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ABSTRACT

Pristine microbial mat samples from a hypersaline pond
of a solar saltern (Camargue, France) were transferred
into microcosms, contaminated in the laboratory with a
viscous sulphurrich crude oil, and characterized over
time with microsensors for Oq, pH and HyS, respective-
ly. The goal was to gain information on how oil pollu-
tion affects the major autotrophic and heterotrophic
processes involved in carbon cycling in coastal mats.
Further, GC-MS analysis of mat samples taken directly
after microsensor measurements was performed to
investigate how the composition and the amount of oil
changed over time in the oil contaminated mats.
Pronounced biogeochemical changes in the microbial
mat samples were observed during the experiment. The
obtained results indicate that oil contamination stimu-
lated organotrophic aerobic respiration and that C21-
C28 alkanes of the crude oil were degraded/oxidized
over time within the contaminated mats.

INTRODUCTION

Microbial mats are cohesive and stratified mi-
crobial communities growing on solid surfaces.
In coastal areas such mats are known to stabi-
lize sediments. Perennial and thick microbial
mats thrive under extreme enviromental con-
ditions e.g. habitats with elevated salinity (Co-
hen 1989, Javor 1989) that exclude or limit the
survival of higher organisms but prolific mat
growth can also be induced in normal defau-
nated sediment (Kiihl et al. 2003). In many

microbial mats cyanobacteria are the principal
primary producers of organic matter and oxy-
gen. Because of a very close coupling between
autotrophic and heterotrophic processes in
microbial mats, most of the organic matter pro-
duced by the cyanobacteria is recycled within
the uppermost active zone. Sulphate reduction
is considered to be the most important anaero-
bic mineralisation process in cyanobacterial
mats (Jergensen et al. 1992, Canfield & Des
Marais 1993, Wieland et al. 2004). The sul-
phide produced by the sulphate-reducing bac-
teria can be oxidized abiotically in the oxic
zone but is primarily depleted by chemotro-
phic colourless sulphur bacteria and anoxy-
genic phototrophs, which are both located
around the oxic-anoxic interface in the mat.
The continuing demand for oil has led to a
high frequency of transportation of oil, thereby
increasing the risk of detrimental oil spills in
coastal environments. Crude oil is a mixture of
hydrocarbon compounds of biogenic origin
that occur naturally in the earth (Fingas 2001).
The hydrocarbons in oils are divided into three
major groups: saturated (alkanes, cyclo-alkanes
and waxes), aromatic (e.g benzene, toluene,
xylenes), and polar compounds (resins and
asphaltenes). Of these, the first two groups
include compounds, which are readily oxidized
under aerobic conditions by a wide variety of
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microorganisms like Bacillus spp. and Pseudo-
monas spp., whereas resins and asphaltenes are
more recalcitrant to microbial degradation
(Fingas 2001). Some crude oil components can
under optimal environmental conditions serve
as carbon sources for microorganisms, as de-
scribed for Pseudomonas spp. and Rhodococcus
spp. Sub-optimal conditions result in only par-
tial oxidation of these compounds. The inter-
mediates, e.g., alcohols and fatty acids, can
again serve as carbon sources for other micro-
organisms, which cannot attack the oil compo-
nents directly, like, e.g., anaerobic sulphate-
reducing bacteria (Bertrand et al. 1989).
Under controlled conditions, bioremedia-
tion based on the use of microorganisms is a
practical and cost-effective method to remove
pollutants such as hydrocarbons from contami-
nated surfaces and sub-surfaces (e.g., Holliger
et al. 1997, Obuekwe & Al-Zarban 1998) but
the microorganisms must be present in suffi-
cient quantities and diversity in order to ac-
complish this. Due to the high density of di-
verse microbial populations and the presence
of multiple and fluctuating microenviromental
gradients, microbial mats have a potential to
immobilize and degrade pollutants (Cohen
2002). This potential may give microbial mats
an important role in many forms of bioremedi-
ation. Constructed wetlands with aquatic plants
and associated microbial mats have e.g. been
used for treatment of agricultural, municipal,
and industrial waste (e.g. Kivaisi 2001, Mas-
hauri et al. 2000, Shutes et al. 1999). Moreover,
recent studies have shown that after the Gulf
War in 1991, where 800.000 tons of oil were
spilled, the development and survival of micro-
bial mats in polluted coastal areas of the
Persian Gulf played a significant role in the
bioremediation of these areas (Fingas 2001,
Hoffmann 1996, Sorkhoh et al. 1992).
Cyanobacterial mats appear to thrive even
when subjected to severe oil pollution. Al-
though such mat systems are likely to be of
increasing importance for bioremediation of
oil pollution in environmentally sensitive
ecosystems, yet very little information on the
biogeochemistry of mats polluted with crude
oil is currently available. Recently, the effect of
selected clay-immobilized model compounds
(phenanthrene, pristane, octadecane, and di-
benzothiophene) on the structure and func-
tion of pristine hypersaline mats was described
(Grotschel et al. 2002). This laboratory study
showed that despite decreasing concentrations
of petroleum model compounds in the mat,

neither metabolic changes nor shifts in the
microbial community were observed.

In our study, pristine hypersaline microbial
mats from a solar saltern (Salin-de-Giraud,
Camargue, France) (Cornée et al. 1992, Wie-
land et al. 2004, Fourcans et al. 2004) were
transferred into microcosms, contaminated in
the laboratory with crude oil and characterized
over time with microsensors for Oy, pH, and
H,S, respectively. In parallel to this, mat sub-
samples were frozen directly after microsensor
measurements for chemical analyses to deter-
mine the degree of contamination and hydro-
carbon degradation in the mat community
over time. The goal was to gain detailed infor-
mation on how oil contamination affects the
major autotrophic and heterotrophic processes
involved in carbon cycling in pristine hyper-
saline mats.

RESULTS

Mat structure

The microbial mats were very cohesive with a
smooth green surface layer, dominated by the
filamentous cyanobacterium Microcoleus chthon-
oplastes. The detailed microbial composition of
the mat community was described by Fourcans
et al. (2004), showing that besides different
cyanobacteria, also diatoms, sulphatereducing
bacteria, sulphur-oxidizing and anoxygenic
phototrophic bacteria were present in the mat.
An intense black color of deeper layers in the
mat indicated high sulphate reduction rates
and high iron concentrations (Wieland et al.
2004).

After contamination, the crude oil on the
mat surface disappeared within a few days.
However, minijature oil droplets continued to
be released from the upper mat layers when
samples were cut throughout the experiment,
showing that the oil had penetrated and was
incorporated into the mat fabric (Fig.1). A ma-
croscopic change of the mat surface was ob-
served in the contaminated mats. The original
green color of the mat surface changed to
brownish-orange and the surface topography
became very heterogeneous with a gelatinous
top layer of exopolymers formed by the mats
(Fig. 1). The increased surface roughness re-
sulted in an increasing thickness of the effec-
tive diffusive boundary layer, 3, (Table 1).

Microprofiles of Oy and gross photosynthests

In Figure 2, examples of steady-state Oy, profiles
in darkness and light (348 pmol photons m?
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Table 1: Oxygen penetration, maximal Oy concentration, the thickness of the photic zone, areal rates of gross pho-
tosynthesis, the thickness of the effective DBL, and maximal volumetric gross photosynthesis rates as a function of
time in the different mats.

Control

Day 0Oy Maximal Oy Photic Gross Maximal gross Thickness of
penetration  concentration zone photosynthesis photosynthesis  effective DBL
(mm) (M) (mm) (nmol Oy cmy? s1) (nmol Oy cm3 s1) (pm)
8 1.5 1460 1 0.66 + 0.28 16.1 278
0 1.05 1420 0.8 0.73 +0.08 15.5 239
6 1.65 1283 1.05 0.76 + 0.10 18.3 269
13 1.55 1130 1.1 0.59 + 0.04 8.6 313
26 2.3 1060 1.3 0.82 +0.08 13.2 550
98 2.25 847 0.95 0.32 + 0.08 5.1 479

Light contamination

Day Oy Maximal Og Photic Gross Maximal gross Thickness of
penetration concentration zone photosynthesis photosynthesis effective DBL
(mm) (pM) (mm) (nmol Oy cm? s°1) (nmol Oy cm3 1) (pm)
-8 1.5 1460 1 0.66 + 0.28 16.1 278
0 1.85 1412 1.5 0.83 + 0.07 16.3 244
6 1.4 855 1.1 0.92 + 0.03 11.1 226
13 1.2 1100 0.7 0.45 11.1 252
26 1.95 1159 1.3 0.561 £ 0.07 7.6 291
98 1.6 1021 1 0.43 + 0.04 10.1 488

Heavy contamination l

Day Oy Maximal Oy Photic Gross Maximal gross Thickness of
penetration concentration zone photosynthesis photosynthesis  effective DBL
(mm) (pM) (mm) (nmol Og cm? s°1) (nmol Og cm3 s1) (pm)
-8 1.5 1460 1 0.66 + 0.28 16.1 278
0 1.05 980 0.7 0.59 13.1 291
6 1.35 1243 1 0.85 12.7 196
13 1.65 1300 0.9 0.58 + 0.02 12.5 341
26 1.55 962 0.9 0.23 £ 0.06 3.5 415
98 1.05 944 0.7 0.6+0.3 10.9 361

Fig. 1. Oil-contaminated microbial
mat with a brownish-orange gelati-
nous top layer of exopolymers. Note
the miniature oil droplet released
from the mat, as indicated by the
arrow.
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Fig. 2. Examples of average steady-state concentration profiles of Oy in the control mat, light contaminated and
heavily contaminated mat as a function of time after contamination. Bars represent average rates of volumetric gross
photosynthesis. Standard deviation is indicated by error bars (n = 2-5). Dark symbols show profiles in the dark incu-
bated mat, open symbols in the illuminated mat (348 pmol photons m2 s).

s1) are shown in the 3 differently treated mats
as a function of time after contamination. Dark
Oy profiles were generally not affected by con-
tamination with crude oil. Maximal Oy levels in
the illuminated mats were highest in the begin-
ning of the experiment and showed a decreas-

ing trend with increasing incubation time in all
three mats (see also Table 1). In the control
mat, Oy penetration depth showed an increas-
ing trend with incubation time, whereas the
opposite effect was observed in the heavily con-
taminated mat. At the end of the experiment,
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Fig. 3. Areal rates (mean + standard deviation) of net and gross photosynthesis (left panel), and of dark Oy con-
sumption (Ry,) and Oy consumption in the aphotic zone, Raphot (right panel}, as a function of time in the mats.

the thickness of the oxic zone in which no pho-
tosynthetic activity was detectable, i.e., the
aphotic oxic zone, showed a decreasing trend
as a function of oil contamination (Fig. 2, lower
panel). The photic zone was ~1 mm deep in

all three mats. The maximal volumetric gross
photosynthesis rate showed a decreasing trend
with incubation time, with the decrease being
most pronounced in the control mat (Fig. 2,
Table 1).
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Oxygen conversion rates

In the uncontaminated mat, gross photosyn-
thesis rates showed an increasing trend during
the first 26 days and a pronounced decrease
with increasing time (Fig. 3, upper panel).
After an initial increase, net photosynthesis
rates decreased constantly with time. At day 0,
net photosynthesis rates were higher than gross
photosynthesis rates, a phenomenon previous-
ly observed in cyanobacterial mats (Epping &
Kihl 2000, Wieland & Kahl 2000b) and
ascribed to light-dependent oxygen consump-
tion associated with Mehler reactions. Oxygen
consumption rates in the aphotic oxic zone,
Raphop determined as the downward Og flux
mto the mat (J;), showed an initial increasing
trend, but started to decrease after day 6. Dark
Oy, consumption rates, Ry, i, were relatively sta-
ble in the beginning, but decreased to approx-
imately half the rate at day 26.

Gross photosynthesis in the light contami-
nated mat initially increased and then stabi-
lized with a decreasing trend over time (Fig. 3,
middle panel). Net photosynthesis rates were
relatively stable throughout most of the experi—
ment. The Ryp,,; showed the same trend as in
the uncontaminated mat, but the effect was
more pronounced. In the beginning, R, ., in-
creased strongly to more than double the ini-
tial rate, after which it strongly decreased and
then stabilized. The Ry, was more or less sta-
ble over time, with a slight decrease 98 days
after contamination.

In the heavily contaminated mat, gross and
net photosynthesis rates showed more or less
the same trends (Fig 3, lower panel). The Ry,
initially increased after contamination and
then decreased again to a relative stable, but
lower rate. The R,ppo, was more or less stable
over time after an initial increase, and
remained at a ~2-2.5 times higher level than in
the control mat.

Figure 4 shows the areal Oy conversion rates
of the light and heavily contaminated mats
expressed relative to the rates in the unconta-
minated mat. The relative gross and net photo-
synthesis rates (left panel) had more or less the
same trend in both mats. After an initial period
of slight increases and decreases, the contami-
nated mats showed at day 98 a higher Oy pro-
duction (net and gross photosynthesis) than
the uncontaminated mat. The heavily contami-
nated mat showed the most pronounced in-
crease, resulting in a gross photosynthesis rate
almost 90% higher than the control mat. Re
lative dark Oy consumption rates (upper right

panel) and R.ﬂ1 not (lower right panel) in-
creased over ume with a strong increase of
Ra hot in the heavily contaminated mat, result-
mg in almost 200% higher rates as compared
to the control mat. Thus, oil contamination
clearly led to an increase of Oy consumption in
the mats.

Microprofiles of pH, H,S, and S,

Examples of dark steady-state pH, HyS, and
total sulphide (S,,,) profiles in the uncontami-
nated and heavily contaminated mat are shown
in Fig. 5 as a function of time after contamina-
tion. In the beginning of the experiment, the
pH in both mats dropped from a value of 8.2 in
the water to pH 7.1 at 2.5-3 mm depth. After 98
days, the pH decreased more strongly in the
uppermost layer of both mats leading to a pH
drop from a value of 8.2 in the water to pH 7
already at 0.7-1 mm depth. In the uncontami-
nated and heavily contaminated dark incubat-
ed mats, HyS and S, levels were highest in the
beginning of the experiment (day 0) and de-
creased towards the end of the experiment
(middle and right panel). In the uncontami-
nated mat, maximal concentrations of 648 uM
S, corresponding to 290 uM HyS at the pre-
vailing pH of 7.1 at 3.1 mm depth, decreased to
138 uM S, and 81 uM HyS at pH 6.9 at the
same depth (day 98). Compared to the uncon-
taminated mat, sulphide levels decreased
stronger directly after contamination of the
heavily contaminated mat, but the sulphide
level in the latter was slightly higher 98 days
after contamination.

In Figure 6, examples are shown of steady-
state pH, HgS, and S, profiles in the illumi-
nated uncontaminated and heavily contaminat-
ed mats as a function of time after contamina-
tion. Photosynthetic COy fixation in the mats
led to a maximum of pH (up to pH 9.4-9.5) at
~0.5 mm depth, indicating high photosynthesis
rates in this layer (Fig. 6, left panel). Below this
peak, pH strongly decreased due to aerobic res-
piration, fermentation, and sulphide oxida-
tion. Directly after oil contamination (day 0),
this pH peak decreased in the heavily contami-
nated mat to pH 8.7 at 1.3 mm depth. At the
end of the experiment (day 98), the pH maxi-
mum in the uppermost layer of the uncontam-
inated mat was very broad with pH ~9.7 at 0.3-
1.5 mm depth.

At day 0, the sulphide levels in the illumi-
nated mats increased, but decreased again at
the end of the experiment. In the uncontami-
nated mat, maximal concentrations of 401 uM
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Fig. 4. Areal rates of net and gross photosynthesis (left panel), and of dark Oy consumption, Ry,,, and O, con-
sumption in the aphotic zone, Ryppo (right panel), in the light and heavily contaminated mats expressed relative to

the rates in the uncontaminated mat.

of total sulfide, corresponding to 272 uM H,S
at the prevailing pH of 6.6 at 3.5 mm depth,
was found at day 0. At the end of the experi-
ment (day 98), S, and HyS decreased in the
uncontaminated mat to 257 and 88 uM (pH
7.3) at 3.5 mm depth, respectively. Compared
to the uncontaminated mat, sulphide levels
decreased more strongly directly after contam-
ination in the heavily contaminated mat than
in the control, but the sulphide levels were
more or less the same at the end of the experi-
ment (day 98). Thus, the sulphide profiles did
not show strong changes in response to oil con-
tamination and exhibited a similar decreasing
trend during the experiment.

Crude oil compounds in the mat

To determine the amount and fate of crude oil
in the mats, extracts of the uppermost mat

layer (0.1-0.3 cm) were analysed by gas chro-
matography. The n-alkanes originating from
the crude oil were identified, traced over time,
and quantified in relation to a microbial mat
lipid, »-triacos-1-ene. We found a gradual de-
pletion of nalkanes in the mat immediately
after oil pollution (Fig. 7). Quantification was
only performed from the Cy; alkane onwards,
as the unpolluted microbial mat itself con-
tained some of the lighter n-alkanes. Also, the
depletion of n-alkanes lighter than Cyg is due to
e.g. evaporation, and their disappearance does
not imply biodegradation (Kuo 1994). In the
heavily contaminated mats, Cy-Cog alkanes
decreased strongly in the mat and were virtual-
ly absent at the end of the experiment (Fig. 8),
indicating degradation and/or transformation
of these compounds within the microbial mat.
The decrease of the n-alkanes was highest dur-
ing the first 26 days after contamination.
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DISCUSSION

Our results showed that the sulphurrich crude
oil was degraded over time, leading to an
increased Oy consumption in the contaminat-
ed mats relative to the uncontaminated control
mats.

Photosynthesis and Oy consumption
in the uncontaminated mat

The mat surface changed over time from a rel-
ative smooth surface to a very heterogeneous
surface topography (Fig. 1), increasing effec-
tive diffusive boundary layer thickness, &,
(Table 1; Jargensen 2001). Dark Og consump-
tion rates, Ry, y, in the microbial mats were
limited by the diffusive Og supply over the dif-
fusive boundary layer (DBL) (Jgrgensen 1994,
Jorgensen 2001, Jgrgensen & Des Marais 1990,
Kiihl & Jgrgensen 1992). Thus, the observed
decrease of Ry, over time (Fig. 3) can partly
be explained by a reduced Oy supply due to a
thicker DBL.

After the mats had been introduced into
the microcosms, increased photosynthesis rates
were observed (day -8 to 26, Fig. 3), but photo-
synthesis rates and Oy concentration in the
uncontaminated mat decreased in general dur-
ing the experiment (Fig. 3, Table 1). Further-
more, both Ry, and R, decreased strongly
over time (Fig. 3), suggesting a decrease of sul-
phide oxidation and/or organotrophic Oy res-
piration in the mat, which determine both
rates. A decrease of heterotrophic activity can
reduce the internal COs supply for photosyn-
thesis in the mat, leading to declining produc-
tivity with time. Indeed, data showed decreas-
ing HoS and sulphide (S,,) concentrations
with time in both the illuminated and dark
incubated control mat (Figs. 5, 6). We specu-
late that decreasing rates of oxygen and sul-
phide turnover in the control mat were caused
by an increasing limitation of organic substrate
or inorganic nutrients in the mat.

Photosynthesis and Oy consumption in the contami-
nated mat

In the heavily contaminated mat, a decrease of
Oy levels and Oy penetration depth was
observed over time (Fig. 2, Table 1). R, phot and
Ry increased strongly and were 200 and 40%
higher, respectively than the rates in the uncon-
taminated mat at the end of the experiment
(Fig. 4). This suggests that the oil contamina-
tion stimulated Og-consuming processes, espe-
cially over longer time periods.

Compared to the control mat, the sulphide
levels decreased stronger in the heavily con-
taminated mat directly after contamination, but
were slightly higher 98 days after contamina-
tion (Fig. 5). Thus, changes in Oy consumption
were most probably not caused by increased
sulphide oxidation, pointing to an increase of
heterotrophic aerobic respiration in the oil-
contaminated mats.

At the end of the experiment, higher net
and gross photosynthesis rates were detected in
the two contaminated mats as compared to the
uncontaminated mat. This could be a result of
an increased availability of COy due to the stim-
ulation of aerobic heterotrophic respiration. It
has been shown previously that photosynthesis
and respiration are closely coupled in micro-
bial mats, and that the dissolved inorganic car-
bon requirement of the photosynthetic popu-
lation may largely be covered by the respiration
of closely associated heterotrophs (Canfield &
Des Marais 1993, Glud et al. 1992, Kahl et al.
1996, Wieland & Kiihl 2000a).

Despite the general increasing trend of
photosynthesis rates, a significant decrease of
gross photosynthesis rates was observed shortly
after the contamination (Figs. 3, 4). After day
13, gross photosynthesis rates in the less con-
taminated mat stabilized, whereas the rates in
the heavily contaminated mat continued to
decrease until day 26. The amount of oil added
onto the mat apparently affected gross photo-
synthetic activity. It is well known that crude
oils contain compounds, which are inhibitory
for photosynthetic organisms even at very low
concentrations (Narro 1987). Light limitation
caused by the layer of crude oil on top of the
mat could also have led to the temporary
decrease of gross photosynthesis. Degradation
of the hydrocarbons and possibly also diffusion
of watersoluble compounds out of the mat
could have led to the recovery of gross photo-
synthesis rates at the end of the experiment
(Figs. 3, 4). Chemical analyses of the oil con-
taminated mat samples showed that most of the
r-alkanes originating from the crude oil had
disappeared almost completely after day 26
(Figs. 7, 8).

Sulphide cycling in the mats

Profiles showed that sulphide levels and net sul-
phide turnover rates decreased strongly over
time in both the uncontaminated and heavily
contaminated mats, especially during dark
incubations (Figs. 5, 6). In the illuminated
mats, total sulphide concentrations in both the
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in the dark incubated mats.

uncontaminated and the heavily contaminated
mats increased slightly in the beginning of the
experiment, but remained more or less the
same over time (Fig. 6, right panel). However,

3) of pH, H,S, and total sulphide (S,,) as a function of time

sulphide turnover rates as estimated from
microsensor data, underestimate sulphur
cycling, especially in the Camargue mats (see
Wieland et al. 2004). Biogeochemical measure-
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ments performed in mats from the same loca-
tion by Wieland et al. (2004) showed that high
iron concentrations in the mats led to pro-
nounced sulphide precipitation by iron, espe-
cially in anoxic mat layers. This study also
showed that besides sulphide precipitation with
Fe(II), also sulphide oxidation by anoxygenic
photosynthesis and by Fe(III)-oxides strongly
reduced the free sulphide pool despite very
high sulphate reduction rates found in these
mats. Thus, in the iron-rich Camargue mat, sul-
phide microsensor data strongly underestimate
sulphur cycling and minor changes of the sul-
phur cycle are probably not detectable with
microsensors due to the high buffering capaci-
ty of the iron. The decreasing sulphide con-
centrations, however, point to a decreasing sul-
phate-reducing activity in the mat over time,
indicating that oil degradation products did
not serve as (additional) substrate for sulphate
reduction in the mat.

Oil degradation

Microbial degradation of oil released into the
aquatic enviroment has been shown to occur by
attack on the saturated hydrocarbons and low
molecular weight aromatic fractions of the oil.
The n-alkanes are considered the most readily
degraded compounds in oil (Davies & Hughes
1968 and Kator et al. 1971 in Atlas & Bartha
1992). Chemical analyses of the contaminated
mat samples revealed that most of the z-alkanes
from the crude oil were degraded by the end of
the experiment (Figs. 7, 8). Further, our Og
data showed that the crude oil addition stimu-
lated the overall activity in the contaminated
mats as compared to the control. We speculate
that the crude oil acted as substrate for hydro-
carbon-degrading microorganisms within the
mats, leading to degradation of the hydrocar-
bons over time.

The observed increase of Og consumption
in the contaminated mats suggests that oil-con-
tamination mainly stimulated aerobic het-
erotrophic bacteria. However, we cannot con-
clude whether the aerobic heterotrophs were
the only organisms degrading the oil. The most
prevalent genera of hydrocarbon-degrading
microorganisms in aquatic environments are
Pseudomonas sp., Achromobacter sp., Arthrobacter
sp., Micrococcus sp., Nocardia sp., Vibrio sp.,
Acinetobacter sp., Brevibacterium sp., Rhodococcus
sp., Corynebacterium sp., Flavobacterium sp.,
Candida sp., Rhodotorula sp. and Sporobolomyces
sp. (Bartha and Atlas 1977). Other studies indi-
cate that some strains of cyanobacteria are

capable of oxidizing oil compounds, but evi-
dence for this is stll tentative (Ellis 1977, Al
Hasan et al. 1994, Cerniglia et al. 1980). The
fact that the cyanobacteria in mats are associat-
ed with hydrocarbon-degrading bacteria and
fungi located in the cyanobacterial polysaccha-
ride layers (Sorkhoh et al. 1992, Garcia de
Oteyza et al. 2004) suggests that the combined
activities of the cyanobacteria and the associat-
ed organotrophic microorganisms are crucial
for the degradation of hydrocarbons. Cyano-
bacteria may be important for emulsification of
the oil, thereby facilitating further degradation
(Cohen 2002).

A previous study showed that petroleum
model compounds, immobilized on modified,
hydrophobic clay and added on top of a pris-
tine hypersaline microbial mat, decreased in
the mat over time without significant changes
of metabolic activity and microbial community
composition (Grotschel et al. 2002). This study
also showed that the added petroleum com-
pounds remained mainly in the top layer of the
mat and that the compounds were degraded by
the pristine mat at low rates, with aromatic
compounds being degraded faster than ali-
phatics. Our study, where a rapid decrease of »-
alkanes (Fig. 8) occurred together with an
increase of aerobic heterotrophic activity (Figs.
3, 4), suggests that in crude oil, which is a com-
plex mixture of different classes of chemical
compounds, some constituents stimulate/sup-
port the degradation process. We also observed
a lower decrease of photosynthetic activity in
the contaminated mats at the end of the exper-
iment as compared to the control mat. Besides
a direct stimulating effect of the (additional)
COgy evolving from aerobic respiration of the
hydrocarbons on photosynthesis, nitrogen-rich
compounds in the oil could have led to the rel-
ative increase of photosynthesis in the contam-
inated mats. The sulphurrich oil applied in
this study is also nitrogen-rich and contains
~0.5% nitrogen, partly in the form of carba-
zoles. The carbazoles present in the crude oil
are degraded by co-cultures of Microcoleus con-
sortia, consisting of the matbuilding Microco-
leus and heterotrophic bacteria in their poly-
saccharide sheath (Garcia de Oteyza et al.
2004). Thus, the nitrogen-rich compounds in
the oil could help the cyanobacteria to over-
come a potential nitrogen limitation, leading
to an increase of photosynthesis. However, the
precise role of these compounds on the activity
of the mat and on oil degradation by mats
remains to be investigated in detail.
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Fig. 6. Average steady-state concentration profiles (n = 2-3) of pH, HyS, and S, as a function of time in the illumi-

nated mats (348 pmol photons m2 s1).

In response to oil contamination the pro-
duction of exopolymers by the mat increased
macroscopically (Fig. 1). Microbial exopolysac-
charides seem to play a role in microbial oil
degradation via their excellent oil-emulsifying

properties (Bouchotroch et al. 2000, Iwabuchi
et al. 2002). This could reduce the toxic effect
of oil and make the hydrocarbons accessible
for microbial biodegradation.
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Fig. 7. Chromatogram of r-alkanes in the heavily contaminated mat at day 0 (A), day 7 (B), day 14 (C), day 26 (D),
and day 98 (E), respectively. The unnamed peaks in the chromatogram are lipid biomarkers. Quantification of -
alkanes was relative to a microbial mat lipid, n-triacos-1-ene.

CONCLUSIONS

A general decrease of photosynthesis rates, Og
concentrations, sulphide turnover rates and
total sulphide concentrations in the uncontam-
inated mat was observed over time, suggesting
adecrease of the overall activity of the mat, most
probably caused by substrate/nutrient limi-
tation. In mats contaminated with different
amounts of sulphurrich crude oil, a stimula-
tion of Og-consuming processes, as compared
to the control was found. Microsensor meas-
urements in the heavily contaminated mat
showed that total sulphide concentrations and
thus sulphate reduction rates decreased over
time. Thus effects on Oy consumption were
therefore most probably not caused by in-
creased sulphide oxidation, but due to an
increase of heterotrophic aerobic respiration
in the oil-contaminated mats. Gas chromatog-
raphy of subsamples showed that Cy; og alkanes
from the added crude oil were degraded/oxi-
dized over time within the mat, indicating aer-
obic biodegradation of these alkanes in the
mat. Exopolysaccharides produced by the mat-
inhabiting microorganisms in response to oil
contamination could have increased the bio-
availability of hydrocarbons for microbial de-
gradation. Thus, in line with a recent review
(Cohen 2002) we conclude that hypersaline

microbial mats seem to possess a high potential
for degradation of crude oil and possibly also
other environmental pollutants (e.g., heavy
metals, pesticides, etc.).

MATERIAL AND METHODS
Sampling

A microbial mat sample (30 x 20 cm) was taken
at the sampling site located in Salin-de-Giraud
(Camargue, France). A detailed description of
the sampling site is given in Caumette et al.
(1994), of the microbial community composi-
tion in Fourcans et al. (2004), and of the mat
biogeochemistry in Wieland et al. (2004). In
situ temperature and salinity were 20°C and
~90%¢ at the time of sampling. Mat samples
were transported within 6h to the Marine Bio-
logical Laboratory, University of Copenhagen,
Helsinggr, Denmark, and maintained for sever-
al days under in situlike conditions (see be-
low). Control microsensor measurements were
performed in the mat before contamination
with crude oil.

Contamination

The microbial mat sample was cut into 3 pieces
of equal size and surface topography (8 x 17 x
3 cm) and placed in 3 glass aquaria (10 1) with-
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out water. Two of the mat subsamples were con-
taminated with different amounts (8.23 and
16.46 ml/100 cm?) of a viscous and sulphur-
rich (>2% sulphur) crude oil (Maya oil), origi-
nating from evaporitic source rocks (for details
on Maya oil composition see Garcia de Oteyza
& Grimalt, this issue). Sulphurrich oils are
increasingly used for the production of fuel
products, but represent a high environmental
risk due to their persistence in the environ-
ment after spillage.

Equal amounts of oil (7 ml) were dispersed
homogeneously over both mat surfaces. The
mats were kept dark and moist for 18 h to allow
sufficient oil penetration into the mats. There-
after, one mat piece was again contaminated
with the same amount of oil and incubated
under the same conditions (heavily contami-
nated mat). After another 48 h and a total incu-
bation time of 66 h, artificial seawater was
added to the contaminated mats. The oil frac-
tion leaving the mat into the water was
removed with filter paper.

The third mat piece, i.e., the control mat,
was kept under the same conditions (dark and
moist) during the contamination period of the
other two mats. The three mat samples were
placed in the microcosms and microsensor
measurements were performed in all three
mats 0, 6, 13, 26, and 98 days after the contam-
ination.

Microcosms

The microbial mat samples were kept under

Relative peak height

0 T T T T T T T T
0 20 40 60 80 100

Days

Fig. 8. Relative content of Cg-Cog alkanes in the heavily
contaminated mat over time.

identical conditions in the 3 glass aquaria with
aerated artificial seawater (90%c¢). Water mix-
ing and flow was generated with submersible
water pumps (Power Head, Italy). The aquaria
were placed side-by-side and illuminated with 3
x 500W and 10 x 20W halogen light sources. A
light cycle of 4 stages was applied: 1 h 1500W, 2
h 1600W, 4 h 1700W, 2 h 1600W and 15 h dark-
ness. The maximal downwelling scalar irradi-
ance at the mat surface was quantified with a
light meter (Biospherical Instruments, USA)
and amounted to 700 pmol photons m?2 sl
The microcosms were kept in a cooling room
(15°C) with additional cooling provided by 2
electric fans. The water temperature varied
between 15°C (dark) and 30°C (maximal light)
depending on the irradiance. Similar tempera-
ture fluctuations were observed at the field site.
Mat subsamples (5 x 3 cm) were taken fre-
quently from the microcosms and microsensor
measurements were conducted (see below).
After microsensor measurements, each sub-
sample was frozen in liquid Ny for further
analyses.

Microsensors

Clark-type Oy (Revsbech 1989) and HyS (Jero-
schewski et al. 1996, Kiihl et al. 1998) microsen-
sors, and glass pH microelectrodes (Revsbech
& Jorgensen 1986) were used to measure the
distribution of oxygen and sulphide in the
microbial mat. The Oy microsensors had tip
diameters of <10 pm, a stirring sensitivity of
<2% and a tgy response time of <0.5 s. The HyS
microsensors, which were coated with black
paint to avoid light interference on the meas-
uring signal (Kihl et al. 1998), had tip diame-
ters of <20 pm. The length of the pH-sensitive
glass tip of the pH microelectrode was ~100
pm, with a tip diameter of ~15um. The Oy and
pH microsensors were calibrated according to
Wieland et al. (2003). The HyS microsensors
were calibrated according to Wieland et al.
(2004). Total sulphide concentration, S, in
the mat was calculated from HyS and pH
microprofiles according to Wieland & Kiihl
(2000b).

The pH and HyS microsensors were glued
together after orienting the microsensor tips as
close as possible to each other in the same hor-
izontal plane. Oxygeh, pH, and HsS measure-
ments were done subsequently with a motor-
ized micromanipulator (Marzhauser, Germany;
MICOS GmbH, Germany; Jenny Electronics
AG, Switzerland) mounted on a heavy solid
stand. Microsensor signals were recorded with
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a strip chart recorder (Kipp&Zonen, Nether-
lands) and with a computer data acquisition
system (Profix, Unisense A/S, Denmark) that
also controlled the micromanipulator. Experi-
mental light-dark shifts for gross photosynthe-
sis measurements were realized by manually
darkening the mat surface. The moment of
darkening was registered by a photodiode posi-
tioned in the light beam. The initial rate of Og
depletion after darkening was calculated and
stored by the software (Sloper, Unisense A/S,
Denmark), and was used for calculation of
gross photosynthesis rates (Kihl et al. 1996,
Revsbech & Jprgensen 1983).

Microsensor set-up

For microsensor measurements, mat subsam-
ples were embedded in agar (1.5% w/v) and
mounted in a flow chamber (Lorenzen et al.
1995). A constant flow of aerated artificial sea-
water (90 %o) was generated with a submer-
sible water pump (Aqua Clear, Germany) con-
nected to the flow chamber. The mat samples
were illuminated with a fiber-optic halogen
light source (KL 2500, Schott, Germany). The
downwelling scalar irradiance at the mat sur-
face was quantified as described above and
amounted to 348 umol photons m?2 s1. This
moderate light intensity, in comparison to the
microcosms, was chosen as higher irradiances
led to intense bubble formation in the mat.

Calculations

Fluxes of Oy across the mat-water interface
were calculated according to Fick’s first law of
diffusion:

J0=-D0 dC/dZ (1)

where Dg represents the molecular diffusion
coefficient of Og in water and d C/dz is the con-
centration gradient in the diffusive boundery
layer (DBL). The Dy of Oy was taken from
Broecker & Peng (1974) and calculated as a
function of temperature and salinity after Li &
Gregory (1974). The concentration gradient
was estimated from the linear part of the Oy
profile in the DBL (Jorgensen & Revsbech
1985). In darkness, J; represents dark Og con-
sumpton rates of the mat, Ry, , whereas in
light it is 2 measure of net photosynthesis rates.
The thickness of the effective DBL, 6., was cal-
culated by extrapolation of the linear concen-
tration gradient of Og in the DBL to the Oy
concentration in the water column after
Jorgensen & Revsbech (1985).

The downward Os flux into the mat, J;, was
calculated from Os microsensor profiles by

Js = -6D,dC/dz (2)

where ¢ is the mat porosity and Dy is the sedi-
ment diffusion coefficient. The mat porosity
was assumed to equal 0.9 and the mat diffusion
coefficient D, was calculated according to
Ullman & Aller (1982).

Areal rates of gross photosynthesis (Py)
were calculated by depth-integration of the
porosity-corrected volumetric gross photosyn-
thesis rates in the zone where photosynthesis
was measurable with the light-dark shift me-
thod (photic zone).

Chemical analyses

To determine the content of oil compounds in
the mat after contamination and during the
degradation experiment, the uppermost ~0.1-
0.3 cm of the frozen mat samples (taken and
frozen after the microsensor measurements)
were extracted and analysed by gas chromatog-
raphy.

For this, the samples were ground in a
mortar and extracted twice with methanol
(Merck), dichloromethane (Merck) and n-
hexane (Merck) for 10 min in an ultrasonic
bath. The total extract was fractionated by col-
umn chromatographyina 34 cmx 0.9 cm (i.d.)
column filled with 8 g of both 5% water-deacti-
vated alumina (top) and silica (bottom). The
latter were prepared by extracting neutral silica
gel (70-230 mesh, Merck) and alumina (70-230
mesh, Merck) with (2:1, v/v) dichloromethane-
methanol in a Soxhlet apparatus for 24 h. After
solvent evaporation, the silica and alumina
were heated for 12 h at 120°C and 350°C,
respectively. Finally, 5% of Milli-Q-grade water
was added to these adsorbents for deactivation.

From the total extract of the mat samples,
the aliphatic hydrocarbons were separated by
elution with 20 ml of »-hexane, the monocyclic
aromatic hydrocarbons (crude oil) and alkenes
(microbial mat) were eluted with 10% dichlo-
romenthane in nhexane, and the polycyclic
aromatic hydrocarbons (crude oil) with 20%
dichloromenthane in #z-hexane, respectively. As
only typical petroleum components were of
interest, further fractions, including two resin
fractions (crude oil) with alkenones and sterols
originating from the mat, were not analyzed.
The hydrocarbon fractions were evaporated to
dryness and redissolved in iso-octane.

Gas chromatography (GC) was performed
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with a Varian Model Star 3400 equipped with a
flame ionization detector and a Varian 8200
CX injector. A DB-5 capillary column (30 m x
0.25 mm i.d.; film thickness 0.25 mm) was used
with hydrogen as carrier gas (50 cm/s). The
oven temperature program was 70 to 140°C at
10°C/min, 140 to 310°C at 4°C/min (holding
time 20 min). Injector temperature program
was 100 to 300°C at 200°C/min and the detec-
tor temperature was 330°C (SPI Injection). Ni-
trogen was used as make up gas (30 mL/ min),
whereas detector gas flows were hydrogen (30
mlL/min) and air (300 mL/min).

Samples were also analyzed on a GC cou-
pled to a mass spectrometer (GC-MS; Fisons
MD-800). Spectra were obtained in the elec-
tron impact mode (70 eV) scanning from mass
50 to 550 every second. A HP-5 capillary col-
umn (30 m x 0.25 mm i.d.; film thickness 0.25
mm) was used with helium as carrier gas (1
ml/min). The oven temperature program was
70 to 140°C at 10°C/min, 140 to 310°C at
4°G/min (holding time 20 min). Injector, trans-
fer line and ion source temperatures were 300,
280 and 200°C, respectively. Injection was in
the splitless mode (iso-octane, hot needle tech-
nique) keeping the split valve closed for 48 s.
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