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Abstract A laboratory experiment was conducted to
identify key hydrocarbon degraders from a marine oil spill
sample (Prestige fuel oil), to ascertain their role in the
degradation of different hydrocarbons, and to assess their
biodegradation potential for this complex heavy oil. After a
17-month enrichment in weathered fuel, the bacterial
community, initially consisting mainly of Methylophaga
species, underwent a major selective pressure in favor of
obligate hydrocarbonoclastic microorganisms, such as
Alcanivorax and Marinobacter spp. and other hydrocarbon-
degrading taxa (Thalassospira and Alcaligenes), and showed
strong biodegradation potential. This ranged from >99% for
all low- and medium-molecular-weight alkanes (C;5—C,7) and
polycyclic aromatic hydrocarbons (Cy- to C,- naphthalene,
anthracene, phenanthrene, dibenzothiophene, and carbazole),
to 75-98% for higher molecular-weight alkanes (C,s—Cy)
and to 55-80% for the C; derivatives of tricyclic and
tetracyclic polycyclic aromatic hydrocarbons (PAHs) (e.g.,
Cs-chrysenes), in 60 days. The numbers of total heterotrophs
and of n-alkane-, aliphatic-, and PAH degraders, as well as the
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structures of these populations, were monitored throughout
the biodegradation process. The salinity of the counting
medium affects the counts of PAH degraders, while the
carbon source (n-hexadecane vs. a mixture of aliphatic
hydrocarbons) is a key factor when counting aliphatic
degraders. These limitations notwithstanding, some bacterial
genera associated with hydrocarbon degradation (mainly
belonging to o~ and y-Proteobacteria, including the hydro-
carbonoclastic Alcanivorax and Marinobacter) were identi-
fied. We conclude that Thalassospira and Roseobacter
contribute to the degradation of aliphatic hydrocarbons,
whereas Mesorhizobium and Muricauda participate in the
degradation of PAHs.

Keywords Consortium - Heavy fuel oil - Hydrocarbon
biodegradation - Hydrocarbonoclastic bacteria - Microbial
community - Prestige oil spill

Introduction

In November 2002, the oil tanker Prestige sank about
240 km off Cape Finisterre (NW Spanish coast) to a depth
of 3,500 m. Before it sank, it released around
60,000 tonnes of a Russian heavy fuel oil (type M-100),
containing 22% of aliphatic hydrocarbons, 50% of
aromatics, and 28% of resins and asphaltenes. Conse-
quently, the microbial communities in Galician coastal
waters were confronted with a highly recalcitrant product.
As biodegradation plays a major role in oil depletion, a
detailed understanding of the biodegradation processes
and the bacterial communities involved is required in
order to foresee the environmental damage and to develop
effective remediation strategies.
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Chronically hydrocarbon-polluted sites, such as the
Spanish NW coasts, are likely to harbor autochthonous
microbial communities that can biodegrade oil (Harayama
et al. 1999). Hence, intrinsic biodegradation was detected
after the Prestige oil spill (Medina-Bellver et al. 2005).
These communities are necessarily highly heterogeneous as
oils are complex mixtures containing hundreds, even
thousands, of different compounds and most hydrocarbon-
degrading bacteria usually degrade a limited range of
hydrocarbons (McKew et al. 2007a).

In previous studies, we characterized microbial commu-
nities of oil-polluted sites and compared them to those from
non-polluted sites (Alonso-Gutiérrez et al. 2008). In
addition, we conducted a successful bioremediation exper-
iment in a polluted beach (Jiménez et al. 2006, 2007),
which showed the high biodegradation potential of autoch-
thonous microbiota. However, the evolution of
hydrocarbon-degrading populations and the role of specific
taxa throughout the degradation of this fuel are yet to be
clarified.

This paper evaluates a 60-day biodegradation process
carried out by an autochthonous marine bacterial commu-
nity obtained by enrichment in fuel oil. The inoculum was a
sample of oil-water emulsion “chocolate mousse” recov-
ered from the Galician coast a few days after the oil spill.
Changes in the total eubacterial community and in the
predominant hydrocarbon-degrading [aliphatic-, n-alkane,
and polycyclic aromatic hydrocarbon (PAH) degrading]
populations were tracked by denaturing gradient gel
electrophoresis (DGGE) and by a most-probable number
method. In addition, some hydrocarbon degradation-related
organisms were identified.

Materials and methods

Inoculum and enrichment procedure The emulsified fuel
oil sample was collected from the Ria de Ortigueira (A
Corufia, Spain) in May 2003. The microbial consortium
was obtained from this sample by enrichment in autoclave-
sterilized 250-mL Erlenmeyer flasks that contained 50 mL
of artificial seawater, approximately 50 mg of the sample
and inorganic nutrients (5 mM NH4NO; and 0.35 mM
K,HPOs;; Diez et al. 2005). Flasks were shaken at 150 rpm
and 25°C. The culture (500 uL) was transferred into fresh
flasks every third week for 17 months.

Biodegradation assessment The biodegradation experiment
was conducted under the same conditions as the enrich-
ment. In this case, as the 48 flasks contained 100 mg of
original (not weathered) fuel oil, the volatile alkane and
PAH contents were much higher. Microcosms (33) were
inoculated with 500 uL of growing culture, and 15 more
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were kept as abiotic controls. Samples were taken at 0, 5,
10, 20, and 60 days for chemical analysis (three inoculated
and three control each time) and at 0, 5, 10, 20, 40, and
60 days for microbial analysis (three flasks each time).

Chemical analysis Aliquots of 5-10 mg of dehydrated fuel
were dissolved in hexane and fractionated in a previously
conditioned cartridge (6 mL hexane, Merck), contaning
cyanopropyl-silica solid phase (SiO,/C5;—CN, 1.0/0.5 g)
(Interchim, Montlucon, France; Alzaga et al. 2004). The
aliphatic and aromatic fractions were obtained by eluting
with 4.0 mL of hexane (FI) and 5.0 mL of hexane-
dichloromethane (1:1) (FII), respectively. Both fractions
were analyzed by Gas chromatography—mass spectrometry
(Jiménez et al. 2006). The weathering or extent of
biodegradation of each compound was measured using
17(H),213-(H)-hopane (m/z 191) as an internal conserva-
tive molecular marker (Prince et al. 1994). The peak areas
of the target analytes were measured in the reconstructed
ion chromatograms at m/z 85 for aliphatics and at the
corresponding molecular ion ratio for the aromatics.

Counting of total heterotrophic and hydrocarbon-
degrading microbial populations Bacterial counts of total
heterotrophs n-hexadecane and PAH degraders were per-
formed by a miniaturized most-probable number (MPN)
method in 96-well microtiter plates with eight replicate
wells per dilution, as described elsewhere (Alonso-Gutiérrez
et al. 2009). The media were corrected to reach 3% NaCL
DNA was extracted from the highest dilute for further DGGE
analysis, to provide an image of the predominant
hydrocarbon-degrading taxa.

Isolation of culturable strains Total culturable heterotrophs
were isolated on artificial seawater agar (Scharlau Chemie
SA, Barcelona), supplemented with tenfold diluted Luria—
Bertani, and on tryptic soy agar corrected to reach 3% NaCl
(Alonso-Gutiérrez et al. 2009). They were incubated at 20°
C. n-Hexadecane degraders were isolated on mineral agar
(BMTM agar, 3% NaCl), supplemented with n-hexadecane
in the vapor phase (Sei et al. 2003). All isolated strains
were stored at —80°C in 20% (v/v) glycerol for subsequent
analysis.

Screening of the hydrocarbon-degrading capability of
strains To assess hydrocarbon-degrading capacity on solid
media, we used artificial seawater agar supplemented with
n-hexadecane and a mixture of PAHs containing phenan-
threne, anthracene, fluorene, and dibenzothiophene (Wrenn
and Venosa 1996). Microtiter plates with 200 puL of
artificial seawater per well were used in liquid screenings.
The carbon sources were n-tetradecane, n-hexadecane, n-
heptadecane, n-octadecane, pristane and phenanthrene,
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dibenzothiophene, pyrene or fluorene, and yeast extract
(Alonso-Gutiérrez et al. 2008).

DNA extraction Total community DNA was extracted
from the original marine sample, the microcosms with
fuel oil and the MPN plates using a PowerSoil DNA
extraction kit (MoBio Laboratories, Inc., Solano Beach,
CA, USA), following the manufacturer’s instructions.
Suitable yields of high-molecular weight DNA were
obtained (520 pg g ' fuel paste), and no further
purification was required.

16S rRNA gene clone library Two clone libraries were
developed: one from the original sample (before
enrichment) and the other from the consortium (after
enrichment). Almost complete 16S rRNA genes were
PCR-amplified from genomic DNA, using primers F27
and R1492 and Takara Ex Taq DNA polymerase
(Takara Bio, Otsu, Shiga, Japan) in 50 puL of reaction
medium. Each reaction mixture contained 2.5 U of
polymerase, 25 mM TAPS (pH 9.3), 50 mM KCI,
2 mM MgCl,, 200 uM of each deoxynucleoside triphos-
phate, 0.5 uM of each primer, and 100 ng of template
DNA quantified by a Low DNA Mass Ladder (Gibco
BRL, Rockville, MD, USA). The mixtures were subjected
to an initial denaturation and enzyme activation step (5 min
at 95°C), 40 cycles of 30 s at 96°C, 30 s at 50°C and 2 min at
72°C, followed by an extension step of 10 min at 72°C. All
PCR reactions were performed with a Mastercycler (Eppen-
dorff, Hamburg, Germany).

PCR products were ligated in pGEM-T Easy Vector and
transformed in competent Escherichia coli DH5o cells,
following the manufacturer’s protocol. A restriction analy-
sis of clones was performed to identify those that contained
a suitable fragment. The PCR products were digested with
5 U of EcoRI (Roche) for 2.5 h at 37°C. Fifty recombinant
plasmids were extracted with a Wizard Plus SV Minipreps
DNA Purification System (Promega) and then reamplified
with primers F27 and R1492.

Denaturing gradient gel electrophoresis The V3-V5 vari-
able regions of the 16S rRNA gene were amplified using
F341-GC and R907 primers (Yu and Morrison 2004). The
F341-GC primer included a GC clamp at the 5’ end (5'-
CGCCCGCLGLareeeaeaeeecaTeceaeeaecce
CCGCCCG-3'). Each reaction contained the mixture
detailed above. After 9 min of initial denaturation and
enzyme activation at 94°C, a touchdown thermal profile
protocol was executed, and the annealing temperature was
decreased by 1°C per cycle from 65°C to 55°C, followed
by 20 additional cycles of 1 min denaturation at 94°C, 30 s
of primer annealing at 55°C, 1 min of primer extension at
72°C, and a 10-min final primer extension.

Approximately 400 ng of purified PCR product was
loaded onto a 6% (w/v) polyacrylamide gel (0.75 mm
thick), with denaturing gradients ranging from 40% to
80% (100% denaturant contains 7 M urea and 40%
formamide). DGGE was performed in 1x Tris—acetate—
EDTA (TAE) buffer (40 mM Tris, 20 mM sodium acetate,
1 mM EDTA, pH 7.4), using a DGGE-2001 System (CBS
Scientific, Del Mar, CA, USA) at 100 V and 60°C for
16 h. DGGE gels were stained for 45 min in 1x TAE
buffer containing SybrGold (Molecular Probes, Eugene,
OR, USA) and scanned by a Bio-Rad molecular imager
FX Pro Plus multi-imaging system (Bio-Rad Laboratories,
Hercules, CA, USA). DGGE images were processed using
Quantity One version 4.5.1 image analysis software (Bio-
Rad Laboratories), as reported elsewhere (Jiménez et al.
2007). Predominant DGGE bands were excised with a
sterile razor blade, resuspended in 50 puL of sterilized
Milli-Q water, stored at 4°C overnight, PCR-reamplified
with primers F341 and R907, and cloned (when neces-
sary) in pGEM-T.

Analysis of DGGE images Bacterial diversity analysis and
principal component analysis (PCA) of band types were
performed, and the relative peak areas were calculated as
previously described (Vifias et al. 2005) for the different
DGGE profiles to consider possible shifts in the composi-
tion of the microbial populations.

Sequencing and phylogenetic analysis Sequencing was
accomplished with the ABI PRISM™ Big Dye Termina-
tor Cycle Sequencing Ready Reaction Kit (version 3.1)
and an ABI PRISM™ 3700 automated sequencer
(Applied Biosystems, Foster City, CA, USA), following
the manufacturer’s instructions. Sequences were edited
and assembled with BioEdit 7.0.9 software (Hall 1999),
inspected for the presence of ambiguous base assignments
and subjected to the Check Chimera program of the
Ribosomal Database Project (Maidak et al. 2000). Subse-
quently, they were examined and compared with the
BLAST alignment tool comparison software (Altschul et
al. 1990) and the classifier tool of RDP (Maidak et al.
2000). Sequences were aligned with reference ones
obtained from GenBank using ClustalW (Thompson et
al. 1994), prior to phylogenetic analysis by Mega4
software (Tamura et al. 2007).

Nucleotide sequence accession numbers The nucleotide
sequences identified in this study were deposited in the
GenBank database under accession numbers HM 171160 to
HM171208 (clones from the original marine sample),
HM171209 to HM171258 (clones from the consortium),
HM171259 to HM171269 (isolates, M81.SA to M81.SK),
and JF264441 to JF264462 (DGGE bands).
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Results

Adaptation of the microbial community to the presence
of a heavy fuel oil

In the original marine sample, the clones belonged mainly to
y-Proteobacteria genera, particularly Methylophaga (54%)
(Fig. 1). Less abundant were the «-Proteobacteria and
Bacteroidetes. However, after enrichment, the consortium
was composed mainly of Alcanivorax spp. (66%), although
Marinobacter and Methylophaga were also present (Fig. 1).

Biodegrading capabilities

The selected consortium caused a rapid and intense degrada-
tion of the resolved compounds and the unresolved complex
mixture of both fractions. At day 60, ~50% of aliphatics and
40% of aromatics were depleted, compared with the abiotic
controls. The n-alkanes up to n-C,; were fully degraded
(Table 1) and the higher molecular-weight alkanes (Cyg—Cy)
significantly depleted (75-98%), following well-established
patterns for marine oil biodegradation. In the aromatic
fraction, biodegradation mainly affected the lighter PAHs
(including heteroatomic compounds, e.g., >99% of naphtha-
lenes, phenanthrenes, dibenzothiophenes, and carbazoles),
the extent and rates decreasing with alkylation (Table 1),
although highly recalcitrant tetra- and penta-cyclic aromatic
hydrocarbons (and even their alkyl-derivatives) were also
significantly degraded. The degradation of Cs-pyrenes and
Cs-chrysenes was 75% and ~60%, respectively.

Growth of the total heterotrophic and hydrocarbon-
degrading populations in a biodegradation process

Total heterotrophic populations increased rapidly at the
beginning of the incubation from 10° to 10®° MPN per
milliliter in 10 days and remained stable until the 40th day.

Aliphatic hydrocarbon degraders Two distinct microbial
populations were counted: n-alkane degraders (grown using
n-hexadecane as a sole source of carbon and energy) and
aliphatic degraders (grown with the aliphatic fraction of a
crude oil). The growth of both populations is shown in
Fig. 2. At the early stages of incubation, their counts were
similar (10° to 10* MPN per milliliter in 10 days).
However, at the end of the experiment, whereas the
aliphatic-degrading population remained the same size as
the total heterotrophs (107), the n-alkane degraders were a
logarithmic unit lower.

PAH degraders The aromatic-degrading population grew
more slowly, and the corresponding counts were signifi-
cantly lower (10* to 107 MPN per milliliter in about
15 days). To check the suitability of the culture medium
used to count this population, the same medium with a 1%
NaCl was assayed with several culture samples (Fig. 3).

Changes in the composition of the bacterial community
structure throughout the biodegradation process

In the total eubacterial community, 29 different bands
were detected (21 sequenced; Fig. 4, Table 2). Profiles of
triplicate microcosms were similar at the beginning, with
Pearson product-moment correlation coefficients ranging
from 0.95+0.02 to 0.978+0.009. At day 60, the variability
was much higher (0.84+£0.09). - and y-Proteobacteria
were the predominant taxonomic groups in all the
sampling periods (Table 2). Whereas Thalassospira sp.,
Marinobacter hydrocarbonoclasticus, Roseobacter, Par-
vibaculum, and Alcaligenes were detected throughout the
incubation, Alcanivorax was only present until day 20 and
Lutibacterium and Muricauda only at the final stages.
Microbial diversity (H') and richness decreased signifi-
cantly at the beginning of the incubation (in 5 days;

Fig. 1 Distribution of the
clones in the 16S rDNA libraries Flavobacteria (B) @R Before (original sample)
corresponding to the original Muricauda (B) (97%) ZZZ After (consortium)

sample (inoculum) and the M81
consortium. Percent id relates to
the identity to the closest related
sequence in the GenBank
database determined via Blast
analysis of ~1,500 bp sequences
(E. coli position F27-R1492). «,
(3, and y represent alpha-, beta-,
and gammaproteobacteria,
respectively, and B
Bacteroidetes

@ Springer

Parvibaculum (a) (97%)
Thalassospira (a) (99%) {8
Alcaligenes (B) (99%) 43
y-proteobacteria
Marinobacter (y) (98-99%)
Alcanivorax (y) (98-99%)
Methylophaga (y) (98%)

Roseobacter (a) (98%) 2228
Citreicella (a) (98%) {4

Salipiger (a) (98%) :

0 5 10 15 20 25 30 35
Number of clones



Appl Microbiol Biotechnol (2011) 91:823-834

827

Table 1 Biodegradation half-lives (#,,) of target alkanes and PAHs and percentages of degradation (n=3) at 60 days of incubation

Alkane t1> (days) R? Percent degradation PAH? t1 (days) R? Percent degradation
Cl15 6.8 0.905 100 N 2.4 0.742 100
Cl6 6.3 0.948 100 N1 6.1 0.525 100
C17 6.0 0.947 100 N2 5.4 0.705 100
Pr 7.6 0.903 100 N3 8.2 0.649 93
C18 9.0 0.934 100 P 6.0 0.642 100
Ph 9.6 0.880 100 9.0 0.599 100
C19 7.3 0.883 100 P1 8.1 0.845 100
C20 8.4 0914 100 P2 11.0 0.891 99
C21 8.5 0.721 100 P3 28.8 0.549 89
C22 7.9 0.876 100 D 1.7 0.966 100
C23 8.1 0.812 99 Dl 13.0 0.618 98
C24 8.2 0.877 100 D2 21.3 0.622 93
C25 8.3 0.881 99 D3 274 0.662 85
C26 8.3 0.886 99 Carb 6.3 0.686 100
C27 9.0 0.921 99 Carbl 7.7 0.814 100
C28 9.0 0.811 98 Carb2 11.0 0.663 97
C29 12.4 0.865 97 Carb3 17.3 0.756 96
C30 13.2 0.848 96 Bcarb 8.7 0.845 100
C31 13.6 0.849 95 Fl 17.2 0.524 93
C32 14.5 0.891 95 Py 18.4 0.498 96
C33 11.9 0.950 97 Pyl 29.6 0.637 81
C34 12.4 0.938 96 Py2 30.0 0.525 77
C35 14.7 0.986 93 Py3 383 0.597 75
C36 18.4 0.982 38 BA 50.2 0.885 60
C37 21.2 0.839 80 C 29.1 0.825 77
C38 28.3 0.626 76 Cl 50.6 0.716 64
C39 33.8 0.636 71 C2 453 0.755 65
C40 30.3 0.629 75 C3 533 0.662 61

*This include the following PAHs: N naphthalenes; P phenanthrenes; FI/Py fluoranthenes/pyrenes; B4 benz[aJanthracene; C chrysenes, and the
following heteroaromatic compounds: D dibenzothiophenes; Carb carbazoles; Bcarb benzocarbazoles, with different alkylation levels

Table 3) and then fluctuated slightly until the end of the
experiment.

Aliphatic degraders The DGGE profiles of the main
aliphatic hydrocarbon-degrading (FI) and n-alkane-
degrading (C16) populations are shown in Fig. 5. In the
FI profiles, 15 distinct bands were detected and se-
quenced, and matched one band or another of the total
community profiles (Table 2). Most of them belonged to
«-Proteobacteria, with Thalassospira sp. and Parvibacu-
lum sp. dominating. Alcanivorax borkumensis was only
detectable at day 10. By this day, there was a biodiversity
peak in both indexes (Table 3), after which they gradually
returned to the initial levels. The C16 profiles were much
less diverse (seven bands). Biodiversity was extremely
low at the beginning (only two different bands, Thalasso-
spira sp. and Alcaligenes sp.), but it increased by day 20.

Unexpectedly, Alcanivorax spp. was not detected in any of
the profiles.

PAH degraders Twenty-two different bands were detected
(15 sequenced) in the PAH degraders profiles (Fig. 6), one
of which was new (P16, related to Mesorhizobium sp.).
Bands P8 (Thalassospira tepidiphila), P9 (Roseobacter
sp.), and P11 (Muricauda aquimarina) were not present in
any of the FI or C16 profiles. Richness in microbial
diversity increased at the beginning of the experiment. The
Shannon—Weaver index decreased, but by the 60th day, it
was higher than at the beginning.

Principal component analysis Figure 7 shows the scatter
plot for the first two components (PC1 and PC2, 47.5% of
variability). The loadings for each band in PC1 and PC2 are
shown in Table 2.
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Fig. 2 Growth of the heterotrophic, n-alkane-, aliphatic-, and PAH-
degrading populations and relative depletion of the aliphatic and
aromatic fractions of oil in the inoculated microcosms with respect to

Isolation and identification of cultivable organisms

Eleven bacterial strains were isolated in different culti-
vation media; they were closely related to: Paracoccus
yeei, Martelella mediterranea and Mesorhizobium sp.,
Alcanivorax spp., four strains; Marinobacter, two strains;
Muricauda aquamarina, and Staphylococcus pasteuri.
Almost all of them (Martelella mediterranea and Meso-
rhizobium were not tested) grew using n-alkanes as the
sole carbon and energy sources, but only the Alcanivorax
species grew on the isoprenoid pristane. Five strains, two
of Alcanivorax and the ones affiliated to Paracoccus,
Muricauda, and Staphylococcus, transformed the PAHs
tested.

9_
I 1% NaCl
T [ 3% NaCl
8_
€ 77
=z
o
2
o 6
kel
5_
4 T T

heterotrophs n-alkane deg. PAH deg.

Fig. 3 Effect of salinity in the growth of total heterotrophic, n-alkane-

and PAH-degrading bacteria. Error bars correspond to the 95%
confidence interval (n=3)
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the sterile controls over the 60 days of incubation. Error bars indicate
95% confidence interval and SD, respectively (n=3)

Discussion

Changes in the community structure within the enrichment
process

The prevalence of genus Methylophaga in the original
sample could be due to the presence in the ocean of C; or

Odays 5days 10 days 20 days 40 days 60 days

B1
* g * * *
B3
B4 —_— —
— e
g — - p—
58; — — B7 —
2 — — | — —
1 - -
- ¥ — Tt V—
==y =
81 —_— — " By
—_— e Bipe—

—p21—

Fig. 4 DGGE profiles of PCR-amplified 16s rRNA genes from
microcosms samples showing the changes in the composition of the
bacterial community at different sampling periods. Lanes marked with
asterisks correspond to the DGGE markers. The codes (B/-B21)
indicate predominant bands that were excised and sequenced
(~500 bp; see Table 2 for the description). Bacterial diversity was
calculated (Table 3), and a PCA analysis was performed to assess
possible shifts in its composition (Fig. 7)
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Table 3 Shannon—Weaver
diversity indexes calculated for
DGGE profiles and numbers of

Number of DGGE
bands (richness)

Day Shannon—Weaver
diversity index (H')

DGGE bands detected
Total DNA

Aliphatic hydrocarbon degraders

n-Alkane degraders

PAH degraders

For the total DNA, H' represents
the mean value+the SD (n=3)

2.67+0.02 22

5 1.99+0.02 11
10 2.35+0.07 15
20 2.00+0.05 14
40 2.00+0.09 11
60 2.17+0.07 13
0 1.26 4
10 2.48 15
20 1.45 6
60 1.03 4
0 0.67 2
10 0.58 2
20 1.43 6
60 1.65 7
0 2.26 13
10 1.92 20
20 2.08 17
60 2.32 20

C, compounds, like methanol and methylamine (Gibb and
Hatton 2004), which are carbon sources for this genus
(Neufeld et al. 2007). Nevertheless, this microorganism has
been reported in several hydrocarbon-polluted sites (Roling
et al. 2002, Schwermer et al. 2008). Thus, its potential role
in the degradation of the fuel has to be considered,
particularly because this fuel has a high sulfur content
(2.28%), and species like Methylophaga sulfidivorans use
dimethyl sulfur as carbon source (de Zwart et al. 1996).

According to previous studies (Kasai et al. 2002;
McKew et al. 2007b), during the enrichment process, the
community evolved toward the predominance of two
hydrocarbonoclastic genera (Alcanivorax and Marino-
bacter), considered to be early colonizers after an oil spill,
as primary degraders of the most biodegradable fractions
(Roling et al. 2002). They were thus found in the Japan Sea
just after the Nakhodka spill (Kasai et al. 2002) and have
been related to hydrocarbon biodegradation in other studies
(Schleheck et al. 2004; Alonso-Gutiérrez et al. 2008). In
addition, Alcanivorax predominates in oil-degrading com-
munities when nutrients are abundant (Yakimov et al. 2007)
and was one of the main microorganisms found just after the
spill in the Ria de Vigo (Alonso-Gutiérrez et al. 2008), which
has large concentrations of dissolved N and P (around 0.6
and 0.06 mg L™, respectively; Nogueira et al. 1997).

Another interesting change was the detection (which may
reflect an increase) of other genera related to hydrocarbon
degradation (Thalassospira, Alcaligenes, Citreicella, or
Roseobacter).

@ Springer

Biodegrading capabilities of the consortium

The Prestige’s fuel oil was a complex mixture. Thus, by
enriching the original sample, we obtained a rich and
highly efficient oil-degrading bacterial consortium, able to
cause an exceptionally intense biodegradation in the
aliphatic and aromatic fractions. Particularly remarkable
was the degradation the alkylated PAHs, including Cs-
chrysenes (a recalcitrant group of compounds). In addi-
tion, the consortium degraded the carbazole compounds
extensively, at similar rates than phenanthrenes and
dibenzothiophenes. These heterocyclic hydrocarbons have
carcinogenic and toxic properties (Tsuda et al. 1982), and
their water solubility may make them bioavailable.
However, their biodegradation has been only poorly
assessed. Nevertheless, carbazole and alkylcarbazoles
may supply nitrogen for the degrading microbiota (Huang
et al. 2003).

Recently, only minor biodegradation was described for
the strain AP1 of Mycobacterium sp., a well-known
aromatic hydrocarbon degrader, growing on the same fuel
in the same incubation time (Vila and Grifoll, 2009).
Nevertheless, the potential capacity of a consortium is
usually higher than that of a pure strain. In this respect,
Gallego et al. (2007) combined bacteria with different
metabolic capabilities in order to degrade a heavy oil
refinery tank bottom sludge. They degraded 43% of
tricyclic PAHs in 10 days, whereas our enrichment
consortium degraded 70-75% of Cj-phenanthrenes and
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Fig. 5 DGGE profiles of PCR-amplified 16s rRNA genes from
microcosms samples showing the changes in the composition of the
predominant n-alkane-degraders (C16) and aliphatic-degraders (FI) at
different sampling periods. Lanes marked with asterisks correspond to
the DGGE markers. The codes (4/-A413) indicate predominant bands
that were excised and sequenced (~500 bp; see Table 2 for the
description). Bacterial diversity was calculated (Table 3), and a PCA
analysis was performed to assess possible shifts in its composition
(Fig. 7)

C;-dibenzothiophenes, ~60 Cj-pyrenes and ~40% Cs-
chrysenes in the same time (results not shown).

Enrichment procedures can provide a microbial communi-
ty with potentially higher efficiency in degrading identified
and non-identified components. In addition, degraders of
dead-end products accumulated in co-metabolism processes
(Casellas et al. 1998) are likely to be selected, too, which can
help avoid inhibitory effects that might prevent further PAH
biodegradation. In this respect, in the above-mentioned study
with Mycobacterium sp., several intermediate metabolites
were detected.

Microbial community dynamics

The predominance of x-Proteobacteria and y-Proteobacteria
groups through the biodegradation experiment is consistent
with previous results from coasts affected by the Prestige oil
spill (Jiménez et al. 2007; Alonso-Gutiérrez et al. 2009).
Roling et al. (2002) reported that in artificial media the y-
Proteobacteria subclass is replaced by o-Proteobacteria.
Nonetheless, the relative importance of o-Proteobacteria
decreased at the end of the incubation period.
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Fig. 6 DGGE profiles of PCR-amplified 16s rRNA genes from
microcosms samples showing the evolution of the structure of the
predominant PAH-degraders at different sampling periods. Lanes
marked with asterisks correspond to the DGGE markers. The codes
(P1-P16) indicate predominant bands that were excised and se-
quenced (~500 bp; see Table 2 for the description). Bacterial diversity
was calculated (Table 3), and a PCA analysis was performed to assess
possible shifts in its composition (Fig. 7)

The PCA revealed changes in the microbial structure
throughout the incubation, which reflect the changes in oil
composition: from a labile mixture, rich in n-alkanes and
low molecular weight PAHs, to a weathered product,
enriched in recalcitrant compounds. In PC1, samples were
ordered and clustered according to the incubation time
(Fig. 7). The bands with the highest loadings corresponded
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Fig. 7 Principal component analysis scatter plot for the first two
components (PC1, 32.8%; PC2, 14.7% of variability) of DGGE
profiles of PCR-amplified 16S rDNA, representing the differences in
the structures of the total bacterial community and the n-alkane-
(C16), aliphatic- (FI), and PAH-degrading (PAHs) populations
throughout the biodegradation process. The samples for total DNA
at day 0 were significantly different (P<0.05) from the rest
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to the Rhodobacteraceae group and Thalassospira (Table 2).
These microorganisms may thus play a predominant role at
the beginning of the degradation process. The most negative
loadings were those of bands corresponding to Sphingopyxis,
Parvibaculum, and Alcaligenes, which were more important
in the final stages.

In addition, a microorganism related to Alcanivorax
borkumensis was mainly detected in the first 20 days, in
which the maximum depletion of the most labile compo-
nents takes place. The ability to produce biosurfactants
(Abraham et al. 1998) might help Alcanivorax being a first
colonizer after a spill. However an enhancement of
bioavailability (caused by oil emulsification) could promote
the growth of other efficient degrading taxa (Gertler et al.
2009). This might explain the detection of these bacteria
just after the Prestige oil spill took place (Alonso-Gutiérrez
et al. 2009) and its absence in the later surveys (Jiménez et
al. 2007).

Worthy of note is the absence of the Gram-positive
Rhodococcus, present in various locations affected by the
Prestige oil spill (Jiménez et al. 2007; Alonso-Gutiérrez et
al. 2009). Nevertheless, it is not found among the
prevailing bacteria in recent hydrocarbon-polluted envi-
ronments (Margesin et al. 2003), and, in vitro, it is
outcompeted by fast-growing taxa such as Alcanivorax
or Thalassospira.

Microorganisms relevant to biodegradation

The community had a wide variety of hydrocarbon-
degrading bacteria able to grow in aliphatic and aromatic
hydrocarbons as the sole carbon and energy sources, most
of which grew in all of the microtiter plates used for MPN
counts: Marinobacter, Alcanivorax, Thalassospira, Luti-
bacterium, Parvibaculum, Roseobacter, and Alcaligenes
(Gauthier et al. 1992; Chung and King 2001; Dutta and
Harayama 2001; Schleheck et al. 2004; McKew et al.
2007a; Kodama et al. 2008).

In this respect, whereas salinity does not seem to affect
the growth of total heterotrophs and aliphatic degraders
(Fig. 3), it strongly affects the counting of PAH degraders,
which was unexpected, since the consortium is a marine
community. Nevertheless, several studies have reported a
repression of PAH degradation with increasing salinity
(Kastner et al. 1998, Tam et al. 2002).

In addition, two of the isolated Alcanivorax spp. not only
grew in alkanes as the sole carbon and energy sources but
also in PAHs. Hence, these strains are highly adapted to the
degradation of oil or complex mixtures in which both
aliphatic and aromatic hydrocarbons are abundant.

Genera Thalassospira and Roseobacter were detected in
all the profiles, although they have been related to n-
alkanes degradation (Hara et al. 2003; McKew et al. 2007a;
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Kodama et al. 2008). In this respect, PCA analysis
associated band 20 (Thalassospira sp., with a low loading
for PC2) to aliphatic degradation.

In relation to aliphatic hydrocarbon degradation, the FI
profiles contained not only all the bands of C16 profiles but
also some new bands. Thus, we highly recommend the
replacement of n-hexadecane by a complex substrate such
as the aliphatic fraction as sole source of carbon and energy
for counting the alkane degraders. One of these bands
corresponded to Alcanivorax borkumensis. Interestingly,
although Alcanivorax species (including all of our isolates)
degrade n-hexadecane, no bands corresponding to this
genus were found in the C16 profiles. McKew et al.
(2007a) suggested that in single-substrate n-alkane micro-
cosms (with n-tetradecane or n-hexadecane), Alcanivorax
could be out-competed by other n-alkane-degrading taxa.
However, this genus is more efficient in branched alkanes
(such as pristane or phytane) degradation (Hara et al. 2003,
McKew et al. 2007a). In fact, among all the isolates
obtained in the present study, only the ones belonging to
Alcanivorax spp. grew in pristane. This could explain its
major occurrence in oil-enriched communities.

Mesorhizobium and Muricauda aquimarina were only
detected in the PAH’s MPN medium. However, both
microorganisms were isolated, and Muricauda not only
transformed all the PAHs tested but also grew with all of
the short n-alkanes (up to n-C;g). The relationship of
Muricauda aquimarina to hydrocarbon biodegradation had
not been proven before, unlike Mesorhizobium sp., which
was recently related to the degradation of phenanthrene and
fluorene (Wang et al. 2008). In this respect, according to
their loadings in PC2, Mesorhizobium, Lutibacterium
anuloederans, and a Sphingobacteriales might be related
to PAH degradation.

Our results suggest that o« and y-Proteobacteria are the
predominant oil-degrading taxonomic groups. In addition,
key microorganisms involved in the degradation of a heavy
fuel oil were identified and the hypothesis that Alcanivorax
plays an important role in branched alkane degradation was
reinforced. The Thalassospira and Roseobacter genera may
be important to aliphatic hydrocarbon degradation, whereas
Mesorhizobium and Muricauda are related to PAH degra-
dation. In conclusion, we strongly recommend the review
of established methods for the counting of aliphatic and
aromatic hydrocarbon-degrading bacteria, as the carbon
source is a key factor when counting aliphatic hydrocarbon
degraders and PAH-degrader counts are significantly
affected by salinity.
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