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We studied the microbial diversity of benthic cyanobacterial mats inhabiting a heavily polluted site in a
coastal stream (Wadi Gaza) and monitored the microbial community response induced by exposure to and
degradation of four model petroleum compounds in the laboratory. Phormidium- and Oscillatoria-like cya-
nobacterial morphotypes were dominant in the field. Bacteria belonging to different groups, mainly the
Cytophaga-Flavobacterium-Bacteriodes group, the � and � subclasses of the class Proteobacteria, and the green
nonsulfur bacteria, were also detected. In slurry experiments, these communities efficiently degraded phenan-
threne and dibenzothiophene completely in 7 days both in the light and in the dark. n-Octadecane and pristane
were degraded to 25 and 34% of their original levels, respectively, within 7 days, but there was no further
degradation until 40 days. Both cyanobacterial and bacterial communities exhibited noticeable changes
concomitant with degradation of the compounds. The populations enriched by exposure to petroleum com-
pounds included a cyanobacterium affiliated phylogenetically with Halomicronema. Bacteria enriched both in
the light and in the dark, but not bacteria enriched in any of the controls, belonged to the newly described
Holophaga-Geothrix-Acidobacterium phylum. In addition, another bacterial population, found to be a member
of green nonsulfur bacteria, was detected only in the bacteria treated in the light. All or some of the populations
may play a significant role in metabolizing the petroleum compounds. We concluded that the microbial mats
from Wadi Gaza are rich in microorganisms with high biodegradative potential.

There is general interest in studying the diversity of indige-
nous microorganisms capable of degrading pollutants such as
crude oil, polycyclic aromatic hydrocarbons, and polychlori-
nated biphenyls in different environments (32, 33, 43, 48).
Identification of the key organisms that play a role in pollutant
degradation processes is relevant to the development of opti-
mal in situ bioremediation strategies. Indeed, efforts have been
made to characterize bacterial communities and their re-
sponses to pollutants (17, 43), to isolate potential degraders
(9), and to identify functional genes involved in particular
degradation processes (37, 40, 45, 57). Evidence has been pre-
sented that microbial communities dominated by phototrophic
cyanobacteria can be actively involved in the degradation of
petroleum and its derivatives. Observations made after oil
spills in the Arabian Gulf showed that there was intensive
colonization of polluted sites by cyanobacterium-dominated
microbial mats that correlated with the disappearance of hy-
drocarbons (29, 30). Other studies have demonstrated the ca-
pacity of cyanobacterial isolates to degrade hydrocarbons (2,
10–12). While many studies to describe bacterial diversity and
community changes in various pollutant-degrading communi-
ties have been performed by using recently developed culture-
independent molecular techniques, little research has focused
on microbial communities dominated by photosynthetic organ-
isms in relation to oil degradation. We studied the microbial

diversity of a benthic cyanobacterium-dominated community
inhabiting a heavily polluted site in Wadi Gaza (Gaza Strip,
Palestine), a river that receives a variety of pollutants, such as
diesel oil, other petroleum products, sewage, pesticides, solid
waste, agricultural discharge, and industrial discharge. We also
investigated the ability of native communities to degrade
model compounds (n-octadecane, pristane, phenanthrene, and
dibenzothiophene) in the laboratory, and we monitored
changes in the microbial community linked to exposure to
these compounds. The compounds which we used represent
the most important groups of petroleum constituents (straight-
chain alkanes, branched alkanes, aromatic hydrocarbons, and
organosulfur compounds). These pollutants were found to oc-
cur in Wadi Gaza sediments at variable levels (53). In general,
alkanes and polycyclic aromatic hydrocarbons are ubiquitous
environmental pollutants. Particular attention was paid to
polycyclic aromatic hydrocarbons as they exhibit toxic, muta-
genic, and carcinogenic properties (14, 16, 38). Combustion of
sulfur-containing organic compounds, such as dibenzothio-
phene, emits noxious sulfur dioxide, which contributes to acid
rain and air pollution (19, 36). Petroleum compounds are con-
sidered to be recalcitrant to microbial degradation and persist
in ecosystems because of their hydrophobic nature (low water
solubility) and low volatility, and thus they pose a significant
threat to the environment.

MATERIALS AND METHODS

Environmental setting of the microbial mats. The mat samples used in this
study were obtained from Wadi Gaza, Gaza Strip, Palestine. This wadi originates
at Hebron in the West Bank and flows in the east-west direction across the Gaza
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Strip. It is the only surface water in the Gaza Strip and is heavily used for disposal
of sewage, solid waste, and agricultural and industrial wastewater. In the west,
Wadi Gaza reaches the Mediterranean Sea. The connection to the sea is inter-
mittent, depending on the rainfall. Here, where the samples were collected, most
of the cyanobacterial mats develop in the presence of high levels of pollutants,
mainly diesel oil and other petroleum products (53). The salinity, temperature,
and water level of the wadi change seasonally, which results in marked changes
in the appearance of the mats. In the western part of the wadi, the salinity ranges
from 1% (wt/vol) total salts in the winter to 3.5% (wt/vol) total salts in the
summer, and the average daily temperature varies between 15°C in the winter
and 35°C in the summer. At the time of sampling (May 2000), the mats were
submerged, the measured water temperature was 25°C, and the salinity was 2%.

Preparation of organo-clay complexes. n-Octadecane, pristane, phenanthrene,
and dibenzothiophene (Sigma-Aldrich) were used as model compounds for pe-
troleum constituents. Hydrophobic clay was used as a carrier for the model
petroleum compounds in our experiments in order to enhance the contact of the
compounds with the microbial community and to increase their bioavailability. A
2% aqueous suspension of montmorillonite KSF (Aldrich) was prepared, and 0.8
mmol of benzyl-trimethylammonium (BTMA) chloride per g of clay was added
slowly as a 10 mM solution (modified as described by El-Nahhal et al. [20]). The
mixture was stirred for 24 h, washed three times to remove excess BTMA
chloride, and then freeze-dried. To adsorb the model compounds, the hydro-
phobic clay (BTMA-montmorillonite) was suspended in n-hexane. The mixture
of model compounds (20 mg per 100 mg of hydrophobic clay, dissolved in
n-hexane) was slowly added with continuous stirring. The slurry was dried in a
vacuum rotary evaporator, which removed the n-hexane. This yielded a homo-
geneous powder consisting of hydrophobic clay loaded with 16.67% (wt/wt)
petroleum model compounds (designated the organo-clay complex). The ad-
sorbed model compounds were reextracted with dichloromethane (DCM) and
analyzed by gas chromatography.

Experimental design. Experiments were carried out in sterile 250-ml Erlen-
meyer flasks. The medium used was prepared by mixing equal volumes of natural
seawater and distilled water. The salinity was adjusted to 2% to mimic the salinity
of the site at the time of sampling. Nitrogen and phosphate sources were added
to the medium by adding 1 mM ammonium chloride and 8 �M sodium dihy-
drophosphate, respectively. Each Erlenmeyer flask except the control flasks
received 100 ml of autoclaved medium, 1 g of Wadi Gaza mat material, and 100
mg of organo-clay complex. The following four controls, two for chemical anal-
ysis and two for community structure comparison, were used: (i) medium and
organo-clay complex without mat material (incubated in the light and in the
dark); (ii) medium and organo-clay complex with autoclaved mat material; (iii)
medium and mat material without organo-clay complex (control G); and (iv)
medium, mat material, and hydrophobic clay without model compounds (control
GC). The first two controls were used to check for photooxidation of the model
compounds and to account for adsorption of the organo-clay complex particles to
the mat material, respectively. The other two controls (controls G and GC) were
used to monitor changes in the community in the absence of model organic
compounds. All flasks were incubated at 28°C with constant shaking at 100 rpm
and a light regime consisting of 12 h of light and 12 h of darkness. The light
intensity was 80 �mol of photons m�2 s�1 (photosynthetically available radia-
tion). One flask containing medium, organo-clay complex particles, and mat
inoculum was incubated in complete darkness. The experiment was performed
for 40 days, and samples used for chemical analysis (2 ml each) were taken every
4 days during the first 2 weeks and every 10 days until the end of the experiment.
At the end of the experiment, the contents of the flasks were collected by
centrifugation.

Microscopy and cultivation. Small pieces of microbial mats from Wadi Gaza
were torn apart and mounted in water on glass microscopic slides. The slides
were examined by transmitted light microscopy, phase-contrast microscopy, and
fluorescence microscopy. Different cyanobacterial morphotypes were identified
and photographed. Different cyanobacteria were cultivated in BG11 defined
medium (52) enriched with the four model compounds (1 mg of organo-clay
complex per ml medium). The salinity was adjusted to 2%, and incubation was
at 28°C.

Chemical analyses. Samples (2 ml) were taken from the Erlenmeyer flasks
with disposable pipettes. The flasks were shaken vigorously to suspend the solid
material in order to obtain homogeneous samples. The samples were extracted
ultrasonically with a mixture of methanol, DCM, and water (1:0.5:0.4, vol/vol/vol;
modified as described by Bligh and Dyer [4]). After centrifugation, the super-
natant was collected in a separatory funnel. This procedure was repeated four
times. DCM and water were added to the combined supernatant to give a
methanol/DCM/H2O ratio of 1:1:0.9 (vol/vol/vol), which resulted in phase sep-
aration. The DCM layer was collected, and the methanol-water phase was

washed three times with DCM. The solvent of the combined DCM phase was
removed with a rotary evaporator, and the extract was diluted to concentrations
appropriate for gas chromatography analysis.

The extracts were analyzed with a Hewlett-Packard 6890 gas chromatograph
equipped with a Gerstel KAS3 temperature-programmable injector, a flame
ionization detector, and a fused silica column (J&W DB-5HT; 30 m by 0.25 mm;
film thickness, 0.15 �m). After an isothermal phase at 60°C for 2 min, the oven
was heated at a rate of 20°C/min to 150°C and then at a rate of 3°C/min to 310°C
and then kept at 310°C for 15 min.

Model compounds were quantified by integration of the flame ionization
detector signals and comparison with the signal of an internal standard
(squalane) which was added immediately after extraction. The calculated initial
amount of each model compound in a 2-ml sample was 66.67 �g. The abundance
of the model compounds was determined relative to this value.

Molecular analysis. The field material (Wadi Gaza microbial mats) and the
biomass collected from controls G and GC and the two treatment preparations
incubated in the light and in the dark were subjected to nucleic acid extraction,
PCR, and denaturing gradient gel electrophoresis (DGGE) as previously de-
scribed (1). PCR amplification of 16S rRNA was carried out by using two sets of
oligonucleotide primers. CYA359F (with a 40-nucleotide clamp at the 5� end)
and CYA781R were used as specific primers for cyanobacteria (49), and GM5F
with a GC clamp and universal primer 907RC were used for all bacteria (54). A
hot-start program was used for the cyanobacterium-specific primers, as described
by Nübel et al. (49), whereas in case of the universal bacterial primers (GM5F
and 907R), a hot-start touchdown program was used to minimize nonspecific
amplification (54). One thousand nanograms of the PCR-amplified material was
loaded on a DGGE gel, which was subsequently electrophoresed at 60°C at a
constant voltage of 200 V for 3.5 h (1). The DGGE gradient concentrations were
20 to 60% in case of the cyanobacterial primers and 20 to 80% in case of the
universal primers. The DGGE bands were excised manually, the DNA was
allowed to diffuse out in buffer overnight, and another PCR was performed.
Products were then sequenced commercially after their purity was confirmed by
using another DGGE gel.

Phylogenetic affiliation. Cyanobacterial phylogenetic trees were constructed
based on long (more than 1,300-bp) 16S rRNA sequences by using different
methods integrated in the ARB software (42); these methods included maxi-
mum-likelihood, maximum-parsimony, and neighbor-joining procedures (a max-
imum-likelihood tree is shown in Fig. 2). The 16S rRNA sequences of Escherichia
coli and Bacillus subtilis were included in the calculations as outgroup sequences.
Partial cyanobacterial sequences (ca. 400 bp) obtained in this study were aligned
with the sequences in the ARB database using the alignment tool of the ARB
software package (42). These sequences were then inserted into the preestab-
lished tree by using the ARB parsimony tool and maintaining the overall tree
topology without changes. Partial bacterial sequences were also inserted into a
preestablished stable tree containing all bacterial sequences in the ARB database
without allowing changes in the overall tree topology. The final tree was mini-
mized for simplicity of presentation.

Nucleotide sequence accession numbers. The sequences determined in this
study have been deposited in the GenBank database under accession numbers
AF423347 to AF423377.

RESULTS

Composition of the cyanobacterial community in the native
microbial mats from Wadi Gaza. Microscopic observation of
the native mat samples revealed the presence of at least three
morphotypes of filamentous cyanobacteria with different
trichome widths. One of these morphotypes was a cyanobac-
terium with a thin filamentous, Phormidium-like morphology
(trichome width, 1 �m). A second Phormidium-like morpho-
type with wider trichomes (trichome width, 2 to 4 �m) and
clearly visible cross walls was also observed. The cells of this
cyanobacterium were longer than they were wide (length, 3 to
6 �m) and had prominent constrictions at the cross walls. The
third morphotype was an Oscillatoria-like cyanobacterium with
trichomes that were 6 to 8 �m wide whose cells were discoid.
In addition to these cyanobacterial morphotypes we also ob-
served very low levels of some pennate diatoms and unicellular
green algae.
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DGGE analysis of the community using cyanobacterium-
specific primers revealed three distinguishable bands (Fig. 1,
bands Wa, Wb, and Wc). The band patterns were very similar
for triplicate extracts from the same mat sample. The sequence
represented by band Wa was affiliated closely with a group of
16S rRNA gene sequences from thin filamentous cyanobacte-
ria belonging to the genera Phormidium and Pseudanabaena
(Fig. 2). Upon enrichment cultivation, a thin filamentous cya-
nobacterium (width, 1 �m) was isolated (strain TFWG), and
its sequence was found to be closely affiliated with the se-
quence of this DGGE band (99% sequence similarity). This
indicates that this cultivated cyanobacterium is most probably
a representative of the field population represented by DGGE
band Wa. The sequence of DGGE band Wb fell next to a
cluster of sequences of filamentous cyanobacteria which in-
cluded strains assigned to the genera Phormidium, Leptolyng-
bya, Plectonema, and Oscillatoria. However, the sequence of
band Wb was at least 9% dissimilar when it was compared with
any of the sequences in this cluster. The sequence of DGGE
band Wc mapped phylogenetically close to the sequence of
Oscillatoria sp. strain M-82 (31) (sequence similarity, ca. 94%).

Bacterial community structure of the native microbial mats

from Wadi Gaza. The band pattern generated with the univer-
sal eubacterial primers (GM5F and 907RC) was more complex
than the pattern generated with the cyanobacterial primers
(Fig. 3). This was expected, as these primers amplify not only
16S rRNAs of dominant bacteria but also 16S rRNAs of cya-
nobacteria. Eight clear bands were obtained, and three of them
were cyanobacterial, as determined by subsequent sequencing
and phylogenetic analysis. This analysis yielded results virtually
identical to those obtained with the cyanobacterium-specific
primers, and these results are not discussed further. The phy-
logenetic reconstruction obtained by using the remaining
bands is shown in Fig. 4. The band W1 sequence mapped to the
Cytophaga-Flavobacterium-Bacteriodes group and was affiliated
with the sequence of the marine bacterium Polaribacter glom-
eratus (formerly Flectobacillus glomeratus) (level of sequence
similarity, 93.7%) (25). The band W3 sequence fell within the
sequences of the � subclass of the class Proteobacteria next to
a group of environmental bacterial sequences obtained from
activated sludges (level of sequence similarity, 95.7%) (6). On
the other hand, the band W4 sequence fell within the se-
quences of the � subclass of the Proteobacteria and was closely
affiliated with the sequences of Hydrogenophaga palleroni (level
of sequence similarity, 97.6%) and Hydrogenophaga sp. strain
DSM 5680 (level of sequence similarity, 95.7%). These two
organisms have the ability to aerobically degrade the sulfo-
nated azo compounds 4-carboxy-4�-sulfoazobenzene (5) and
4-aminobenzenesulfonic acid (21), respectively. Sequences
from bands W2 and W5 exhibited at most 82% similarity to any
other sequences available in the database. The band W2 se-
quence fell next to sequences from Rhodothermus sp., while the
band W5 sequence fell next to a group of sequences belonging
to green nonsulfur bacteria (Chloroflexaceae), suggesting that
this sequence is probably a member of this group. It is thought
that some of the environmental sequences closely related to
our sequences may be sequences of members of pollutant-
degrading microbial consortia (6, 18).

Degradation of four model compounds. Degradation of
pristane, dibenzothiophene, phenanthrene, and n-octadecane
was studied by monitoring the disappearance of these com-
pounds during experiments (Fig. 5). The amount of each
model compound added to the experimental flasks was 3.33 mg
(corresponding to 13.1, 13.9, 18.7, and 18.1 �mol of n-octade-
cane, pristane, dibenzothiophene, and phenanthrene, respec-
tively). Extraction of the suspension at zero time yielded 76 to
84% of the theoretical amounts of the four model compounds.
Such levels of recovery are commonly obtained as a result of
experimental and analytical conditions. In the control samples
with and without dead biomass (Fig. 5c and d), the amounts
and unaltered relative compositions of the model compounds
indicated that no degradation occurred. Slightly lower yields
were obtained for the control containing dead biomass (Fig.
5c). A lower level of recovery and a slight decrease in the
amount of n-octadecane relative to the amounts of the other
model compounds were also observed for the control without
biomass incubated in the light at day 11; this pattern remained
unaltered until 40 days. After 3 days of treatment in the light,
3% of the phenanthrene initially added and 5% of the diben-
zothiophene initially added were present. In the dark, the
amounts of these two aromatic compounds were 11 and 20% of
the amounts initially added (Fig. 5a and b). In the samples

FIG. 1. DGGE band patterns of PCR-amplified 16S rRNA frag-
ments obtained by using cyanobacterium-specific primers and the
Wadi Gaza field microbial mats (lane WG) and mats collected at the
end of the experiments from the microbiological controls (lanes G and
GC) and from preparations incubated in the light (lane L) and in the
dark (lane D). The labeled bands were excised, reamplified, and se-
quenced.
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collected on and after day 7, these compounds were not
present either in the preparations incubated in the light or in
the preparations incubated in the dark. After 3 days, the ali-
phatic compounds, pristane and n-octadecane, were also de-
graded. In case of n-octadecane, ca. 25% remained after 3 days
of incubation in the light or in the dark. Similarly, pristane was
degraded so that 34% remained in the preparations incubated
in the light and 38% remained in the preparations incubated in
the dark (Fig. 5b). During the rest of the experiment until day
40, the amounts of pristane and n-octadecane remained con-
stant at 30 and 25% of the amounts added initially, respec-
tively.

Cyanobacterial community changes following exposure to
pollutants. DGGE analysis showed that there were noticeable
changes in the cyanobacterial communities both in the controls

and in the treated preparations (Fig. 1). The band pattern
suggested that dominant species of cyanobacteria were re-
placed by other species. This was observed previously when
mats were examined under laboratory conditions (1). Some
field bands, such as bands Wa and Wc, disappeared from the
treated mats as well as from the control mats; band Wb per-
sisted in one treated preparation (preparation incubated in the
light) and one control (control G). A new population repre-
sented by band La developed in all treated preparations and
controls. The sequence of this band was phylogenetically affil-
iated with the sequence of Synechocystis sp. strain PCC 6803
(level of sequence similarity, 100%). This population was suc-
cessfully isolated on a medium enriched with model com-
pounds and, as expected, was found to be a unicellular cya-
nobacterium (diameter of cells, 2 to 3 �m) with the

FIG. 2. Phylogenetic tree (maximum likelihood) for cyanobacteria and plastids based on publicly available, almost complete 16S rRNA genes
from members of the cyanobacterial line. E. coli and B. subtilis were used as outgroups. The numbers next to the collapsed clusters indicate the
number of sequences in each cluster. The 400-bp 16S rRNA sequences from our excised DGGE bands were placed phylogenetically by using
parsimony criteria without changing the topology of the preestablished tree. The bar indicates 10% sequence divergence. The identities of strains
correspond to the identities given in the databases, and we do not imply that they are necessarily taxonomically correct.
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morphology of Synechocystis species. In the presence of model
compounds, the mat incubated in the light produced three
bands, one of which was affiliated with Syenchocystis sp. strain
PCC 6803. The second band was at the same DGGE position
as band Wb obtained from the native mat, and its sequence was
closely related to the sequence of this band from the native
mat. The third band (DGGE band Lc) was observed only in
this preparation; it was not obtained with any of the controls or
the native mats. This indicates that it was a direct development
in response to the addition of the model compounds. The
sequence of this band was similar to that of strain TFEP1, a
representative of the newly proposed genus Halomicronema,
which has extremely thin filaments (level of sequence similar-
ity, 94.5%) (R. M. M. Abed, F. Garcia-Pichel, and M. Hernán-
dez-Mariné, submitted for publication). In the dark, all of the

field cyanobacteria disappeared, and amplification of DNA
using cyanobacterium-specific primers yielded a product whose
concentration was very low. Upon DGGE of a concentrated
product obtained from several PCRs, only one cyanobacterial
band was present on the gel; the sequence of this band was
affiliated with the sequence of Synechocystis sp. strain PCC
6803. The controls produced band patterns different from
those of the treated preparations. The mat incubated in the
absence of the model compounds exhibited greater diversity,
represented by the development of five distinguishable bands.
Two of these bands (bands Ga and Gb) were similar to bands
detected in the mat incubated in the presence of the model
compounds in the light. The other three bands (bands Gc, Gd,
and Ge) did not show more than 93% sequence similarity to
any of the cyanobacterial sequences available in the database.
In the presence of clay without model compounds, only two
bands were detected, and these bands were similar to those
detected with control G. This implies that the only change
directly attributable to the addition of the model compounds
was enrichment of the population represented by band Lc in
the light treatment.

Changes in bacterial community following degradation of
model compounds. Almost all DGGE bands corresponding to
field bacteria were replaced by other bands during the treat-
ments, demonstrating that there were dramatic shifts in the
community structure. Some of the new bands were present in
all experiments, including the controls, whereas others were
specific for certain treatments (Fig. 3). The total number of
bands was higher for the controls than for the treated prepa-
rations, indicating that the model compounds inhibited the
growth of some bacteria. The sequences of the new common
bands fell phylogenetically within different groups, such as the
� subclass of the Proteobacteria (band D1), the � subclass of
the Proteobacteria (band D2), and the Cytophaga-Flavobacter
cluster (bands GC1, L1, GC3, and L4). The sequences of these
bands did not exhibit more than 85% similarity to any of the
sequences available in the database. In the presence of the
model compounds, there were four bands which were not de-
tected in any of the controls, bands L3, D3, L2, and D4. Bands
L3 and D3 were detected after the light and dark treatments,
respectively. Phylogenetically, the sequences of these bands fell
within a group of sequences belonging to the newly described
Holophaga-Geothrix-Acidobacterium phylum, which was de-
fined mainly on the basis of environmental sequences (41).
This phylum includes only three cultivated isolates, one of
which is an aerobic organism (Acidobacterium capsulatum)
(34) and two of which are anaerobic organisms (Holophaga
foetida and Geothrix fermentans) (15, 39). Band L2 was de-
tected only in preparations incubated in the light, and its se-
quence was related to sequences from green nonsulfur bacte-
ria. On the other hand, band D4 was detected only in
preparations in the dark, and its sequence was similar to the
sequence of native band W3, which exhibited ca. 95.7% se-
quence similarity to environmental bacterial sequences ob-
tained from phosphate-removing and non-phosphate-remov-
ing activated sludges (6). Bands G2 and GC4 were detected
only in controls G and GC, respectively. Their phylogenetic
affiliations are shown in Fig. 4.

FIG. 3. DGGE profiles of PCR-amplified 16S rRNA fragments
obtained by using universal bacterial primers from the Wadi Gaza field
microbial mats (lane WG) and mats collected at the end of the exper-
iments from the microbiological controls (lanes G and GC) and from
preparations incubated in the light (lane L) and in the dark (lane D).
The labeled fragments were excised, reamplified, and sequenced. The
unlabeled bands include those containing cyanobacterial sequences
and bacterial bands with sequences similar to the sequences of the
labeled bands.
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DISCUSSION

The indigenous microorganisms inhabiting the highly pol-
luted Wadi Gaza site which we investigated seem to have a
strong potential to effectively degrade petroleum compounds.
This conclusion supports the results of previous studies, which
indicated that chronic exposure to high levels of petroleum
results in microbial communities that are adapted to hydrocar-
bons and have higher concentrations of hydrocarbon-degrad-
ing bacteria (7, 8).

Use of the organo-clay complex as a carrier. The poor water
solubility of most petroleum compounds (e.g., phenanthrene,
�1.3 mg/liter [50]; dibenzothiophene, 1.47 mg/liter [28]) limits
their biodegradation in nature. Strategies to enhance the ac-
cessibility of such compounds to microorganisms include in-

creasing the solubility using natural or synthetic surfactants
and emulsifiers (3, 26) and adsorbing them to solid substrates,
such as clay or resins (22, 35). In this study we used organo-clay
complexes to simulate the natural conditions in which hydro-
phobic contaminants are present in the adsorbed form. How-
ever, it is likely that the bacteria from Wadi Gaza are adapted
to grow on solid surfaces since the inoculum was obtained from
a surface biofilm on fine-grained sediment. In the dark control
without biomass, more than 75% of the model compounds was
recovered at the end of the experiment, and this indicated that
the organo-clay complex was stable throughout the experiment
and there was no biodegradation (Fig. 5c). The level of recov-
ery was slightly lower than that obtained upon direct extraction
of organo-clay complex suspensions (more than 90% [Köster,

FIG. 4. Unrooted phylogenetic tree showing affiliations based on partial bacterial 16S rRNA sequences and selected sequences from members
of different bacterial clusters, including the � and � subclasses of the Proteobacteria, the Cytophaga-Flavobacterium-Bacteriodes group (CF), the
newly described Holophaga-Geothrix-Acidobacterium phylum (HGA), and the green nonsulfur bacteria (GNSB). The tree was simplified for clarity
by omitting all sequences between clusters. The numbers in parentheses indicate the references in which the clustered sequences were described.
The scale bar indicates 10% estimated sequence divergence.
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unpublished data]). This could have been due to the experi-
mental procedures used, such as the sampling and chemical
analysis procedures. A comparison of the light control without
biomass (data not shown) and the dark control without bio-
mass (Fig. 5d) showed that the model compounds were not
photooxidized. The control with autoclaved biomass (Fig. 5c)
indicated that adsorption was not significant (Fig 5d). Conse-
quently, we attributed the disappearance of the model com-
pounds in the presence of living biomass to biodegradation
activity. The aromatic compounds were completely degraded,
indicating that these compounds were accessible to the degrad-
ing bacteria. In contrast, the amounts of aliphatic hydrocar-
bons decreased after 3 days and then remained constant for up
to 40 days. We assumed that alkanes were only partially acces-
sible to bacteria due to strong binding in the BTMA-montmo-
rillonite interlayers but were completely extractable with or-
ganic solvents. Indeed, it has been shown for phenanthrene
adsorbed on unmodified montmorillonite that different modes
of binding may lead to different rates of biodegradation (35,
58). There have been no detailed studies of the competitive
adsorption behaviors of several compounds on organo-clay
complexes. We observed that both cyanobacterial and bacterial
communities in the absence of clay were different from the
communities in samples containing either hydrophobic clay or
organo-clay complex particles. The hydrophobic clay seemed
to inhibit the growth of some cyanobacteria (Fig. 1) but en-
hanced the growth of other bacteria (Fig. 4). Therefore, the

changes in the community induced by the hydrophobic clay
could be discriminated by examining the control containing
only this hydrophobic clay. Such differences in microbial com-
munities in the presence of a sorptive phase compared to
microbial communities in the absence of a sorbent have been
described previously (27, 22).

Role of cyanobacteria in biodegradation. Recent reports
demonstrated that photosynthetic microorganisms, particu-
larly cyanobacteria, may play a direct or indirect role in the
metabolism and degradation of hydrocarbons. Cyanobacteria
such as Anabaena cylindrica, Phormidium faveolarum, Oscilla-
toria sp. strain JCM, and Agmenellum quadruplicatum can de-
grade different aromatic compounds (10, 11, 51). Narro (47)
demonstrated the ability of A. quadruplicatum to oxidize
phenanthrene to trans-9,10-dihydroxy-9,10-dihydrophenan-
threne and 1-methoxy phenanthrene with a monooxygenase
system (47). Degradation of n-alkanes by two nonaxenic or-
ganisms, Microcoleus chthonoplastes and Phormidium corium
isolated from oil-contaminated sediments, was also demon-
strated (2). The n-alkanes were oxidized to fatty acids, which
were subsequently incorporated into cell lipids. In mat systems,
cyanobacteria are present in association with oil-degrading
bacteria and prevent them from being washed out by immobi-
lizing them in their mucilage. In addition, cyanobacteria also
supply these bacteria with oxygen produced by photosynthesis
and the fixed nitrogen needed for their activity in the degra-

FIG. 5. Plots of quantities of model compounds in slurry experiments with Wadi Gaza microbial mats versus time. (a) Twelve hours of light
and 12 h of darkness; (b) 24 h of darkness; (c) control with autoclaved biomass, 12 h of light and 12 h of darkness; (d) control without biomass,
24 h of darkness. The data are expressed as percentages relative to the amounts of the compounds initially introduced into the system (i.e., 3.33
mg of each model compound adsorbed on 100 mg of organo-clay complex particles). Solid bars, pristane; bars with diamonds, dibenzothiophene;
open bars, phenanthrene; cross-hatched bars, n-octadecane.
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dation processes. This indirect role of cyanobacteria can be
important to the overall success of the biodegradation process.

In our experiment, shifts in cyanobacterial community com-
position were dramatic, and two field species were eliminated.
These species might have been sensitive to cultivation condi-
tions in the laboratory. However, new cyanobacteria became
conspicuous in the experiment, although they were not detect-
able in the field sample. These species were probably present
in the field at very low levels. The maximum number of species
was detected in the control in which the mat sample was cul-
tivated in the absence of model compounds, lending credibility
to the notion that cyanobacteria exhibit maximum diversity in
the absence of petroleum compounds. Many studies have dem-
onstrated that crude oil includes constituents that are inhibi-
tory to cyanobacteria even at low concentrations (reference 51
and references therein). Aromatic compounds have been
shown to have more drastic effects than alkanes. These com-
pounds inhibit photosynthesis and growth, reduce enzyme ac-
tivity and microbial biomass, and induce changes in cyanobac-
terial species composition (44). In the presence of model
compounds in the light experiment, the conditions favored the
growth of three cyanobacterial populations. The population
represented by band Lc, which appeared only in this experi-
ment, might play a role in detoxification of any of the model
compounds. In order to demonstrate this, experiments with
axenic cultures of the respective population are needed. An-
other population, affiliated with Synechocystis sp. strain PCC
6803, developed during this treatment and also in the controls.
A search of the complete genome of Synechocystis sp. strain
PCC 6803 (http://www.ncbi.nlm.nih.gov) revealed that this cya-
nobacterium possesses dioxygenase genes, which catalyze in-
corporation of both atoms of an oxygen molecule into an
aromatic ring, producing dihydrodiols (23). This suggests that
this cyanobacterium might also have played a role in the aer-
obic degradation of aromatic compounds like dibenzothio-
phene and phenanthrene in our experiment. In any case, these
three populations certainly tolerated the concentrations of the
model compounds supplied, indicating that sensitive species
present in the field were replaced by more resistant species. As
cyanobacteria are sensitive to pollution, any alteration of the
community composition could be useful as a bioindicator of
pollution (44).

Bacteria in Wadi Gaza. DGGE analysis suggested that the
bacterial community in Wadi Gaza was less diverse than com-
munities that developed during the experiments. This was ap-
parently due to the environmental stress caused by the high
level of pollutants, which allowed only a restricted number of
species that tolerated such conditions. However, the site stud-
ied seems to be very rich in novel microorganisms since in
many cases phylogenetic analysis of sequences obtained from
the bacterial bands did not result in close matches with any
known organisms. Many sequences fell within the Cytophaga-
Flavobacterium and the proteobacterial (� and �) groups.
These groups have previously been reported to be present in
marine ecosystems (24), wastewaters (13), and oil-polluted
sites (43, 59). The presence of some sequences (bands W3, D4,
GC2, and D2) related to sequences found in activated sludge is
consistent with the sewage pollution at the site, which must
favor the growth of such species. The field species represented
by band W4 fell within a group of organisms having degrada-

tion abilities which suggest that this organism may play a role
in biodegradation of pollutants in the field. In the experiments
in which the model compounds were degraded, phylogenetic
characterization of the major bands indicated that they do not
represent genera containing known hydrocarbon-degrading
bacteria, such as Sphingomonas, Pseudomona, Burkholderia,
and Mycobacterium. Instead, these bands were found to repre-
sent the newly described Holophaga-Geothrix-Acidobacterium
phylum (bands D3 and L3), the � subclass of the Proteobacteria
(band D4), and the green nonsulfur bacteria (band L2). The
appearance of these bands only in the presence of the model
compounds and not in the controls implies that these organ-
isms might contribute to degradation of the compounds. Bands
L3 and D3 were obtained from the preparations incubated in
the light and in the dark, respectively, and were found to have
similar sequences and phylogenies. These sequences fell within
the Holophaga-Geothrix-Acidobacterium phylum (41). One of
the representative isolates of this group is the Fe(III)-reducing
bacterium G. fermentans, which was isolated from a contami-
nated aquifer that was adapted to rapid anaerobic oxidation of
toluene coupled to Fe(III) reduction (15). Another member of
this group is the obligately anaerobic bacterium H. foetida,
which has the ability to degrade methoxylated aromatic com-
pounds (39). This suggests that these compounds might have
also been metabolized anaerobically. Anaerobic degradation
of petroleum compounds has been demonstrated previously
(60). Our experiments were performed in an open, oxic system,
but it is possible that there were anaerobic niches and anaer-
obic microorganisms. It is likely that anaerobic processes are
more important in the natural environment of Wadi Gaza, in
which the fine-grained sediment is oxygen depleted at depths
below a few millimeters. The presence and metabolic activity
of anaerobic organisms in mainly oxic zones of microbial mats
have been demonstrated previously (46, 55, 56). The presence
of band L2, phylogenetically shown to represent green nonsul-
fur bacteria, only in the presence of organo-clay complexes in
the light opens the unexplored possibility that anoxygenic pho-
totrophs, particularly those with known photoheterotrophic
modes of growth, such as Chloroflexus, could be used in biore-
mediation studies.

Conclusions. Our chemical results support the observation
made following oil spills in the Arabian Gulf that microbial
communities dominated by cyanobacteria can be involved in
the degradation of petroleum. Microbial communities inhab-
iting Wadi Gaza effectively degraded both aliphatic com-
pounds (pristane and n-octadecane) and aromatic compounds
(phenanthrene and dibenzothiophene). This site seems to har-
bor phylogeneticlly diverse and novel microbial populations
that are able to tolerate high levels of pollutants. Organo-clay
complexes were used successfully as a carrier system for model
compounds and allowed complete degradation of aromatic
compounds and degradation of most of the aliphatic com-
pounds examined. Degradation of these compounds was ac-
companied by changes in both the cyanobacterial and bacterial
communities. The development of certain populations was at-
tributed directly to incubation with the model compounds and
thus is thought to play a role in the metabolism of these
compounds. The apparent contributions of members of the
Holophaga-Geothrix-Acidobacterium and green nonsulfur bac-
terial groups are novel findings. The data show that polluted
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sites contain significant hidden diversity of unknown and un-
cultured microorganisms that contribute to biodegradation.
However, it will be necessary to isolate key microorganisms in
order to fully explore their individual potentials to degrade
different petroleum compounds.
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