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The potential of hydrocarbon biodegradation in marine sediments was determined through the detection of a functional bio-
marker, the bssA gene, coding for benzylsuccinate synthase, the key enzyme of anaerobic toluene degradation. Eight bssA clone
libraries (409 sequences) were constructed from polluted sediments affected by the Prestige oil spill in the Atlantic Islands Na-
tional Park and from hydrocarbon-amended sediment microcosms in Mallorca. The amplified products and database-derived
bssA-like sequences grouped into four major clusters, as determined by phylogenetic reconstruction, principal coordinate analy-
sis (PCoA), and a subfamily prediction tool. In addition to the classical bssA sequences that were targeted, we were able to detect
sequences homologous to the naphthylmethylsuccinate synthase gene (nmsA) and the alkylsuccinate synthase gene (assA), the
bssA homologues for anaerobic 2-methylnaphthalene and alkane degradation, respectively. The detection of bssA-like variants
was determined by the persistence and level of pollution in the marine samples. The observed level of gene diversity was lower in
the Mallorca sediments, which were dominated by assA-like sequences. In contrast, the Atlantic Islands samples, which were
highly contaminated with methylnaphthalene-rich crude oil, showed a high proportion of nmsA-like sequences. Some of the
detected genes were phylogenetically related to Deltaproteobacteria communities, previously described as the predominant hy-
drocarbon degraders at these sites. Differences between all detected bssA-like genes described to date indicate separation be-
tween marine and terrestrial sequences and further subgrouping according to taxonomic affiliation. Global analysis suggested
that bssA homologues appeared to cluster according to substrate specificity. We observed undetected divergent gene lineages of
bssA homologues, which evidence the existence of new degrader groups in these environments.

Marine habitats are continually exposed to hydrocarbon pol-
lutants that are released through natural seepage and also

generated by anthropogenic activities. Many bacteria have
adapted the ability to degrade low-molecular-weight hydrocar-
bons to carbon dioxide and water. Thus, biodegradation of con-
taminants mediated by autochthonous microorganisms has be-
come the basis for bioremediation strategies in contaminated
sites. Application of such technologies requires preceding efforts
to identify the relevant players in the remediation process and
assessment of the optimal attenuation conditions. Until recently,
these strategies were based primarily on the exploitation of aerobic
processes performed by aerobic bacteria, but many exposed eco-
logical niches, such as marine sediments, are under permanent
anoxic conditions (1, 2). Thus, the anaerobic catabolism of hydro-
carbons is of crucial importance for natural attenuation (3, 4).

Investigations of the biochemistry, genetics, and physiology of
anaerobic hydrocarbon degradation are essentially centered on
the degradation of monoaromatic compounds and n-alkanes (5,
6), naphthalene (7), and 2-methylnaphthalene (2MN) (8, 9). The
initial steps in the anaerobic degradation of hydrocarbons are con-
siderably diverse between microorganisms (6). Still, activation of a
broad range of aromatic hydrocarbons converges into a few major
central metabolites, which are further dearomatized and chan-
neled to the central cell metabolism. Fumarate addition, the initial
and key step in toluene degradation, is a general activation strategy
in many anaerobic aromatic activation pathways. The reaction is
catalyzed by the glycyl radical enzyme benzylsuccinate synthase
(Bss), and the reaction product is further converted in several
steps to the final key metabolite benzoyl coenzyme A (CoA) (6).

Benzylsuccinate synthase is composed of three different subunits.
The large subunit (bssA gene) included in the pyruvate formate-
lyase (PFL) family of glycyl-radical enzymes contains the active-
site determinants that characterize this family, which consists of a
conserved glycine motif located near the C-terminal end of the
subunit and a conserved cysteine residue in the middle of the
protein sequence (10). Benzylsuccinate synthase catalyzes the ad-
dition of the methyl group of toluene to a fumarate cosubstrate to
produce (R)-benzylsuccinate (11–13).

Several hydrocarbons have been shown to undergo a similar
activation reaction as the main step in their degradation. For ex-
ample, anaerobic degradation of o- and m-xylenes, m- and
p-cresols, and ethylbenzene is initiated by BssA-like activity (12,
14–17). A similar fumarate addition catalyzed by a 2-naphthylm-
ethylsuccinate synthase, encoded by the nmsA gene, was shown to
be the first step in the degradation of 2MN by sulfate-reducing
bacteria (SRB) (9, 18). SRB and nitrate-reducing bacteria (NRB)
also activate n-alkane degradation in a reaction resembling BssA-
dependent toluene activation, rendering 1-methylalkyl-succi-
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nates (19, 20). The masD and assA genes, encoding the large sub-
unit of this enzyme, were simultaneously described in the
denitrifier Azoarcus sp. strain HxN1 (21) and the SRB Desulfati-
bacillum alkenivorans AK-01 (22), respectively.

PCR amplification of catabolic genes has been proposed as a
means to assess anaerobic BTEX (benzene, toluene, ethylbenzene,
and xylene) metabolisms in situ (23). A limited number of bssA
sequences from pure cultures are available to date (13, 24–29), but
many bssA-like sequences have been detected in enrichment cul-
tures and consortia able to degrade hydrocarbons (30–32). The
strong conservation of bssA sequences and the recurring detection
of this gene in hydrocarbon-contaminated environments have
promoted its use as an indicator of hydrocarbon degradation at
these sites (23, 33–37). Sequence analysis revealed greater-than-
expected gene diversity, likely related to local distribution, sub-
strate specificity, and dominant respiration strategies (35). Four
nmsA sequences retrieved from SRB isolates or sulfate-reducing
enrichment cultures (8, 9, 18) clustered together with nmsA se-
quences recently detected in environmental samples of different
origins (38). Additionally, orthologues of assA and masD genes
were recently found in pure cultures of sulfate-reducing and deni-
trifying Proteobacteria (22, 39) and in a thermophilic methano-
genic community (40). Analysis of retrieved sequences revealed
that assA sequences grouped into a distinct cluster that was sepa-
rated from canonical bssA sequences. The majority of the environ-
mental sequences were retrieved from hydrocarbon-contami-
nated aquifers and river sediments; very little is known regarding
bssA-like genes present in marine environments, and studies tar-
geting the effect of pollution on the microbial communities in
subtidal sediments are scarce.

Indigenous microbial communities play a significant role in
hydrocarbon degradation of oil-polluted environments, as evi-
denced by a great repertoire of metabolic genes that have evolved
to oxidize these hydrocarbons. The presence and diversity of the
functional genes in the environment could identify the biodegra-
dative potential of microbial communities. In this study, we ana-
lyzed for the first time the bssA-like gene diversity of subtidal ma-
rine sediment samples collected from a heavily polluted beach
affected by the Prestige oil spill (Atlantic Islands National Park,
Spain), where the oxidative capacities of microbial communities
have already been demonstrated (41, 42). To determine the time-
exposure effect on functional diversity dynamics, crude oil or
naphthalene contamination was simulated in microcosms from
sediments collected in Alcúdia Bay (Mallorca, Mediterranean
Sea). The resulting bssA gene diversity was compared with all
available sequences to provide a comprehensive analysis of the
global bssA gene distribution. Our data suggested that contamina-
tion had a positive influence on the functional gene diversity. The
observed grouping of BssA-like homologues into consistent clus-
ters was apparently related to substrate specificity (toluenes,
methylnaphthalenes, and alkanes).

MATERIALS AND METHODS
Site description and microcosm preparation. Sediment samples were
collected from an Atlantic Islands beach (Figueiras [FI]) in Northern
Spain, which was affected by the Prestige oil spill in November 2002. Sed-
iment cores (50 cm) were collected in May 2004 by scuba divers at a depth
of 9 m with 50-cm-long cores, and an additional 30-cm core was collected
at a place where a petroleum spot, intermingled with the sediment, was
found by the diving team (FI-PET) (41). Cores were kept intact at 4°C

until processed. Three sections were selected for analysis: the upper oxic
layer (2 to 5 cm) (FI-OX), a transition layer (11 to 14 cm) (FI-TR), and a
sulfidic zone (32 to 35 cm) (FI-AN). An additional core from a neighbor-
ing less-affected beach (Rodas beach [RI]) was also analyzed. Microcosm
experiments were set up in June 2007 with sediments collected at a second
site in Alcúdia Bay (Mallorca, Spain [M]) within a pristine seabed. Three
cores (50 cm) were collected as described above, at a 12-m depth. Two of
them were artificially contaminated with naphthalene (M-NAPH) or
crude oil (M-OIL). Naphthalene was provided by inserting a perforated
10-ml propylene pipette filled with naphthalene crystals into the origi-
nally collected core; four lanes of 1-mm holes were distributed equidis-
tantly along the pipette to allow for diffusion. Prestige crude oil was intro-
duced into another core after impregnation onto a nylon stick, as
described previously (43). A third core remained untreated and served as
a control (M-CON). The cores were sealed with duct tape and incubated
at 22°C in the dark for 4 months. The sediment section at a depth of 12 to
16 cm was used for the analysis.

Enumeration of bacteria. Most probable number (MPN) counts of
hydrocarbon-oxidizing bacteria were estimated in an artificial seawater
minimal medium, as described previously (41). Anaerobic medium was
amended with either acetate or an aromatic compound (toluene, benzene,
naphthalene, or anthracene) to a final concentration of 1 mM or with
crude oil drops (only for Mallorca samples) as the sole carbon source.
Either 10 mM sulfate, 20 mM ferrihydrite, or 20 mM manganese (only for
Mallorca samples) was added to the medium as an electron acceptor. All
tubes were incubated in the dark at 22°C for 6 months.

Hydrocarbon analysis. Hydrocarbons were extracted from duplicate
frozen sediment aliquots (2 ml) in 4 ml of hexane-acetone (2:1). A volume
of 20 �l deuterated mix 37 (manufactured by Dr. Ehrenstorfer GmbH)
and 10 �l of a 1,000-ppm solution of 5a-cholestane (Aldrich) were added
as internal standards before the extraction. An equal volume of salt-satu-
rated solution (40% NaCl in water) was added to each tube. After separa-
tion of the aqueous and organic phases, the supernatant was percolated
through a Bond Elut TPH column with a Si-CN-U matrix (Varian). The
aliphatic fraction was first eluted by gravity with 4 ml of pure hexane, and
the aromatic fraction was then eluted with 6 ml of dichloromethane. Both
fractions were dried under a gentle stream of nitrogen gas and then resus-
pended in 0.25 ml of the corresponding solvent and stored at �20°C until
analysis. Hydrocarbon analysis was performed on a Varian 450-GC in-
strument attached to a 240-IT mass spectrometer equipped with a pro-
grammed temperature vaporization/split-splitless injector and a CTCGC-
pal autosampler, as previously described (41). A static headspace gas
chromatography mass spectrometer (Varian 450GC 240MS with a CTC
CombiPal autosampler) was used for the determination of BTEX in con-
taminated sediments (44). Briefly, duplicate samples of 2 g of defrosted
sediment were placed into 10-ml vials. Fluorobenzene (50 ng) was added
to each vial as an internal standard. The vial was incubated in a heating
block at 70°C for 10 min. A volume of 1 ml was injected at 250°C in split
mode (1:20) at a flow rate of 1 ml/min. The temperature was held at 50°C
for 1 min, increased to 95°C at a rate of 20°C/min and held for 2 min, and
then increased to 150°C at a rate of 25°C/min and held for 0.6 min. Mass
spectrometry (MS) acquisition was done with 0.5-min delay, a scan range
of m/z 45 to m/z 200 until 3.4 min, and m/z 80 to m/z 200 until 8 min.
Identification and quantification were performed in the single-ion mon-
itoring (SIM) mode using the most abundant ions. The detection limit of
the assays was 1 to 5 ppb for the standard analytes.

Nucleic acid extraction. An SDS-based DNA extraction method was
used with duplicate samples of frozen sediment, as described previously
by Zhou and colleagues (45), with some modifications: approximately 5 g
of sediment was mixed with 12.5 ml of high-salt extraction buffer (1.5 M
NaCl, 100 mM Tris-HCl [pH 8.0], 100 mM sodium EDTA [pH 8.0], 100
mM sodium phosphate [pH 8.0], and 1% cetyltrimethylammonium bro-
mide [CTAB]) containing 125 �l of proteinase K (12.5 mg/ml) and ly-
sozyme (100 mg/ml) and incubated for 30 min at 37°C with constant
horizontal shaking at 200 rpm. Next, 1.5 ml of SDS (20%, wt/vol) was
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added, and tubes were incubated for 2 h at 65°C. Extracts were centrifuged
at 6,000 � g for 20 min, and supernatants were transferred into a new
tube. Extraction was repeated once by using 7.5 ml of extraction buffer
with 75 �l of proteinase K and lysozyme prepared as described above.
Supernatants from both extractions were combined and treated with 1
volume of phenol-chloroform-isoamyl alcohol (25:24:1, vol/vol) and
then vortexed and centrifuged at 6,000 � g for 10 min. The supernatant
was extracted again with chloroform-isoamyl alcohol (24:1, vol/vol). Nu-
cleic acids were precipitated from the aqueous phase after addition of
NaCl to a final concentration of 0.2 M and isopropanol to 0.7 volumes.
The pellet was washed with 70% ethanol and resuspended in 100 �l of
milli-Q water.

Amplification of the benzylsuccinate synthase alpha-subunit gene
(bssA). Primers described previously (35) were used to amplify the alpha-
subunit of the benzylsuccinate synthase gene (bssA). A gradient PCR was
performed with annealing temperatures ranging from 45°C to 60°C for all
primer combinations. After 32 cycles, primers 7772f and 8542r success-
fully amplified partial bssA genes of the expected size and were chosen for
the gene library preparations. DNA from Thauera aromatica K172 was
used as a positive control for the PCR. As unspecific bands were obtained
with these primers, the amplified fragment with the expected size was
separated on a 15-cm-long agarose gel (1.5%, wt/vol) over 2 h and ex-
tracted with the Qiagen gel extraction kit according to the manufacturer’s
instructions. Purified fragments were cloned into the pGEM-T vector
(Promega), and 70 positive clones were selected for sequencing.

Sequence analysis. DNA sequences obtained in this work were trans-
lated to perform a protein blast (blastp) search against NCBI databases
(nr, refseq_protein, swissprot, pat, pdb, and env_nr) and IMG 4 databases
(46) in order to select the closest matches. Some matching sequences
found in the blastp search included sequences that were not annotated as
BssA but showed at least 60% amino acid similarity with the query and
were included in subsequent analyses. Sequences including less than 75%
of the protein region analyzed in this work (region amplified with primers
7772f and 8542r) were discarded. To compile all possible BssA-like se-
quences, we first retrieved all published BssA, NmsA, and AssA sequences
described in the literature (see Table S1 in the supplemental material). In
addition, we searched all NCBI databases for the key words “benzylsucci-
nate synthase,” “naphthylmethylsuccinate synthase,” or “alkylsuccinate
synthase.” Mega 5 software was used to align the sequences and construct
phylogenetic trees. FastUniFrac was used for PCoA (47). Amino acid se-
quences were compiled in OTUs (operational taxonomic units) at 5%
(OTU0.05) and 2% (OTU0.02) sequence dissimilarity levels for tree con-
struction and PCoA, respectively. SPEER software (specificity prediction
using amino acids’ properties, entropy, and evolution rate), available at
the SPEER-SERVER website, was applied to elucidate the specific conser-
vation pattern of the amino acid residues by using the automated sub-
grouping tool SCI-PHY, allowing a gap of 20% per column and a weight of
1.0 for relative entropy and physicochemical (PC) property distance. This
method can define protein subfamilies and predicts residues that are rel-
evant for family protein functions by quantifying patterns of conserved
sites based on their physicochemical properties and the heterogeneity of
evolutionary changes between and within the protein subfamilies (48, 49).
This method identifies type I sites (conserved in one subgroup and vari-
able in the remaining groups) and type II sites, where different types of
amino acids are conserved across different subfamilies. WebLogo soft-
ware (50) was used to build the logo of each sequence cluster. Exportable
documents were edited with Illustrator 5.0 to compare the different pro-
files. A computational model of the three-dimensional structure of the
translated amplified bssA fragment was constructed with the Phyre2
server (Protein Homology/analogY Recognition Engine V 2.0 [http:
//www.sbg.bio.ic.ac.uk/phyre2/]) (51). The structures were displayed as
ribbon diagrams by using Pymol software.

Nucleotide sequence accession numbers. The partial bssA gene se-
quences obtained from clone libraries have been deposited in GenBank
under accession numbers KC463912 to KC464320.

RESULTS AND DISCUSSION
Sample characterization. In order to assess the diversity of the
bssA gene as an indication of anaerobic hydrocarbon degradation,
samples were collected from Figueiras beach (FI samples), a long-
term oil-contaminated beach in northern Spain, and from sedi-
ment microcosms collected in Mallorca (Mediterranean sea) and
spiked with naphthalene or crude oil (M samples). BTEX (ben-
zene, toluene, ethylbenzene, and xylene) compounds were de-
tected in only two samples: the oil-contaminated microcosms in
Mallorca (M-OIL) and the petroleum patch in Figueiras sediment
(FI-PET) (see Fig. S1a and Table S2a in the supplemental mate-
rial). The crude oil contamination was composed of aliphatic and
aromatic hydrocarbons, with a high proportion of naphthalene
and alkylated derivatives (see Fig. S1b and Table S2b in the sup-
plemental material). The diversity and aromatic biodegradation
potential of samples collected from the Atlantic Islands were de-
scribed previously (41). Delta- and Gammaproteobacteria consti-
tuted more than 60% of the retrieved 16S rRNA gene sequences,
and the proportion of Deltaproteobacteria increased toward the
bottom of the sediment core, while Gammaproteobacteria were
predominant in FI-PET. The highest counts of aromatic-oxidiz-
ing bacteria were obtained under sulfate-reducing conditions with
benzene, toluene, or naphthalene as a carbon source (see Table S3
in the supplemental material). The microbial diversity and poten-
tial for sulfate reduction-dependent hydrocarbon degradation in
the sediments where M samples were collected was verified previ-
ously (43). As observed for the Atlantic Islands samples, Gamma-
and Deltaproteobacteria were the most abundant communities in
these sediments. After 4 months of incubation, the MPN of sul-
fate-reducing bacteria (SRB) determined in the three cores indi-
cated an oil-dependent stimulation of the bacterial populations in
all carbon sources assayed. The highest counts were observed with
acetate, and the community able to use crude oil exhibited counts
within this range (see Table S3 in the supplemental material). In
contrast, the naphthalene treatment was toxic to most microbial
populations, except for those that were able to oxidize naphtha-
lene or crude oil, which increased by 4-fold and 2-fold, respec-
tively. Thus, as observed for the Atlantic Islands sediments (41),
the abundances of the bacterial communities able to use crude oil
carbon sources increased in response to high pollution levels, de-
spite a large decrease in the total cell counts.

Detection of bssA-like genes in the sediments. We tested sev-
eral previously designed primer pairs to monitor bssA genes in
sediment samples (35). Only primers 7772f and 8542r consistently
produced PCR amplification products with DNA extracted from
sediment. The amplified sequence covered the gene region that
codes for part of the active site of the enzyme, including the con-
served cysteine residue, where the highly reactive thiyl radical is
formed. Eight bssA gene libraries were constructed from DNA
isolated from each sediment sample, and 70 clones from each
library were sequenced. As previously described, non-bssA-related
DNA fragments of the same size were also obtained by using these
primers, which represented up to one-third of the analyzed se-
quences (see Table S4 in the supplemental material) (35, 52).

Sequence analysis of the PCR products revealed fragments of
two different lengths: the expected 794-bp fragment and a group
of 773-bp-long fragments that also showed strong similarity to the
bssA gene. The amplified bssA sequences from the eight libraries
were translated into amino acid sequences (BssA) and compared
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with available BssA sequences; a phylogenetic tree of the amplified
and database sequences is provided in Fig. 1. Four main clusters
that grouped sequences sharing 75% amino acid similarity were
identified.

Cluster I included the canonical, toluene-specific BssA se-
quences (bssA sensu stricto), present in well-characterized tolu-
ene-degrading strains that belong mostly to the Proteobacteria
group, as well as environmental sequences retrieved from natural
samples, including hydrocarbon-polluted aquifers and aquifer
sediments, oil fields, sludge, and polluted soils. All 794-bp se-
quences retrieved from marine sediments (60 from Mallorca sam-
ples and 57 from Atlantic Islands samples) were located within this
cluster. The 773-bp sequences were distributed into the remaining
clusters. Cluster II included the previously described clusters T1
and T2 of unidentified BssA homologues, which constituted two
distinct groups within this cluster (35). Sequences included in
cluster II were associated with the in situ oxidation of BTEX com-
pounds, including p-xylene, in sediment enrichments under sul-
fate-reducing conditions (35, 52). Only 26 of our sediment se-
quences clustered within this group and were retrieved primarily
from the Atlantic Islands contaminated sediments.

Separation between clusters I and II could not be attributed to
a distant phylogenetic origin of the sequences. Cluster I included a
bssA-like sequence (GenBank accession number EHG03004; an-
notated as formate-C-acetyltransferase) from the nonproteobac-
terial Desulfotomaculum gibsoniae DSM 7213 genome (GI:
355360296 and GenBank accession number AGJQ01000002.1)
(Fig. 1; see Fig. S5 in the supplemental material). Sequences closely
related to this hypothetical D. gibsoniae bssA gene were also found
in environmental samples where methanogenesis was prevalent
and where a Clostridium counterpart was suggested to be involved
in toluene degradation (32, 53). Moreover, several sequences in
cluster II were retrieved from environments dominated by sulfate-
reducing conditions, where hydrocarbon oxidizers were associ-
ated with communities where Proteobacteria were dominant (35,
52).

Two subgroups were distinguishable in cluster III. The first one
(cluster IIIa), defined as the nmsA sensu stricto cluster (38), in-
cluded sequences from oil-polluted marine sites, contaminated
aquifer sediments (38), and 2MN-specific nmsA gene products
recently described for some SRB isolates and enrichments able to
degrade naphthalene and 2MN (8, 9). The second subgroup (clus-
ter IIIb) comprised sequences obtained from the Atlantic Islands
sediments and a few additional sequences of marine origin, the
putative bssA gene from the nonproteobacterial Desulfotomacu-
lum sp. strain Ox39, and sequences retrieved from enrichments
able to grow on o-xylene as the only carbon source. We could
amplify nmsA-related sequences from the Prestige-contaminated
FI samples, although our attempts to amplify the nmsA sequence
from Deltaproteobacteria strain NaphS2 with primers 7757f and

8857r were unsuccessful, as previously described for the well-
characterized 2MN-degrading consortium N47 (38).

Finally, cluster IV corresponded to sequences annotated as
AssA. Two clusters could be distinguished within this group. Clus-
ter IVa comprised several environmental sequences retrieved
from a methanogenic octacosane-degrading enrichment (desig-
nated SDB) and from hydrocarbon-impacted aquifer sediments
where the presence of methanogens in 16S rRNA libraries was
reported as evidence of a methanogenic metabolism (30). Cluster
IVa also included sequences from a methanogenic consortium
growing on alkanes of different lengths, which had previously
been annotated as AssA sequences in published (54) and unpub-
lished (see Table S1 in the supplemental material) studies. None of
the sequences retrieved from our sediment samples clustered
within this group. It is worth noting that Archaea were not de-
tected in the Atlantic Islands samples by using fluorescence in situ
hybridization (FISH) analysis (41). Cluster IVb comprised sedi-
ment sequences derived in the current study, previously described
alkane-specific AssA sequences retrieved from well-characterized
alkane-degrading strains, and several environmental sequences
from hydrocarbon-impacted sediments (Fig. 1). The only plausi-
ble factor that explained the separation into clusters IVa an IVb
was the phylogenetic divergence between bacterial populations
associated with methanogenic or nonmethanogenic conditions.
Some other sequences retrieved from the methanogenic enrich-
ment culture SDB (30) were found in cluster IVb. Thus, the
methanogenic consortium in this culture probably had many bac-
terial counterparts responsible for hydrocarbon degradation.

Based on the literature review of the representative strains and
enrichments identified in Fig. 1, the primary factor controlling the
clustering of BssA-like sequences was likely the range of substrates
that could be recognized by each sequence-encoded protein. Prin-
cipal coordinate analysis (PCoA) based on the phylogenetic re-
construction of all BssA-like sequences grouped sequences into
the same four clusters observed in the tree (Fig. 2A); coordinates
P1 and P2 accounted for 30% and 21.7% of the variance, respec-
tively. P1 separated proteins that could degrade alkane from those
degrading aromatics, while P2 separated methyl-naphthalene
from substituted monoaromatic or alkane-degrading enzymes.
An apparent phylogeny-dependent clustering could also be ob-
served for sequences with a known phylogenetic origin within
each cluster.

The database search for bssA homologues also retrieved some
entries that were not affiliated with any cluster despite their high
level of homology with bssA-like sequences (see Fig. S5 in the
supplemental material). These sequences include a second bssA
homologue in the D. gibsoniae DSM7213 genome (GenBank ac-
cession number EHG03013), two putative PFL sequences ampli-
fied from a polluted aquifer, five metagenomic sequences derived
from methane-oxidizing archaeal communities in the Santa Bar-

FIG 1 Phylogeny of partial BssA-like amino acid sequences retrieved from marine sediments from Figueiras beach (FI) (blue), a petroleum patch detected in the
sediment (FI-PET) (green), and Rodas beach (RI) (brown) in the Atlantic Islands and sediment microcosms from Mallorca (M) (red). The closest relatives,
detected in anaerobic hydrocarbon-oxidizing strains or enrichments, and putative environmental sequences available in the databases at the beginning of this
study are included. Different depths correspond to oxic (FI-OX), transition (FI-TR), and anoxic (FI-AN) zones and were analyzed in Figueiras. Mallorca
sediments were treated with Prestige oil (M-OIL), naphthalene (M-NAP), and nothing (M-CON). Sequences in the databases that were retrieved from marine
environments are marked with an asterisk. Numbers in parentheses represent protein GenBank accession numbers. A sequence cutoff of a 5% amino acid
dissimilarity (OTU0.05) was used to select the sequences and calculate the sequence frequency (showed as horizontal bars at the right). The tree was rooted with
pyruvate formate lyase (PFL2) paralogues as an outgroup.
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bara Basin, the recently described hydroxybenzylsuccinate syn-
thase gene hbsA from Desulfobacula toluolica, and a third bssA-like
gene from this strain (55) (see Table S1 and Fig. S5 in the supple-
mental material). These sequences seemingly represent new phy-
logenetic branches of bssA homologues (see Fig. S5 in the supple-
mental material) (55).

Diversity of bssA-like genes in marine sediments of two dif-
ferent origins. In the different libraries, the proportion of se-
quences present in each cluster varied according to the sample
origin. The highest proportion of AssA sequences was observed in
the M samples (Fig. 3). The majority (94%) of sequences in the
three gene libraries obtained from Mallorca grouped into either
BssA cluster I (60 sequences) or AssA cluster IVb (81 sequences),
most of which were derived from the M-OIL sample (Fig. 3). The
9 remaining sequences were assigned to cluster II. In contrast to
the Mallorca sediments, less than 4% of sequences in the FI sam-
ples were assigned to the AssA group. After 4 months of incuba-
tion of Mallorca sediments with crude oil, the increase in hydro-
carbon levels was concomitant with a slight increase in the relative
abundance of assA sequences (see Table S2b in the supplemental
material). Because the Prestige oil was composed of both alkanes
and aromatic hydrocarbons, the stimulation of a specific degrader
population suggests that the alkane-degrading community re-
sponded more rapidly in these sediments; this conclusion was
supported by a low nC18/phytane ratio (see Fig. S1b in the sup-
plemental material) (56). Still, the presence of bssA-like sequences

in the untreated sample suggests a low basal level of hydrocarbons
in this area (e.g., through sporadic bilge water discharges), which
would sustain such microbial populations.

PCoA of all AssA sequences (cluster IV) identified cluster IVa
at one end of the P2 coordinate (see Fig. S2 in the supplemental
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material). In addition, a group formed primarily by sequences
retrieved from Passaic aquifer sediments (30) could be distin-
guished within cluster IVb. The phylogenetic tree showed that
these sequences were more closely related to sequences from Des-
ulfatibacillum alkenivorans AK-01 than to previously described
environmental sequences retrieved from aquifer sediments
(Fig. 1). This is consistent with the great abundance of Deltapro-
teobacteria in the Passaic samples and the detection of an active
SRB population surviving on crude oil components. The minor
differences observed between FI and M samples in cluster IVb
suggest that these could belong to closely related microorganisms.

Independently of their environmental origin (geography,
depth, or pollution level), the sequences retrieved from the marine
sediment samples clustered together and separately from the other
BssA-like sequences. In cluster I, some marine sediment se-
quences were associated with previously described proteobacterial
and environmental BssA sequences, forming in most cases sepa-
rated clusters (Fig. 1). The few marine-derived sequences available
in the literature (38) formed a distinct cluster with BssA of the sole
marine isolate D. toluolica Tol2 and with clone FI-TR006 retrieved
in this work. In a PCoA of all sequences belonging to cluster I, both
the P1 and P2 coordinates separated marine samples into two
main clusters. One cluster was close to the Desulfobacterales and
may represent diverging marine organisms within this group; the
second cluster could not be assigned to any phylogenetic group
(Fig. 2B). Betaproteobacteria formed a consistent cluster that con-
tained no marine sediment sequence, and a group of sequences
from Mallorca clustered with a central group related to Clostridi-
ales isolates and sequences retrieved from methanogenic enrich-
ments.

On the other hand, clusters II and III were clearly dominated
by sequences from the Atlantic Islands sediments. The majority of
sediment sequences clustered together with sequences of marine
origin and formed a distinct group within cluster III (Fig. 1). More
than 90% of the retrieved sequences in the Rodas beach sample
(RI), where no AssA-type sequences were detected, and almost
90% of the sequences from the petroleum aggregate sample (FI-
PET) clustered within cluster III and close to the putative Desul-
fotomaculum sp. Ox39 bssA sequence (Fig. 3). Incubation of this
o-xylene-degrading strain with a mixture of m-xylene and o-xy-
lene demonstrated that the degradation pathways of these two
compounds were initiated by different fumarate-adding enzymes
(57). It seems that the amplified sequence of this strain did not
correspond to a toluene/xylene-specific bssA gene but rather to a
related bssA-like enzyme. Our attempts to grow Desulfotomacu-
lum sp. Ox39 with 2MN as the only carbon source were unsuc-
cessful, but there were strong indications that this strain could
cometabolize dimethylnaphthalenes when m-xylene was the ma-
jor organic substrate (57). The main contaminants in the Prestige-
affected sediments were naphthalene and alkylated derivatives
(see Tables S2a and S2b in the supplemental material) (41, 58),
including primarily methylated and dimethylated compounds.
We thus associated the Atlantic Islands sequences in this cluster
with the degradation of methylated naphthalenes. Interestingly,
none of the sequences retrieved from the Mediterranean sediment
microcosms were found in this group.

Rarefaction analysis of all marine sediment libraries showed
that the level of diversity of the Mediterranean BssA-like se-
quences was low compared to that of the sequences derived from
the Atlantic Islands samples, except for sequences from the oil-

polluted M-OIL sample, which were mainly represented in clus-
ters I and IVb (see Fig. S3 in the supplemental material). Compar-
ison of BTEX compounds in the original Prestige oil and in the
oil-treated microcosm indicated more rapid consumption of tol-
uene and ethylbenzene than of xylenes in these samples (see Fig.
S1a in the supplemental material), which could explain the near
absence of Mallorca sequences in cluster II. This suggests that the
biodegradation of hydrocarbon contaminants may require a lon-
ger exposure period. FI-PET displayed the greatest sequence di-
versity (see Fig. S3 in the supplemental material) and included
sequences that were distributed among all clusters, as was the case
for the remaining FI samples. In contrast, only two sequence types
were observed in the RI sample collected from a less polluted
beach in the same area: three sequences belonged to the same
OTU0.02 in cluster I, and the remaining sequences formed a single
OTU0.02 in cluster III. This sample displayed the lowest level of
diversity and also showed a higher proportion of unspecific am-
plified sequences. Altogether, our data suggest that the stimula-
tion of bacterial hydrocarbon oxidizers by the presence of pollut-
ants resulted in a substantial increase in functional gene diversity
compared to that in nonpolluted sites.

Protein sequence determinants of functional diversity. The
PCoA performed with all available BssA-like sequences clearly
identified different clusters that could be related to the particular
range of substrates utilized by each enzyme (Fig. 3A). If true,
alignment of the protein sequences in each cluster should reveal
both similarities in the active-site residues that are relevant for
substrate specificity among homologues sharing similar substrates
and major differences at these sites for enzymes that target differ-
ent groups of substrates. The sequences in the amplified PCR frag-
ments analyzed in this work included the active site of the enzyme,
especially the conserved Cys residue directly involved in the ab-
straction of a hydrogen atom from the substrate (10). The binding
pocket of the active site has been accurately defined by the struc-
ture of four crystallized proteins belonging to the radical enzyme
family: Clostridium butyricum glycerol dehydratase (59), Archaeo-
globus fulgidus PFL2 (60), Clostridium scatologenes hydroxypheny-
lacetate decarboxylase (61), and Escherichia coli pyruvate formate-
lyase (62). The residue positions shaping this pocket have been
identified in each structure and mapped in the multiple-sequence
alignment. Despite the relatively low level of homology between
the four proteins (41 to 53%), the position of these residues in the
structure was conserved and could be superimposed between
structures (61). To locate these positions in the BssA-like se-
quences, we built sequence logos for each cluster (see Fig. S4 in the
supplemental material). Inspection of the different logos revealed
a high degree of conservation between the sequences of the differ-
ent clusters and identified variable regions and residues. A gap of 7
residues between positions 467 and 474 (all positions henceforth
refer to T. aromatica K172 BssA numbering [13]) distinguished all
sequences with respect to cluster I. In addition, cluster IV showed
two single gaps at positions 508 and 528 and an insertion after
position 603 with respect to the remaining sequences.

Positions 491 and 507 are two of the five main residues that
shape the active-site pocket (in addition to the reactive cysteine)
that were included in the amplified fragment. In addition, residues
His536 and Glu637 of C. scatologenes hydroxyphenylacetate de-
carboxylase (corresponding to positions 509 and 611 in the align-
ment) were shown to interact with the substrate p-hydroxypheny-
lacetate (61). To map these residues in the protein active site, we
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built a tentative structure model of a representative protein se-
quence fragment from cluster III (FI-PET068) using C. butyricum
glycerol dehydratase chain A (Protein Data Bank [PDB] accession
number 1r9d_A) as the template (59), with which it shared 47%
homology (Fig. 4). Several residues in the FI-PET068 sequence
could not be modeled and are presented as a dotted black line.
Glycyl radical enzymes share a global protein topology, consisting
of a 10-stranded �/�-barrel composed of two antiparallel
5-stranded sheets surrounded by �-helixes. The active-site pocket
is embedded in the core of this structure. The putative active-site
pocket positions were occupied by a different residue in the dif-
ferent cluster proteins and are summarized in Fig. 4: position 491
was Ser in all clusters except cluster III, where it was Ala; positions
507 and 509, which flanked a characteristic gap in cluster IV, had
a conserved Gly residue in all clusters except clusters IV, where the
residues were Ser and Ala; and position 611 was conserved only in
cluster I proteins (Fig. 4). To detect additional positions that could
be relevant to protein specificity (the so-called specificity-deter-
mining sites [SDSs]), we used SPEER methods, which can define
protein subfamilies and predict family protein functionally rele-
vant residues (48, 49). Analysis of a multiple alignment of all avail-
able BssA-like sequences with SPEER software gave four different
groups that matched the clusters previously defined in the phylo-
genetic tree and left 10 sequences grouped into five unclassified
clusters. The SPEER software identified several residues predicted

to be relevant for protein substrate specificity (Fig. 4). All pre-
dicted SDSs were located downstream of the conserved Cys in the
active site. We observed stronger differences between the AssA
group (cluster IV) and the remaining groups, such that all SDS
residues in this group differed from the rest. Finally, position 605,
which was occupied by a different amino acid residue in each
cluster, could distinguish the four subfamilies. The structural con-
sequences of all these changes are difficult to predict but could
result in slight adjustments in the active-site cavity that would
alter its properties (polarity, shape, and volume) and could deter-
mine differences in the range of substrates recognized by the en-
zyme.

Concluding remarks. In this work, we have been able to detect
different analogues of the bssA gene, which reflect the strong po-
tential for hydrocarbon degradation in these coastal sediments.
The bssA-like gene diversity was correlated with the presence of
pollutants like monoaromatics and naphthalene derivatives. The
long persistence of pollutants seemed to determine the presence of
BssA-like variants; sequences retrieved from the Atlantic Islands
sediments could be found in all clusters and were more diverse
than Mallorca sequences. Mallorca samples were deliberately con-
taminated during a short incubation period and exhibited only
small differences compared to nonpolluted sediments. The global
analysis of the bssA gene suggested a broad substrate-dependent
clustering and the existence of new clusters of analogous enzymes
detected mainly by metagenomic analyses. Sequences of marine
origin were separated from terrestrial homologues, indicating a
geographical divergence within clusters. The description of new
gene variants would require both enhanced probe design and the
exploration of new environments, as this work has shown. Al-
though the number of metagenomes in databases is increasing, the
number of bssA sequences retrieved with this amplification-inde-
pendent approach is limited. Thus, the detection of functional
biomarkers will continue to be a good indicator of biodegradation
potential.
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