., 552 
Metagenomics reveals sediment microbial community response to Deepwater Horizon oil spill. 553 
Isme J. 2014, 8, (7), 1464-1475. 554 
69. Baelum, J.; Borglin, S.; Chakraborty, R.; Fortney, J. L.; Lamendella, R.; Mason, O. U.; 555 
Auer, M.; Zemla, M.; Bill, M.; Conrad, M. E.; Malfatti, S. A.; Tringe, S. G.; Holman, H. Y.; 556 
Hazen, T. C.; Jansson, J. K., Deep-sea bacteria enriched by oil and dispersant from the 557 
Deepwater Horizon spill. Environ. Microbiol. 2012, 14, (9), 2405-2416. 558 

Page 14 of 22

ACS Paragon Plus Environment

Environmental Science & Technology



 15

70. McGenity, T. J.; Folwell, B. D.; McKew, B. A.; Sanni, G. O., Marine crude-oil 559 
biodegradation: a central role for interspecies interactions. Aquatic Biosystems 2012, 8, 10. 560 
71. Singh, A.; Van Hamme, J. D.; Ward, O. P., Surfactants in microbiology and 561 
biotechnology: Part 2. Application aspects. Biotechnology Advances 2007, 25, (1), 99-121. 562 

 563 

 564 

Tables 565 

 566 

Table 1. Examples of work using modern molecular probes to investigate microbial 567 

processes following exposure to spilled oil. 568 

 569 

Location Exposure Microbial Response 

Arctic  Experimental heavy fuel 

oil spill, shoreline, 

Svalbard 

Proteobacteria enriched.59 

Arctic Svalbard Sea ice 

exposed to oil 

Colwellia sequences were the most 

abundant in oil-polluted ice and were not 

detected in clean ice.23 

Arctic Oil biodegradation at -

1°C in water from 

Chukchi sea 

46 – 61% of the oil hydrocarbon was 

degraded over the course of the 60-day 

experiment.60 

Sea of Japan 1997 Nakhodka spill.  

6200 tonnes of medium 

fuel oil spilled in the Sea 

of Japan – another 

10,000 tonnes thought 

to be slowly releasing 

from the sunken vessel 

Bacteroidetes, Alphaproteobacteria and 

Cyanobacteria dominated oil-impacted 

seawater. A fertilized microcosm was 

dominated by Alcanivorax within the first 

week.61, 62 

Atlantic  Microcosms from a 

sandy shore.  

Weathered Forties 

crude oil added to sand 

microcosms; nutrients 

added to some.  

Artificial seawater used 

– oil added as emulsion 

at 3.7 kg/m2, and  

Gammaproteobacteria (especially 

Alcanivorax. and Fundibacter) dominated 

all microcosms 6 days into the 

experiment.  20 days later, 

Gammaproteobacteria remained 

dominant in the oil-only treatment, 

whereas Alphaproteobacteria (especially 

Erythrobacter) dominated the nutrient-

amended microcosm.63 

Atlantic Water from Trondheim 

fjord incubated with oil 

at 0 and 5°C. 

The majority of sequences recovered 

were Gammaproteobacteria and 

Bacteriodetes.  Several highly similar to 

Psychromonas arctica and Oleispira 

antarctica.  Archaea decreased during 

incubation.44 

Atlantic Transect from the 

Caribbean to South 

177 bacterial isolates representing 43 

genera were obtained from 18 oil-
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Africa with pelagic 

bacteria enriched by 

culture, and then 

characterized for alkane 

degradation genes 

degrading consortia.64 

Atlantic Microcosms in Bangor 

(Menai Straits, Irish 

Sea), Helgoland (North 

Sea) and Messina 

(Messina Straits, 

Mediterranean Sea).  

Weathered Arabian 

Light crude oil added at 

500ppm, with 

substantial slow-release 

nutrients up to N:C = 

1:10 

Microbial communities very similar at all 

sites after the addition of oil, with 

Alcanivorax spp. dominant.  

Cycloclasticus and Phaeobacter also a 

significant portion of the oil-impacted 

microbial communities, but differences 

in diversity at each site.65 

Mediterranean Mud volcanoes - natural 

seeps 

Flavobacteria, Methylococcales, and 

Thiotrichales more abundant than in 

nearby ‘unimpacted” samples.32 

Caspian  Microbial diversity in 

sediments assessed by 

phospholipids and 

culture-independent 

sequencing.   

Surface sediments collected from bottom 

waters with low oxygen levels dominated 

by Gammaproteobacteria while hypoxic 

bottom waters were dominated by 

Deltaproteobacteria, specifically sulfate-

reducing bacteria.  Thaumarchaeota 

were dominant in all surface sediments 

suggesting that nitrogen cycling is 

strongly influenced by ammonia-

oxidizing archaea.30 

Gulf of Mexico 2010 Deepwater Horizon 

Oil impacted shorelines 

Contaminated samples had higher 

abundance of alpha and 

gammaproteobacteria.  Successional 

changes were noted.66-68 

Gulf of Mexico 

 

Uncontaminated 

deepwater exposed to oil 

+ dispersant 

An increase in abundance of Colwellia 

and Oceanospirillales during the 

incubations.69 

 570 
 571 

  572 
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Table 2.  Impact of synergistic effects on biodegradation in marine systems.  573 

 574 

Factor working synergistically Impact on biodegradation 

Chemical dispersants + mineral fines. Individually each will promote dispersion of the oil.  

Combined, the formation and transfer of oil from the 

surface into the water column is enhanced.51 

Autoinoculation + ‘memory response” of 

hydrocarbon degraders. 

Introduction of hydrocarbons to previously exposed 

water parcels leads to an increase in microbial 

abundance and accelerated hydrocarbon 

biodegradation.52 

Oil droplet size + dispersion + biodegradation 

rates + dissolution. 

Enhances biodegradation, dissolution and dispersion 

rates of oil hydrocarbons.45  

Cometabolic biodegradation + dispersion + 

secondary electron donors. 

Enhances biodegradation, dissolution and dispersion 

rates of oil hydrocarbons even when the oil itself 

cannot be a suitable electron donor.56 

Biosurfactants from multiple microorganisms. Enhances bioavailability of poorly soluble 

compounds.70, 71 

  

 575 

 576 
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Figure 1: Oil degrading microbial taxa.  Oil degrading microbial phyla, highlighted in red, have been 
identified from all three domains of life.17  
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Figure 2:  The microbial community in the deep-water plume was distinct from the microbial community in 
uncontaminated waters at the same depth. Hierarchical clustering identified similarities between microbial 

communities.  Uncontaminated deep-water samples showed a higher relative abundance of 
Alphaproteobacteria and Acidobacteria, while the deep-water oil plume had lower abundance of 

Alphaproteobacteria and Pelagibacteraceae and much higher abundance of Gammaproteobacteria including 
Oceanospirillaceae and Pseudomonadaceae.  
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Figure 4: Fate of oil spills in marine environment (BOP=BlowOut Prevention device).40  
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