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Summary 1	
  

The Deepwater Horizon oil spill resulted in a massive influx of hydrocarbons into the 2	
  

Gulf of Mexico (the Gulf). To better understand the fate of the oil, we enriched and 3	
  

isolated indigenous hydrocarbon-degrading bacteria from deep, uncontaminated waters 4	
  

from the Gulf with oil (Macondo MC252) and dispersant used during the spill 5	
  

(COREXIT 9500). During 20 days of incubation at 5ºC, CO2 evolution, hydrocarbon 6	
  

concentrations, and the microbial community composition were determined. 7	
  

Approximately 60% to 25% of the dissolved oil with or without COREXIT, respectively, 8	
  

was degraded, in addition to some hydrocarbons in the COREXIT.  FeCl2 addition 9	
  

initially increased respiration rates, but not the total amount of hydrocarbons degraded. 10	
  

16S rRNA gene sequencing revealed a succession in the microbial community over time, 11	
  

with an increase in abundance of Colwellia and Oceanospirillales during the incubations. 12	
  

Flocs formed during incubations with oil and/or COREXIT in the absence of FeCl2. 13	
  

Synchrotron radiation-based Fourier transform infrared (SR-FTIR) spectromicroscopy 14	
  

revealed that the flocs were comprised of oil, carbohydrates and biomass. Colwellia were 15	
  

the dominant bacteria in the flocs. Colwellia sp. strain RC25, was isolated from one of 16	
  

the enrichments and confirmed to rapidly degrade high amounts (approximately 75%) of 17	
  

the MC252 oil at 5ºC. Together these data highlight several features that provide 18	
  

Colwellia with the capacity to degrade oil in cold, deep marine habitats, including 19	
  

aggregation together with oil droplets into flocs and hydrocarbon degradation ability. 20	
  

21	
  



 22	
  
Introduction 23	
  

On April 20, 2010, high-pressure oil and gas caused the Deepwater Horizon drilling rig in 24	
  

the Gulf of Mexico to explode resulting in the second largest marine oil spill in the 25	
  

history of petroleum industry. It has been estimated that ~4.1 million barrels of light 26	
  

crude oil and natural gas leaked into the Gulf from the Macondo well (MC252) during 27	
  

the ~3 months before the well head was capped (OSAT, 2010). Primarily in an attempt to 28	
  

improve safety for surface operating vehicles, ~1.8 million gallons (~37,500 barrels) of 29	
  

the chemical dispersant COREXIT (mainly 9500, but also 9527 formulation) was applied 30	
  

to the Gulf surface as well as directly into the wellhead at 1500 meters below surface 31	
  

level (mbsl; 9500 only). Very little is known about the effects and persistence of 32	
  

COREXIT in the environment, including its impact on indigenous microbes in the Gulf 33	
  

(Judson, et al., 2010).  34	
  

During the spill, hydrocarbon concentrations varied from 100% at the source to 35	
  

undetectable with increasing distance from the wellhead. During exploratory and 36	
  

surveillance cruises conducted for the US Coast Guard, National Oceanic and 37	
  

Atmospheric Administration (NOAA), and the US Environmental Protection Agency 38	
  

(EPA), a plume or cloud of dispersed MC252 crude oil was detected at 1100-1220 mbsl 39	
  

at distances up to 35 km from the wellhead (Camilli, et al., 2010). The plume is thought 40	
  

to have formed due to application of COREXIT at the wellhead and a combination of 41	
  

physical and chemical properties at 1100 mbsl depth (e.g. pressure, temperature (~5ºC), 42	
  

and salinity (Adcroft, et al., 2010, Dasanayaka & Yapa, 2009, Yapa, et al., 2008), that 43	
  

resulted in the oil attaining neutral buoyancy at this depth. During the ongoing release of 44	
  



oil several research groups reported the presence of the plume, but after the wellhead was 45	
  

capped the plume was no longer detectable (OSAT, 2010). 46	
  

Several reports have provided strong evidence that microbial processes were a 47	
  

key factor for degradation and removal of oil from the plume (OSAT, 2010). For 48	
  

example, Hazen et al. (2010) reported a shift in the composition of the microbial 49	
  

community in the deep-sea plume within one month of the spill (May 2010). They found 50	
  

that sequences corresponding to Oceanospirillales dominated in the oil plume, but that 51	
  

they were rare in uncontaminated water at the same depth. Later sampling of the plume in 52	
  

June, 2010 reported that sequences representative of Cycloclasticus and Colwellia were 53	
  

dominant, together accounting for more than 95% of the sequence data (Valentine et al., 54	
  

2010). Recently, Redmond & Valentine (2011) reported that Colwellia sequences 55	
  

increased in abundance during enrichment on crude oil at cold temperatures (4 °C) 56	
  

compared to warmer (20 °C) incubation conditions and suggested that temperature was a 57	
  

major determinant in selection of this group of microorganisms. 58	
  

Here we aimed to study the succession of the indigenous microbial community 59	
  

and the formation of microbial flocs in deep-sea water from the Gulf of Mexico during 60	
  

laboratory enrichments at cold temperature (5°C) and with high concentrations of MC252 61	
  

oil and COREXIT. We also aimed to select and isolate specific members of the microbial 62	
  

community having the capability to degrade oil in the presence or absence of dispersant. 63	
  

The source of inoculum was uncontaminated seawater collected from the Gulf of Mexico 64	
  

during the Deepwater Horizon oil spill at the depth of the reported hydrocarbon plume 65	
  

(1100 mbsl). We also looked at the impact of Fe2+ on the degradation rates because iron 66	
  



was reported to be a potentially limiting nutrient for microbial growth in the water 67	
  

column (Hazen, et al., 2010, Lu, et al., 2011, OSAT, 2010).  68	
  

During the enrichments the community composition was monitored by 454 69	
  

pyrotag sequencing of 16S rRNA genes. We also monitored respiration and degradation 70	
  

of oil and COREXIT during the incubations. These experiments enabled us to gain a 71	
  

better understanding of the pattern of microbial succession, and the response of specific 72	
  

microbial populations when exposed to high concentrations of hydrocarbons such as 73	
  

occurred during the Deepwater Horizon oil spill or that naturally occur from oil seeps on 74	
  

the ocean floor.   75	
  

 76	
  

Results 77	
  

Respiration during enrichments 78	
  

Microbial populations in water collected from the deep-sea in the Gulf of Mexico 79	
  

were enriched to grow on and degrade high concentrations of Macondo MC252 oil, in the 80	
  

presence or absence of the dispersant, COREXIT 9500 at low temperature (5°C). 81	
  

Additional treatments included Fe amendment and sterile controls. As a dissolved oxygen 82	
  

concentration of 6.07 mg/L was measured on site (Hazen, et al., 2010), our experiments 83	
  

were done under aerobic conditions. Dissolved oxygen concentrations measured on 0, 5, 84	
  

and 20 days of incubation were 8.4, 7.5, and 6.1 mg/L, respectively. 85	
  

During the enrichments we observed significant differences (t-test, P<0.05) in CO2 86	
  

evolution patterns between the different treatments (Fig. 1a). There was a substantial 87	
  

increase in CO2 evolution in the enrichments containing oil and/or COREXIT compared 88	
  

to sterile controls. In the enrichments with oil alone and oil+Fe, the cumulative CO2 89	
  



evolution during the 20-day incubation period was in the range of 2.8-3.0 mg CO2, and in 90	
  

those with COREXIT in the range 4.4-4.9 mg CO2, regardless of the presence of oil (Fig. 91	
  

1a). In the presence of FeCl2 there was an immediate onset of CO2 evolution, while in the 92	
  

enrichments without FeCl2, there was a lag phase of ~6 days before CO2 evolution 93	
  

commenced. However, regardless of the addition of FeCl2, the total amount of CO2 that 94	
  

accumulated after 20 days was similar.  95	
  

 96	
  

Degradation of Macondo crude oil  97	
  

During the incubations we determined the concentration of dissolved crude oil 98	
  

(measured as total petroleum hydrocarbons, TPH) by extracting aliquots of the seawater 99	
  

and analyzing by GC-FID as described below. In the treatments with oil and no 100	
  

COREXIT, oil adhered to the sides of the bottles, reducing the amount in the seawater to 101	
  

approximately 30% of the initial concentration of 100 ppm. In samples with COREXIT 102	
  

more of the oil was dissolved; ∼70% of the initial concentration (Fig. 1b), as expected 103	
  

because COREXIT is a dispersant. After 5 days of incubation 25% of the dissolved oil 104	
  

was degraded in samples with oil alone and 40% in samples with oil and COREXIT. 105	
  

After 20 days no additional oil was degraded in the samples with oil alone, but 60% had 106	
  

been degraded in samples with oil and COREXIT  (for mass balances see supplemental 107	
  

information Fig. S2).  While the oil degradation was reported as TPH, the majority of 108	
  

compounds lost were straight chain alkanes, which were predominant components of the 109	
  

MC 252 source oil.  110	
  

 111	
  

COREXIT 9500 degradation 112	
  



The concentrations of COREXIT components were also measured during the 113	
  

incubations. COREXIT 9500 is a water soluble mixture containing hydrocarbons (50%), 114	
  

glycols (40%) and dioctylsulfosuccinate (DOSS) (10%) and these different classes of 115	
  

compounds were degraded at different rates (Fig. 1c). While degradation of the 116	
  

hydrocarbon compounds was initially fast, slowing down in the latter phase, the glycol 117	
  

compounds and DOSS were degraded at a linear rate. Although the largest portion of 118	
  

degraded mass originated from the hydrocarbon fraction, still a significant amount of the 119	
  

DOSS was degraded, while the glycols were more recalcitrant.  120	
  

 121	
  

Cell counts   122	
  

There was an increase in microbial cell density in all of the enrichments with oil 123	
  

and/or COREXIT added (Fig. 1d). The bacterial counts for the source water before 124	
  

incubation was in the range 2-4×104 cells ml-1. Over time we observed a significant (t-125	
  

test, P<0.05) increase in the cell density in the oil and/or COREXIT amended 126	
  

enrichments. The highest densities of 1-2×107 cells ml-1 were obtained in enrichments 127	
  

with both oil and COREXIT, corresponding to the highest respiration rates also observed 128	
  

in those treatments. In enrichments with oil alone the growth was slower with ~1×105 129	
  

cells ml-1 on day 5 of incubation and ~2×106 cells ml-1 on day 20 (Fig. 1d). 130	
  

 131	
  

Microbial community analysis 132	
  

One of our main goals was to determine which specific members of the 133	
  

indigenous microbiota in the deep-sea of the Gulf of Mexico were enriched in the 134	
  

presence of high concentrations of oil. Therefore, DNA was extracted during the 135	
  



incubations and 16S rRNA genes were sequenced using a 454 pyrotag sequencing 136	
  

approach. A total of 148,276 quality-filtered reads were clustered in OTUs with 97% 137	
  

similarity enabling identification of OTUs down to genus level, but no differentiation on 138	
  

the species level was possible. During the enrichments there was a clear succession in the 139	
  

bacterial community composition (Fig. 2). In particular, Colwelliaceae increased from 140	
  

barely detectable in the source water to relative abundances of 15 to 30% in all of the 141	
  

enrichments, similar to the recent findings reported by Redmond and Valentine (2011). 142	
  

Also bacteria within the Oceanospirillales, including Oleispira spp. that was previously 143	
  

found to be abundant in the deep-sea oil plume during the Deepwater Horizon oil spill 144	
  

(Hazen, et al., 2010), increased from being rare (i.e.<1% relative abundance) to relative 145	
  

abundances of 5-10% as the hydrocarbons were degraded. As these values are all relative, 146	
  

the overall microbial abundance increased substantially, such that even those groups that 147	
  

declined in relative abundance may have increased in total numbers. 148	
  

 149	
  

Microbial floc formation 150	
  

Large flocs (Fig. 3a and 3c) were observed in all of the enrichments with oil 151	
  

and/or COREXIT and without FeCl2, while in enrichments with FeCl2 there was no floc 152	
  

formation (Fig. 3b). Typically, there was one large floc suspended in the water after 20 153	
  

days of incubation, but already after 2 days cell aggregates were detectable by light 154	
  

microscopy (Fig. 3a). After 20 days of incubation a typical floc had a size of 1-4 cm, was 155	
  

white in color, and suspended in the water. 156	
  

SR-FTIR spectromicroscopy at the LBNL Advanced Light Source (ALS) was 157	
  

used to monitor the composition of the flocs during their formation. The SR-FTIR spectra 158	
  



revealed intense absorption peaks (Fig. 4) between 3100 and 2800 cm-1, strong absorption 159	
  

peaks at ~1730 and ~1545 cm-1, and absorption profiles between 1200 and 900 cm-1 160	
  

associated with the flocs (Fig. 4).  These absorption features are well described for the 161	
  

hydrocarbon (C−H) vibration modes of the MC252 oil, the carbonyl (C=O) vibrational 162	
  

modes of oil degradation products, amide II (N−H) vibrational modes of proteins, and 163	
  

ring vibrations of diverse polysaccharide and exopolysaccharide (EPS) groups (Hazen, et 164	
  

al., 2010, Naumann, 2000).  A time course analysis of image and intensity of absorption 165	
  

features revealed that the chemical and biochemical composition of the flocs evolved 166	
  

over time (Fig. 5).  The intensity of the absorption bands corresponding to MC252 oil 167	
  

components increased in intensity from 0.056 relative absorbance units (a.u.) to 1.11 a.u. 168	
  

during the initial 20 days of incubation and subsequently declined to 0.98 a.u. for the 169	
  

remaining 20-40 day incubation period. This suggests that the oil tended to initially 170	
  

concentrate in the floc material, but was subsequently degraded. Meanwhile, the 171	
  

absorption intensity of the protein amide II signal increased from 0 (at t = 0 days) to 172	
  

0.123 a.u. (t = 40 days) throughout the incubation period indicating an increasing 173	
  

abundance of biological material. The absorption intensity and the absorption profile 174	
  

complexity throughout the infrared fingerprint region (~1500 to 700 cm-1) also increased 175	
  

during the incubation period (Fig. 4) and exhibited the spectral features typical of marine 176	
  

mucilages containing polysaccarides (Berto, et al., 2005) or marine snow (Mecozzi & 177	
  

Pietrantonio, 2006).   178	
  

The bacterial community composition in the flocs was determined by 16S rRNA 179	
  

gene 454 pyrotag sequencing. The sequencing data revealed that Colwelliaceae were the 180	
  

dominant taxa in the flocs at relative levels of 70% at all time points (Fig 2). The 181	
  



microbial diversity was also considerably lower in the flocs compared to the bulk 182	
  

seawater (Fig. 2). Another group that was detected in the flocs corresponded to 183	
  

Methylococcaceae that increased in relative abundance from less than 1% at 10 days of 184	
  

incubation to 16% after 40 days of incubation.  All of the bacteria that were detected in 185	
  

the flocs were also detected in the bulk water, but their relative amounts differed in the 186	
  

two sample types, suggesting that only certain members of the community were 187	
  

associated with the flocs and their formation. 188	
  

 189	
  

Isolation of hydrocarbon degrading Colwellia. 190	
  

 Because of the dominance of Colwelliaceae in the enrichments and in the flocs, a 191	
  

representative strain was isolated in order to determine whether it was capable of oil 192	
  

degradation. Subsamples were collected from one of the enrichments on oil and 193	
  

COREXIT at the conclusion of the 20-day incubation period and streaked onto Marine 194	
  

Broth agar plates. After incubation at 5°C for one week, individual, smooth, beige 195	
  

colonies appeared on the plates. SEM imaging revealed that the cells were slightly curved 196	
  

rods (Fig. 6). The cells were approximately 1.5-2 µm long and approximately 0.25-0.4 197	
  

µm wide. 16S rRNA gene sequencing revealed that the isolate was a Colwellia species 198	
  

(strain RC25) with 98.6% sequence homology to the most abundant Colwellia spp. 199	
  

observed by 16S pyrosequencing in the original enrichments. The 16S rRNA gene 200	
  

sequence of Colwellia sp. RC25 had 96% sequence similarity to the type strain, Colwellia 201	
  

psychretryhraea 34H, isolated by Methé et al. (2005). Cells of strain RC25 were gram 202	
  

negative, non-spore forming, appeared motile and grew at 5°C.  203	
  



 The isolate was transferred to liquid medium containing 100 ppm MC252 oil and 204	
  

60 ppm COREXIT. After 10 days of incubation, approximately 75% of the initial amount 205	
  

of MC252 oil was degraded by Colwellia strain RC25 (Fig. 7), demonstrating that this 206	
  

organism is a likely candidate for the observed hydrocarbon degradation in the 207	
  

enrichments. 208	
  

 209	
  

Discussion 210	
  

As a result of millions of years of natural oil seeps from the seafloor, oil residues 211	
  

in the Gulf of Mexico are a common phenomenon (OSAT, 2010) and hence it is not 212	
  

surprising that the microbial potential for biodegradation of oil compounds is present. 213	
  

Several studies have reported degradation of oil in surface seawater (Gertler, et al., 2009, 214	
  

Kasai, et al., 2002, Zahed, et al., 2010), but to our knowledge no investigations of oil 215	
  

degradation potentials in deep sea environments were reported prior to the Deepwater 216	
  

Horizon oil spill. Although the deep sea is notable due to its low ambient temperature and 217	
  

high pressure, the microbial responses to oil determined from our experiments are similar 218	
  

to those reported for several other environments (Atlas & Hazen, 2011). 219	
  

Different hydrocarbon fractions of Macondo (MC252) oil in the deepwater plume 220	
  

resulting from the Deepwater Horizon oil spill were previously found to be largely 221	
  

removed by a combination of dispersion and microbial degradation by the indigenous 222	
  

microbes in the deep sea (Atlas & Hazen, 2011, Hazen, et al., 2010, Lu, et al., 2011, 223	
  

Valentine, et al., 2010, Kessler, et al., 2011). Here enrichments were performed with high 224	
  

concentrations of MC252 oil to identify specific members of the indigenous community 225	
  

that could respond to high inputs of hydrocarbons. Uncontaminated seawater collected 226	
  



from a depth of 1100 mbsl in the Gulf of Mexico during the time of the Deepwater 227	
  

Horizon oil spill was used as a source of inoculum. The oil served as a carbon substrate 228	
  

and induced a substantial microbial bloom over a short 20-day incubation period. When 229	
  

COREXIT 9500 was added, more of the oil was in solution and approximately twice as 230	
  

much was potentially available for degradation by bacteria in the seawater. The 231	
  

hydrocarbon components of the dispersant, COREXIT 9500, were also mineralized and 232	
  

served as a carbon source for microbial growth.  233	
  

Amendment with limiting nutrients, nitrogen and phosphorous, has sometimes been used 234	
  

to increase the rate of degradation in previous oil spills (Bragg, et al., 1994). However, the Gulf 235	
  

samples were replete in N and P, although low in Fe (Hazen, et al., 2010). A positive impact of 236	
  

iron addition on biodegradation rates of oil has been reported previously in habitats with iron 237	
  

limiting conditions (Teralmoto, et al., 2009, Wang, et al., 2010). When we added FeCl2 to the 238	
  

enrichments, we observed an initial increase in degradation and an increase in microbial growth 239	
  

rates, but after 20 days of incubation no difference in terms of amount of oil degraded was 240	
  

detected. Another effect of the addition of FeCl2 was the absence of floc formation. Therefore, 241	
  

although Fe concentrations were low the natural microbial community still had the capacity to 242	
  

grow and degrade the hydrocarbons without Fe supplementation. 243	
  

In agreement with this enrichment study, flocs were also observed in The Gulf of 244	
  

Mexico in situ after substantial amounts of oil had been degraded following the 245	
  

Deepwater Horizon oil spill (Hazen et al., 2010). To our knowledge no such floc 246	
  

formation has previously been reported in association with oil degradation. However, 247	
  

marine flocs, also known as marine snow, are otherwise a common phenomenon in 248	
  

marine ecosystems (Azam & Malfatti, 2007), where they represent hot-spots for nutrients 249	
  

and thereby microbial activity (Azam & Long, 2001). We found that cells began to 250	
  



aggregate immediately after addition of oil to the water (Fig. 3a) and our SR-FTIR data 251	
  

suggest that the initial floc formation occurred on the surface of oil droplets (Fig. 5c). 252	
  

Multiple aggregates formed within days, but with time they merged together into one 253	
  

large floc. Eventually, the flocs were comprised of a complex structure of EPS, protein, 254	
  

oil, and oil degradation products and bacteria. A model of proposed steps in the floc 255	
  

formation based on our cumulative data is shown in figure 5. 256	
  

 Interestingly, the flocs were primarily comprised of a select group of bacteria that 257	
  

were enriched from the original source water, dominated by an OTU with closest match 258	
  

to Colwellia. Members of the Colwelliaceae have previously been shown to produce EPS 259	
  

under extreme conditions (i.e. low temperature, high pressure, and low salinity) (Marx, et 260	
  

al., 2009), and some species contain genes for enhanced survival in cold environments 261	
  

(Methé et al., 2005). Species of Methylococcaceae and Rhodobacteriaceae were also 262	
  

found in the flocs and these have representatives that have previously been associated 263	
  

with degradation of hydrocarbons (Redmond, et al., 2010, Brakstad & Lodeng, 2005, 264	
  

Coulon, et al., 2007, McKew, et al., 2007). We propose that the ability of some members 265	
  

of the community, to produce EPS and aggregate into flocs was a key physiological 266	
  

mechanism for the oil degrading community to aggregate together with oil droplets and 267	
  

to conserve nutrients. 268	
  

The same Colwellia sequence that we found in the flocs was also enriched in the 269	
  

water phase during the incubations. Valentine et al. (2010) also reported that Colwellia 270	
  

sequences dominated near-well plume samples during the Deepwater Horizon spill, and 271	
  

Redmond & Valentine (2011) showed that Colwellia sequences were particularly 272	
  

enriched at low temperature (4 °C) compared to a higher temperature (20 °C). Using 273	
  



stable isotope probing (SIP) Colwellia sequences were found to be the most abundant 274	
  

sequences in heavy DNA from incubations with ethane, propane and benzene, suggesting 275	
  

that they had the capability to oxidize these compounds (Redmond & Valentine, 2011). 276	
  

An OTU with closest match to Oleispira, a member of the Oceanospirillales previously 277	
  

suggested to be involved in hydrocarbon degradation (Yakimov et al., 2003), was also 278	
  

initially enriched in the presence of oil. Subsequently, Colwellia sequences increased in 279	
  

relative amounts, similar to the succession pattern observed in situ during the Deepwater 280	
  

Horizon oil spill (Hazen et al., 2010, Valentine et al., 2010, Redmond & Valentine, 281	
  

2011). One hypothesis is that there was a natural succession of the indigenous deep-sea 282	
  

microbiota over time in the deep-sea oil plume, depending on the hydrocarbon fractions 283	
  

available to the microbial community, as also recently suggested by Redmond & 284	
  

Valentine (2011). Collectively, these findings suggest that representatives of the 285	
  

Collwelliaceae and Oceanospiralleles play a predominant role in hydrocarbon 286	
  

degradation in the deep sea. In particular, Colwellia could have a competitive advantage 287	
  

in the presence of high concentrations of oil and dispersant due to their ability to produce 288	
  

EPS and form flocs. 289	
  

In order to better understand the degradation capability and physiology of 290	
  

Colwellia in the enrichments, we successfully obtained an isolate (Colwellia sp. strain 291	
  

RC25) and demonstrated that it is able to degrade hydrocarbons in crude oil at low 292	
  

temperature. A psychrotrophic lifestyle is apparently a key feature of the Colwellia 293	
  

genus. For example, Colwellia sequences have also been detected in oil contaminated sea 294	
  

ice (Brakstad, et al., 2008) and the type species of the genus (C. psychrerythraea 34H) 295	
  

was isolated from arctic marine sediments (Huston et al., 2000). C. psychrerythraea 34H 296	
  



was genome sequenced, revealing several features that may contribute towards a 297	
  

psychrophilic lifestyle (Methé et al., 2005). Interestingly, the C. psychretryhraea 34H 298	
  

genome included genes for production of EPS that were postulated to be important for 299	
  

biofilm formation. In our study, SR-FTIR spectromicroscopy revealed that EPS were 300	
  

abundant in the flocs that were dominated by Colwellia. Therefore, it would be 301	
  

interesting to determine if the genes for this process are similarly found in strain RC25 in 302	
  

future studies. In addition the sequenced genome of C. psychretryhraea 34H suggest the 303	
  

presence of putative dioxygenases and monooxygenases critical to ring cleavage and 304	
  

aliphatic compound degradation (Methé et al., 2005). Together with our results, this 305	
  

suggests that Colwellia have potential for degradation of hydrocarbons in cold marine 306	
  

habitats. 307	
  

Here we also provide the first data regarding COREXIT 9500 degradation by 308	
  

indigenous microbes from the Gulf, although other laboratories (Garcia, et al., 2009) 309	
  

have done studies on biodegradability of comparable dispersant agents. In situ evidence 310	
  

suggests a slow degradation of DOSS at plume depth after the Deepwater Horizon oil 311	
  

spill (Kujawinski, et al., 2011). We found that both DOSS and the glycol compounds 312	
  

were degraded more slowly than the hydrocarbon fraction in COREXIT 9500. Although 313	
  

none of the glycol compounds were detected in-situ in the Gulf during surveillance 314	
  

cruises (OSAT, 2010), they are designed to be easily soluble in water and could have 315	
  

become so diluted that their concentrations were below the detection limit. One serious 316	
  

concern for the massive use of COREXIT 9500 during the MC252 oil spill was its 317	
  

unknown toxic effects, but in our enrichments we found no  negative effects of high 318	
  

amounts of COREXIT on growth of indigenous microorganisms from the site. 319	
  



In conclusion we demonstrated a high potential for microbial degradation of oil in 320	
  

the deep sea of the Gulf of Mexico. The bacterial communities adapted rapidly to the 321	
  

introduction of hydrocarbons with sequences representative of first Oleispira, then 322	
  

Colwellia becoming dominant. These data help to explain how the indigenous microbial 323	
  

community in the Gulf evolves when exposed to high inputs of hydrocarbons. The 324	
  

combination of 16S sequencing and the SR-FTIR approach that we used enabled us to 325	
  

monitor the evolution of flocs during exposure to high concentrations of oil for the first 326	
  

time; the ecological significance of which remains to be investigated.  327	
  

 328	
  

Experimental procedures 329	
  

Water, oil, and COREXIT 9500 collection 330	
  

Uncontaminated water was collected from the Gulf of Mexico on June 6, 2010 during the 331	
  

active phase of the Deepwater Horizon oil spill on a cruise aboard the R/V Ocean Veritas 332	
  

as described in Hazen et al. (2010). Water collected for this study was sampled along 333	
  

with the general monitoring done by the ship using a CTD sampling rosette (Sea-Bird 334	
  

Electronics Inc., Bellevue, WA). The exact position for the sampling was 28.6746ºN, 335	
  

88.3298ºW at 1100 mbsl. No oil was detected at this position in situ using a dual colored 336	
  

dissolved organic matter (CDOM) WETstar fluorometer (WET Labs, Philomath, OR). 337	
  

Temperature at the depth of the sampling site was 4.8°C, dissolved oxygen (DO) was 338	
  

6.07 mg/L, and Fe was below the detection limit (<50 ppb). The water was stored and 339	
  

shipped in the dark at 4°C to Lawrence Berkeley National Laboratory (LBNL, CA, USA) 340	
  

in the dark. 341	
  



Macondo (MC252) oil was sampled on May 22, 2010 directly from the Discovery 342	
  

Enterprise drillship located above the wellhead during the Deepwater Horizon oil spill. A 343	
  

detailed analysis of the oil composition is given in Hazen et al. (2010). COREXIT 9500 344	
  

(Nalco, Sugar Land, TX), the dispersant used during the oil spill, was kindly provided by 345	
  

Thomas Azwell (UC Berkeley). 346	
  

 347	
  

Enrichment setup 348	
  

Enrichments were established in 125 ml serum bottles with 100 ml of uncontaminated 349	
  

water collected from the Gulf as described above, together with combinations of 100 350	
  

mg/L MC252 oil, 60 mg/L COREXIT 9500, and 0.1 mM FeCl2. Five different conditions 351	
  

were investigated; oil, oil+COREXIT, COREXIT, oil+FeCl2, and oil+COREXIT+FeCl2. 352	
  

Controls included water alone, water sterilized with 10 mM NaN3 and water sterilized 353	
  

with 10 mM NaN3 and supplemented with 100 mg/L oil and 0.1 mM FeCl2. Additional 354	
  

enrichments were set up with 100 ml uncontaminated water from the Gulf and 100 mg/L 355	
  

oil in order to study floc formation. Bottles were sealed with Teflon coated rubber 356	
  

stoppers and attached to a Micro-oxymax respirometer (Columbus Instruments, Ohio, 357	
  

USA) to measure CO2 evolution. The respirometer attachment had a closed loop that 358	
  

cycled the headspace with periodic measurement of CO2 evolution every second hour. 359	
  

The total headspace in the bottles was 150 ml, including the bottle headspace and 360	
  

headspace in the tubing of the respirometer, enough to maintain aerobic conditions 361	
  

throughout the experiment. As CO2 is present in seawater as carbonate, the numbers 362	
  

obtained from the respirometer were corrected by multiplying the measured 363	
  

concentrations by 2.3. This multiplication factor was determined in a separate experiment 364	
  



where we investigated the CO2 uptake of sterile seawater at 5°C and found that the ratio 365	
  

between CO2 dissolved in seawater (including total inorganic carbon) and CO2 in the 366	
  

headspace was 2.3 (For further information see supporting information, Figure S1). 367	
  

 Because of the need to destructively sacrifice samples for hydrocarbon and DNA 368	
  

extraction, as described below, each enrichment was set up with three replicates (n=3) for 369	
  

sampling points 0, 5, and 20 days and after 2, 5, 10, 20, and 50 days of incubation for the 370	
  

set of enrichments used to study floc formation. In addition, at each sampling point cells 371	
  

were enumerated using a standard acridine orange staining protocol (Francisc, et al., 372	
  

1973) and imaged with a FITC filter on a Zeiss Axioskop (Carl Zeiss, Inc., Germany). 373	
  

The enrichments were incubated at 5ºC in the dark. To verify that aerobic conditions 374	
  

were present throughout the incubation period, bottles were opened in an anaerobic 375	
  

chamber and dissolved oxygen was measured using the AccuVac colorimetric method 376	
  

(HACH, Loveland, USA).  377	
  

 378	
  

Microbial Isolation and Identification 379	
  

Subsamples collected from one of the enrichments with oil and COREXIT after 20 days 380	
  

incubation were streaked onto Marine Broth agar plates. After incubation at 5°C for one 381	
  

week, individual colonies appeared on the plates. Colonies were subsequently 382	
  

individually transferred to modified minimal marine medium (Coates et al., 1995), 383	
  

supplemented with 100 ppm MC252 oil, 60 ppm COREXIT and 1g/L bactopeptone. The 384	
  

ability of the cultures to degrade hydrocarbons was determined as described below.  385	
  

 386	
  



For 16S rRNA based identification of the isolate, DNA was extracted using the MoBio 387	
  

UltraClean Microbial DNA Isolation Kit (MoBio Inc, Carlsbad,CA).  PCR amplification 388	
  

was carried out using universal bacterial 16S rRNA gene primers 1492R and 27F in 50ul 389	
  

reactions. Verified 16S amplicons were purified using the procedure provided in the 390	
  

MoBio Ultraclean PCR Clean-up kit (MoBio, Carlsbad, CA). Samples were submitted to 391	
  

the UC Berkeley DNA Sequencing Facility for 16S rRNA sequencing using the Applied 392	
  

Biosystems BigDye Terminator V3.1 Cycle Sequencing protocol and ABI Sequencing 393	
  

Analysis Software Version 5.1. 394	
  

 395	
  

Scanning Electron Microscopy (SEM) was performed on 0.2 micron pore size Millipore 396	
  

filters (Millipore, Billerica, MA 01821, USA). A 1.0 ml aliquot of the suspended sample 397	
  

solution was pushed through the Millipore filters using a syringe. The filters were then 398	
  

washed several times with 0.1M sodium cacodylate buffer (pH 7.4) to remove excess 399	
  

material followed by on-ice fixation with 2% glutaraldehyde for 1 hour, and on-ice post-400	
  

fixation with 1% OsO4 for 1 hour. Fixation was followed by dehydration with a graded 401	
  

ethanol series (20%, 40%, 50%, 70%, 90%, 100%, 100%), critical point drying using a 402	
  

Tousimis AutoSamdri 815 Critical Point Dryer (Tousimis, Rockville, MD 20851, USA), 403	
  

and sputter coating with gold-palladium using a Tousimis Sputter Coater (Tousimis, 404	
  

Rockville, MD 20851, USA). Images were collected using a Hitachi S5000 Scanning 405	
  

Electron Microscope (Hitachi High Technologies America Inc, Pleasanton, CA 94588, 406	
  

USA). 407	
  

 408	
  



Hydrocarbon measurements 409	
  

Samples were taken from the enrichments for hydrocarbon measurements after 0, 1, 5, 410	
  

and 20 days of incubation. To determine hydrocarbon concentrations derived from the 411	
  

presence of oil in the samples, 500 µL of chloroform was added to a 5 ml water sample 412	
  

and mixed by vortexing.  The chloroform fraction was removed and the water re-413	
  

extracted 2 additional times and the extracts combined.  The extract was dried over 414	
  

anhydrous sodium sulfate and analyzed without further concentration.  Hydrocarbon 415	
  

concentrations were measured using a GC-FID (Agilent, Santa Clara, USA) enabling 416	
  

individual quantification of the majority of the crude oil constituents as previously 417	
  

described (Hazen, et al., 2010). Selected samples were run on a GC/MSD (Agilent, Santa 418	
  

Clara, USA) for compound identification. Results are reported as Total Petroleum 419	
  

Hydrocarbons (TPH) and quantification was accomplished by comparison to known 420	
  

concentrations of diluted MC252 oil standards. In the samples containing the COREXIT 421	
  

dispersant, 26 compounds were grouped into hydrocarbon, glycol, and DOSS fractions 422	
  

and assessed. 423	
  

To test the hydrocarbon degradation potential of Colwellia sp. strain RC25, a 10% 424	
  

inoculum of washed cells was incubated at 5°C in serum bottles containing 50 ml of 425	
  

modified minimal marine medium with 100 ppm MC252 oil and 60 ppm COREXIT. To 426	
  

ensure aerobic conditions, 5 ml of air were injected into the serum bottles at regular 427	
  

intervals during the incubation period. At 3, 6, 10, 14, 21, 28 and 37 days of incubation, 428	
  

triplicate samples were harvested for hydrocarbon analysis as detailed above, with the 429	
  

following modifications; (1) the entire 50 ml volume was sacrificed for each analysis and 430	
  



(2) the bottle was washed three times with chloroform and these washes were added to 431	
  

the analyses.  432	
  

 433	
  

DNA extraction and sequencing of enrichments and flocs 434	
  

Subsamples were taken from the enrichments before the start of the experiment (Day 0), 435	
  

and after 5 and 20 days of incubation. 80 ml water (including visible flocs when present) 436	
  

were split into two 50 ml tubes and centrifuged at 18,000 ×g for 15 min. The supernatant 437	
  

was filtered through a 0.22 µm Sterivex filter (MilliPore, Billerica, USA). Filters and 438	
  

pellets were stored at -80°C until extracted. When sampling floc material alone, intact 439	
  

flocs were carefully removed from the water with a pipette. The flocs were carefully 440	
  

rinsed three times in sterile filtered milliQ water before transferring to a microcentrifuge 441	
  

tube for DNA extraction. 442	
  

 DNA was extracted as described in Hazen et al. (2010) with the following 443	
  

modifications: Cell pellets were dissolved in extraction buffer and transferred along with 444	
  

the entire filter to a 1.5 ml PULSE tube (Pressure BioSciences, South Easton, USA). The 445	
  

PULSE tube was placed in a Barocycler NEP 3229 (Pressure BioSciences, South Easton, 446	
  

USA) and the cells were lysed using pressure cycling with 20 cycles of 20 sec at 35,000 447	
  

psi and 10 sec at atmospheric pressure. After pressure lysis the entire solution and filter 448	
  

were transferred to the Lysing Matrix E tube (MP Biomedicals, Solon, USA). 449	
  

 16S rRNA gene sequences were amplified from the DNA extracts using the 450	
  

primer pair 926f/1392r as described in Engelbrektson et al. (2010), with an additional 451	
  

wobble added to the 926F primer to improve coverage of the archaea (5’ - cct atc ccc tgt 452	
  

gtg cct tgg cag tct cag aaa ctY aaa Kga att gRc gg – 3’, including titanium adapter 453	
  



sequence). The reverse primer included a 5 bp barcode for multiplexing of samples 454	
  

during sequencing. Sequencing of the PCR amplicons was performed at DOE’s Joint 455	
  

Genome Institute (JGI) or at the GeneChip™ Microarray Core (San Diego, USA) using 456	
  

Roche 454 GS FLX Titanium technology, with the exception that the final dilution was 457	
  

1e−8 (Allgaier, et al., 2010). The raw sequence reads and quality files were deposited into 458	
  

the NCBI sequencing read archive under project number SRA049463.  The 16S rRNA 459	
  

gene sequence of Colwellia strain RC25 has been deposited to NCBI GenBank with 460	
  

accession number JQ627834. 461	
  

 462	
  

 463	
  

Community Profiling 464	
  

Pyrotag sequences were analyzed using the QIIME pipeline (Caporaso, et al., 465	
  

2010). Briefly, 16S rRNA gene sequences were clustered with uclust (Edgar, 2010) and 466	
  

assigned to operational taxonomic units (OTUs) with 97% similarity. Representative 467	
  

sequences from each OTU were aligned with Pynast (Caporaso, et al., 2010) using the 468	
  

Greengenes core set. Taxonomy was assigned using the Ribosomal Database Project’s 469	
  

Naïve Bayesian classifier (Wang, et al., 2007) with a confidence of 80%.  470	
  

 471	
  

SR-FTIR spectromicroscopy of flocs   472	
  

Synchrotron radiation-based Fourier transform infrared (SR-FTIR) 473	
  

spectromicroscopy in the mid infrared region (∼4000–650 cm–1 wavenumber) was used 474	
  

to detect petroleum products, petroleum degradation products, as well as macromolecules 475	
  

of biological origin as previously described (Hazen, et al., 2010, Holman, et al., 2010). 476	
  



The advantage of this approach is that it has a signal-to-noise ratio 100-1000 times better 477	
  

than conventional FTIR approaches (Holman, et al., 2010). For the present study, SR-478	
  

FTIR analyses were conducted on fresh flocs, which were gently rinsed with sterile 479	
  

filtered, deionized water in order to minimize interference from molecules in the 480	
  

seawater. The floc was placed onto an infrared transparent ZnSe disc prior to imaging. 481	
  

For each SR-FTIR imaging measurement, the entire view-field of the floc was divided 482	
  

into equal-sized 5-µm×5-µm squares before scanning. Photons were focused through the 483	
  

floc using a Nicolet Nic-Plan IR microscope (with a numerical aperture objective of 484	
  

0.65), which was coupled to a Nicolet Magna 760 FTIR bench (Thermo Scientific Inc., 485	
  

MA, USA). The SR-FTIR transmission spectra at each position were collected using a 486	
  

single-element MCT (mercury-cadmium-telluride) detector at a spectral resolution of 4 487	
  

cm-1 with 8 co-added scans and a peak position accuracy of 1/100 cm-1.  Background 488	
  

spectra were acquired from locations without any floc material and were used as 489	
  

reference spectra for both samples and standards to remove background H2O and CO2 490	
  

absorptions. A data cube of position-associated infrared spectra was obtained following 491	
  

each SR-FTIR data acquisition experiment. This data cube was then subjected to an array 492	
  

of data processing calculations using both Matlab and Thermo Electron’s Omnic version 493	
  

7.3, which included the computational conversion of each transmission to absorption 494	
  

spectrum and baseline removal. Spectral absorption peaks, which could be linked to 495	
  

target molecules in the flocs, were integrated. The relative concentration of a particular 496	
  

chemical component is presented as absorbance units (a.u.). 497	
  

 498	
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Figure 1. Enrichments of deep-sea bacteria collected from the Gulf of Mexico during the 

Deepwater Horizon oil spill to high concentrations of Macondo (MC252) crude oil (100 

ppm) and the dispersant, COREXIT 9500 (60 ppm).  (a) Measurement of CO2 evolution 

(microbial respiration); (b) degradation of MC252 oil; (c) degradation of components in 

COREXIT 9500; (d) microbial cell counts. Treatments were as follows:  –�– seawater 

control, –o– sterile seawater control, –r– sterile seawater with oil and FeCl2 added, –

¢– oil alone, –p– oil+COREXIT, –q– COREXIT, –¿– Oil+Fe, –ê– 

Oil+COREXIT+Fe, --q-- hydrocarbon fraction in COREXIT 9500, ´´´�´´´ glycol 

fraction in COREXIT 9500, and -´¢´´- dioctylsulfocussinate (DOSS) fraction in 

COREXIT 9500. ä indicates the time points that triplicate enrichments were sacrificed 

during the incubations. Error bars represent standard error of three replicate enrichments. 

	
  

Figure 2. Relative abundance of different phylogenetic groups based on operational 

taxonomic units (OTUs) obtained by pyrotag sequencing of amplified 16S rRNA genes. 

Each bar represents the mean of 3 replicate enrichments. C = COREXIT. 

 

Figure 3. Microscopic images of cell aggregation and floc formation.  Panels (a) and (b) 

are microscopic images of cells collected on 0.2 µm filters and stained with acridine 

orange: (a) cells that are aggregating in the presence of oil alone after 2 days incubation, 

(b) lack of cell aggregation in the presence of oil and FeCl2 after 2 days of incubation. (c) 

A microscopic image of a portion of a floc collected from an enrichment after 40 days of 

incubation with oil. 

 



Figure 4. SR-FTIR spectra of floc material collected after 0 (no floc material), 5, 10, 20, 

and 40 days of incubation with 100 mg L-1 MC252 oil. Tentative band assignment of the 

protein amide I and II vibration modes at ~1648 and ~1542 cm-1, of the carbohydrate 

vibration modes at ~1000 cm−1, of alkane C-H vibration modes in oil from MC252, and 

of carbonyl (C=O) vibration modes at ~1730 cm−1 in oil oxidation products.  

 

Figure 5. SR-FTIR images of the formation and growth of a floc during enrichments 

with 100 mg L-1 MC252 oil at five different time points. (a) An illustrative model of the 

evolution of floc formation over time. Colors in the illustration correspond to the 

following: yellow, oil; blue, EPS, with associated microbial cells. The scale for the first 3 

time points is in tens of µm and for the last 2 time points in hundreds of µm. (b) 

Microscopic images of a floc at t = 0, 5, 10, 20, and 40 days. (c) Distribution heat map of 

alkane C-H vibration modes in MC252 oil, of protein amide II vibration modes at ~1542 

cm−1, of the carbohydrate/EPS vibration modes at ~1000 cm−1, and of the carbonyl (C=O) 

vibration modes at ~1730 cm-1 in oil oxidation products. The corresponding maximum 

absorbance intensity (the value given in white) is given in absorbance units (a.u.).  

 

Figure 6. Scanning Electron Microscopic (SEM) image of a single Colwellia sp. RC25 

cell. The cell is approximately 1.5-2 µm long and approximately 0.25-0.4 µm wide. 

 

Figure 7.  Total hydrocarbons recovered from Colwellia sp. RC25 incubations with  

Macondo (MC252) crude oil (100 mg/L) and the dispersant, COREXIT 9500 (60 mg/L) 



after aerobic incubation at 5C for 37 days. The data represent the mean of triplicate 

samples.	
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DISCLAIMER  
 
This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor The Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or The Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or The Regents of 
the University of California. 
 
Ernest Orlando Lawrence Berkeley National Laboratory is an equal opportunity 
employer. 
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