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Abstract

The diversity and function of aerobic heterotrophic bacteria (AHB) in cyanobacterial mats have been largely
overlooked. We used culture-dependent and molecular techniques to explore the species diversity, degradative capacities
and functional guilds of AHB in the photic layer (2 mm) of an oil-polluted microbial mat from Saudi Arabia. Enrichment
isolation was carried out at different salinities (5% and 12%) and temperatures (28 and 45 °C) and on various substrates
(acetate, glycolate, Spirulina extract and crude oils). Counts of most probable number showed a numerical abundance of
AHB in the range of 1.15-8.13 x 10° cells g~! and suggested the presence of halotolerant and thermotolerant populations.
Most of the 16S rRNA sequences of the obtained clones and isolates were phylogenetically affiliated to the groups
Gammaproteobacteria, Bacteriodetes and Alphaproteobacteria. Groups like Deltaproteobacteria, Verrucomicrobia,
Planctomycetes, Spirochaetes, Acidobacteria and Deinococcus-Thermus were only detected by cloning. The strains isolated
on acetate and glycolate belonged to the genera Marinobacter, Halomonas, Roseobacter and Rhodobacter whereas the
strains enriched on crude oil belonged to Marinobacter and Alcanivorax. Members of the Bacteriodetes group were only
enriched on Spirulina extract indicating their specialization in the degradation of cyanobacterial dead cells. The substrate
spectra of representative strains showed the ability of all AHB to metabolize cyanobacterial photosynthetic and
fermentation products. However, the unique in situ conditions of the mat apparently favored the enrichment of versatile
strains that grew on both the cyanobacterial exudates and the hydrocarbons. We conclude that AHB in cyanobacterial
mats represent a diverse community that plays an important role in carbon-cycling within microbial mats.
© 2006 Elsevier GmbH. All rights reserved.
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Introduction bacteria (AHB), represent biologically the most active
layer with respect to carbon cycling. During daytime,

The upper few millimeters in microbial mats, domi- this part is supersaturated with photosynthetically
nated by cyanobacteria and aerobic heterotrophic produced oxygen [8,48] whereas during the night, anoxic

conditions prevail due to continued respiration activities
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soluble photosynthates by AHB [7,16,31]. AHB are
presumed to be involved in the utilization of the
complex, mostly polymeric carbon compounds of dead
cyanobacterial cells [41]. As a result of these aerobic
activities, most of the oxygen produced by photosynth-
esis is immediately respired, making aerobic respiration
as important as photosynthesis for the carbon budget
within the mat. Even though the importance of AHB for
the carbon cycle of mats has been evident for many
years, they have been treated in previous studies merely
as a “bulk community”. Most progress in research of
microbial mats has been made with respect to the
macroscopically and microscopically most striking or-
ganisms namely the cyanobacteria and bacteria of the
sulfur cycle. In comparison, insights into the diversity
and individual function of AHB are very scarce.

Degradation of oil derivatives by oil-polluted cyano-
bacterial mats has recently been demonstrated [2-4.9].
Evidence was obtained that degradation of hydrocar-
bons was chiefly performed by AHB [3]. However, these
aerobic bacteria present a largely unknown community.
Furthermore, the presence of oil-degrading AHB in mats
raises the questions whether these populations are
different than those involved in the degradation of
photosynthates and if they play a role in carbon cycling
within mats. Our hypothesis is that there are at least two
functional guilds, (a) degraders of the autochthonous
carbon compounds from cyanobacteria (soluble photo-
synthates, exopolymers and cell material) and (b)
degraders of the external, allochthonous carbon com-
pounds (mostly hydrocarbons) from oil. In order to test
this hypothesis, an oil-polluted cyanobacterial mat from
Saudi Arabia was chosen. We recently demonstrated the
ability of this mat to degrade m-octadecane, pristane,
phenanthrene and dibenzothiophene at different sali-
nities and temperatures [2]. This mat was expected to
harbor many types of halotolerant and thermotolerant
AHB that are adapted to the seasonally extreme
conditions [2].

In this study, we used culture-dependent and indepen-
dent (16S rDNA cloning) approaches to gain insights
into the species diversity and function of AHB, a largely
unexplored group, in the photic layer (2mm) of an oil-
polluted cyanobacterial mat from Saudi Arabia. Our
cultivation approach involved both direct plating and
serial dilution isolation techniques and focused on AHB
that grew on cyanobacterial exudates and hydrocarbons.
Representative isolates were tested for their potential to
grow on different organic compounds.

Materials and methods
Description of the studied mat

A cyanobacterial mat was collected in November 2002
from the low intertidal flat of Dawhat Al-Daffi, north of

Jubail, at the Arabian Gulf coast of Saudi Arabia. The
mat had a dry leathery texture with visible precipitated
salts on its surface. Because of its tidal position, the mat
experiences a daily fluctuation in salinity and tempera-
ture that may reach 15% and 40 °C during low tide and
drop to 5% and 25°C during high tide, respectively.
Seasonal differences in salinity and temperature are also
dramatic (5% and 15 °C in winter and 25% and 50 °C in
summer). At the time of sampling, the air temperature
was 30°C and the salinity of the overlying water was
5%. An additional feature of the selected mat is its
continuous exposure to oil pollution from nearby oil
terminals. Frozen mat samples for molecular work as
well as live mat samples for enrichment cultivation were
collected.

Most probable number counts

Most probable number (MPN) counts for the studied
mat at different salinities and temperatures were
compared to a control mat in order to obtain estimates
of the abundance of AHB and to check for the presence
of halotolerant and thermotolerant populations. The
control mat was experimentally established in a glass
aquarium using inoculums from a polluted (Etang de
Berre, France) and two pristine (near I’Ampolla, Spain,
and Horumersiel, Wilhelmshaven, Germany) mats [27].
This mat was grown under controlled salinity of 4% and
temperature of 30 °C in a green house. The 2 mm photic
zones (measured using oxygen microsensors) of the
mat samples (ca. 1 g each) were cut in small pieces using
a sterile scalpel and homogenized gently in 10ml
autoclaved seawater medium (see below). Sodium
pyrophosphate was added to these suspensions as a
dislodgment agent in a final concentration of 0.001 M
[12] followed by vigorous vortex for 15min at room
temperature. These suspensions were used for further
inoculations. MPN counts were performed in microtiter
plates. Each well received 180 pl of autoclaved seawater
medium (see below) amended with a mixture of 10 mM
acetate and SmM succinate. Twenty microliter of the
bacterial suspension was added to each well in the first
row and mixed thoroughly with the medium. Twenty
microliter of the suspension from the first row was
transferred to the adjacent row. This procedure was
repeated until row 11 (dilution 107'%) and row 12 was
left as a blank (medium without bacteria). MPN counts
were performed at the following conditions of salinity
(S) and temperature (7): (a) S=12%, T =45°C
(termed hereafter as HSHT), (b) S =5%, T =45°C
(termed as LSHT), (c) S = 12%, T = 28°C (termed as
HSLT) and (d) S = 5%, T =28°C (termed as LSLT).
MPN counts were calculated using the MPN computer
program developed by Clarke and Owens [11].
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Construction of a 16S rDNA clone library

A clone library was constructed from the photic layer
(2mm) of the mat obtained from Saudi Arabia in order
to study the bacterial diversity within this layer. Nucleic
acids were extracted from the mat’s photic layer as
previously described [1]. Polymerase chain reaction
(PCR) was performed on the DNA extract using the
GM3 and GM4 primers [29]. The PCR products were
purified using the QIAquick PCR purification kit
(Diagen, Diisseldorf, Germany) and were cloned using
the TOPO TA Cloning Kit (Invitrogen, Karlsruhe,
Germany) according to the manufacturer‘s instructions.
The clones obtained were screened for the presence of
inserts and the positive clones were sequenced with an
ABI PRISM 3100 genetic analyzer (applied Biosystems,
Foster City, Calif.).

Enrichments and isolation of AHB

All enrichments were performed on a defined artificial
seawater medium supplemented with a single carbon
source. The medium contained MgCl, - 6 H,O (5.6g1™"),
MgSO,-7 H,O (6.8gl™"), CaCl,-2 H,O (1.47gl™"),
KCI (0.66 g1™") and KBr (0.09 gI™"). Hypersaline media
of 5, 8 and 12% (w/v) final total salinity were obtained
by adding appropriate amounts of NaCl. After auto-
claving, KH,PO, and NH4CI solutions were added to
the medium in final concentrations of 0.15 and 0.2 g1,
respectively. Autoclaved solutions of trace elements
mixtures [47], selenite and tungstate and vitamins [17]
were then added (Iml eachl™'). Solid media were
prepared with 1% (w/v) agar.

Direct plating and serial dilution were used as
isolation techniques. Different populations of AHB
were isolated at different conditions of temperature
and salinity and on different carbon sources. The
following enrichments were performed: (a) at various
combinations of two salinities and two temperatures (as
described above for the MPN) using a mixture of 10 mM
acetate and 5 mM succinate as a carbon source, (b) serial
dilutions on glycolate (photoexcretion product), acetate
(fermentation product) and Spirulina extract (complex
polymeric substances of dead cyanobacteria) and (c)
serial dilutions on two types of crude oil; Casablanca oil
and Maya oil [14]. Glycolate and acetate were used at a
final concentration of 10mM while Spirulina extract
(Sigma, Steinheim, Germany) was used at a concentra-
tion of 0.05% (w/v). The two oils were used at a
concentration of 1% (w/v). The medium had a salinity
of 8% and all enrichments were incubated at 28 °C.

All enrichments were done in a 20ml screw-cap
culture tubes filled with 10ml culture medium under
aerobic conditions. Growth was monitored by compar-
ison to abiotic (medium with substrate and without

bacteria) and biotic (medium with bacteria and without
substrate) controls. Axenic strains were obtained from
high dilutions by plating on agar medium containing the
same carbon source.

Denaturing gradient gel electrophoresis and
phylogenetic analysis

Denaturing gradient gel electrophoresis (DGGE) was
performed on the serial dilutions and the obtained
isolates in order to check whether the obtained strains
were axenic and whether they were present in the high
dilution levels. Nucleic acids were released from the
strains as well as the dilutions by subjecting the obtained
pellets after centrifugation (washed several times and
resuspended in 30pl fresh medium) to 3-5 cycles of
freeze (in liquid N,) and thaw (at 65°C). PCR for the
amplification of 16S rRNA genes was carried out using
the primers GMS5F with GC-clamp in combination with
the universal 907R [29]. DGGE was carried out using a
Bio-Rad D-Code system and was run at 60 °C and at a
constant voltage of 200V for 3.5h. The DGGE bands
were excised manually, the DNA was left to diffuse out
in buffer overnight, and PCR re-amplified. The ampli-
fication products were sequenced in both directions.

The 16S rRNA gene sequences of the obtained strains
(ca. 1400 bp) and the DGGE bands (ca. 450 bp) were
analyzed using the ARB software [24]. Phylogenetic
trees were constructed based on almost complete 16S
rRNA sequences (>1300bp) by applying different
methods integrated in the ARB software such as
maximum likelihood, maximum parsimony and neigh-
bor joining. Partial sequences were not included in the
calculation of trees. Trees calculated using different
methods were essentially equivalent. The final trees were
minimized for simplicity in presentation.

For determining the number of operational taxo-
nomic units (OTUs), similarity matrices among the
sequences of the clones and the isolates were calculated
with the ARB program. One OTU was defined for
sequences which have more than 97% similarity.
Rarefaction curves were calculated using the freeware
program aRarefactWin (available at http://www.uga.
edu/~strata/software/Software.html).

Substrate utilization

Ten representative strains were tested for growth on
selected organic compounds, including cyanobacterial
exudates (Table 2) and several alkanes (Table 3), in
order to study the role of AHB in carbon cycling within
cyanobacterial mats. Individual substrate was added in
a final concentration of 10 mM. The used alkanes were
filter sterilized using solvent-resistant cellulose filters
(0.2 um pore size) prior to use and were added in a final
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concentration of 0.5-2% depending on the toxicity and
the solubility of the compound. All incubations were
done in test tubes using 10ml of artificial seawater
medium. Each tube was inoculated with 100pl of
cultures pre-grown on acetate. The cultures were
incubated at 28 °C in the dark with continuous shaking.
Growth on individual substrate was measured by
following changes in optical density at 660 nm against
biotic (without a substrate) and sterile (without bacteria)
controls.

Results
MPN counts

MPN estimates at different combinations of salinities
and temperatures yielded counts between 1.15-8.13 x
10° cellsg~! of AHB in the mat from Saudi Arabia
(Table 1). At 5% salinity and 28 °C (termed as LSLT),
the control mat yielded higher MPN counts than the
studied mat. When the salinity was kept at 5% and the
temperature increased to 45°C (= LSHT), the MPN
counts for both mats were comparable and the
difference between the two counts was statistically
insignificant. The MPN counts at 45 °C were lower than
at 28 °C at both incubation salinities (Table 1). The most
dramatic difference between the studied mat and the
control mat were observed in case of the 12% salinity,
regardless of the incubation temperature. The MPN
value for the mat from Saudi Arabia was 11 folds higher
than the control mat at 28 °C whereas it reached 12.4
fold higher at 45 °C.

Bacterial diversity in the photic layer

The 16S rDNA clone library was constructed from
the photic zone of the studied cyanobacterial mat in
order to obtain a first insight into the bacterial diversity
within this layer (Figs. 1 and 2). The calculated
rarefaction curve (Fig. 1) showed that the clone library
was far from saturation and the obtained 77 sequences

were not enough to describe the entire bacterial diversity
in this layer. The clone library had a homologous
coverage of 33.8% and the obtained sequences were
distributed among 51 OTUs. Most sequences belonged
to the Gammaproteobacteria (23) and the Bacteriodetes
(21) groups. The remaining sequences were distributed
among the phyla Alpha- (2) and Deltaproteobacteria (6),
Spirochaetes (3) Planctomycetes (3), Verrucomicrobia
(5), Acidobacteria (3) and Deinococcus-Thermus (4). The
gammaproteobacterial clones were related to the genus
Marinobacter and to different sulfur-oxidizing and
purple sulfur bacteria. Within the Bacteriodetes group,
the sequences fell into four clusters and all sequences
had less than 94% sequence similarity to their closest
relatives. The remaining clones were mostly affiliated to
other environmental clones obtained from a wide range
of habitats. Our clone library included sequences related
to halotolerant and thermotolerant species (e.g. Mar-
inobacter spp. and Halothiobacillus hydrothermalis), UV
and solar radiation resistant species (e.g. Deinococcus) as
well as to species isolated from oil contaminated sites
(e.g. Marinobacter aquaeoli, Geothrix fermentas and
Holophaga foetida).
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Fig. 1. Calculated rarefaction curves of observed OTUs
richness among the clones and the isolates obtained from the
photic zone of the studied mat.

Table 1. Most probable number (MPN) counts (cell number g~') of (AHB) in an oil-polluted microbial mat from Saudi Arabia

Incubation Salinity (%) Temperature (°C) MPN estimates 95% confidence limits
Control mat Saudi mat Control mat Saudi mat
LSLT 5 28 1.10 x 107 8.13 x 10° 0.50-2.30 3.72-10.78
HSLT 12 28 4.60 x 10° 5.07 x 10° 1.94-10.95 2.17-10.18
LSHT 5 45 9.27 x 10° 1.15 x 10° 4.26-20.02 0.64-3.19
HSHT 12 45 1.15 x 10° 1.43 x 10° 0.52-2.55 0.52-2.51

The serial dilutions were incubated at different combinations of salinities (LS: 5%; HS: 12%) and temperatures (LT: 28 °C; HT: 45 °C). Counts were

performed on the top 2mm photic layer of the mat.
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Fig. 2. Unrooted phylogenetic tree showing the affiliations based on 16S rRNA genes of the clones obtained from the photic layer
(2mm) of the mat from Saudi Arabia and selected sequences from various bacterial groups. Most clones were affiliated to the groups
Gammaproteobacteria and Bacteriodetes. The tree was simplified for clarity by omitting all sequences between clusters. The bar
indicates 10% sequence divergence.
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Phylogenetic affiliation of the obtained strains

A total of 47 strains of AHB were isolated from the
photic layer of the studied mat (Fig. 3). The sequences of
the strains were distributed among 21 OTUs. The
calculated rarefaction curves showed lower diversity of
the isolates than the clones (Fig. 1). Enrichments on
acetate and succinate at various combinations of salinities
and temperatures resulted in the isolation of 28 strains
that belonged to the Gamma- (22) and Alphaproteobacter-
ia (6). The gammaproteobacterial strains constituted three
clusters (cluster I, IT and 111, Fig. 2) closely affiliated to the
halophilic Halomonas and Marinobacter strains. Out of 6
Halomonas-related isolates, five strains were obtained at
12% salinity and had more than 96% sequence similarity
to each other and 95% to the closest relative Halomonas
salicampi (cluster I). Within the Marinobacter group, one
cluster consisted exclusively of strains that were isolated at
the 107° dilution level and shared more than 96.5%
sequence similarity to each other (cluster II) whereas the
other cluster contained strains from both low and high
dilution levels and had more than 94% sequence similarity
to each other (cluster III). The six alphaproteobacterial
strains formed two clusters (IV and V). The first cluster
(IV) had two strains that were phylogenetically related to
strains from the genera Rhodobacter and Roseobacter
while the second cluster (V) consisted of four strains that
were isolated at 5% salinity and 45 °C (LSHT strains) and
were related to Stappia stellulata and Moraxella sp.

The serial dilutions on acetate and Spirulina extract
showed growth up to 1077 dilution level and glycolate
up to 107°. The strains displayed a single band on
DGGE gels indicating that they were axenic (Fig. 4).
The bacterial strains that dominated the lower dilutions
were different than those who dominated the higher
dilution levels. The sequences of the DGGE bands
showed that the strains were dominant in the dilutions
from which they were isolated except for strains S71,
A61 and A74 (Fig. 4). The phylogenetic affiliation of
three strains isolated on acetate (A61, A62 and A74)
revealed relatedness to species from the Alphaproteo-
bacteria (Fig. 3) while one strain (i.e. A71) belonged to
the Deltaproteobacteria. The strains isolated on glyco-
late (G91, G92 and G93) fell next to the halophilic
Halomonas species within the Gammaproteobacteria
(Fig. 3). From the enrichments on Spirulina extract,
three isolates (S71, S72 and S73) were obtained. Strain

S71 belonged to the Alphaproteobacteria and was closely
related to sequences from Rhodobacter and Roseobacter
species, whereas strain S72 and S73 fell within sequences
of uncultured Bacteriodetes.

Phylogeny of the strains isolated on oil

The strains enriched on crude oil fell phylogenetically
in three clusters within the Gammaproteobacteria (un-
derlined strains in Fig. 3). The highest dilution levels, at
which growth was detectable, were 10~ and 10~ for
Maya oil and Casablanca oil, respectively. All isolated
strains from low and high dilutions on Casablanca oil
formed one cluster within species of the genus Mar-
inobacter. These strains shared 94-98% sequence
similarity to Marinobacter bryozoanae. The remaining
two clusters included isolates from enrichments on
Maya oil and were related to known oil-degrading
aerobic bacteria within the genera Marinobacter and
Alcanivorax. The strains SAMI11 and SAMI12 were
obtained from the lowest dilutions (107" and 1072,
respectively) and had 95.9% and 97.8% sequence
similarity to Marinobacter hydrocarbonclasticus, respec-
tively whereas SAMS51 and SAMS58 were obtained from
the highest dilution (107°) and had 92% and 96%
sequence similarity to Alcanivorax sp., respectively.

Substrate utilization

Growth spectra on different organic compounds that
occur internally (autochthonous) in microbial mats
showed a unique substrate utilization pattern for each
species (Table 2). The strains obtained on oil enrich-
ments exhibited good growth on tested photosynthates
and fermentation products similar to the other strains.
The fatty acids that were readily utilized by most tested
strains were acetate, lactate, succinate, butyrate, fuma-
rate and pyruvate. In contrast, none of the strains grew
on citrate and malate. Other fatty acids like glycolate,
formate, propionate supported the growth of certain
strains but not others. All strains grew well on glycerol
but not on methanol. Strain S72 showed the best growth
on alcohols among all strains. Strains A62 and S72
could not grow on any of the tested amino acids whereas
strain SAMS8 grew on all of them. Only the strains
SAMS8 and S71 were able to grow on the compatible

Fig. 3. 16S rRNA-based phylogenetic reconstruction of the AHB strains obtained from the mats of Saudi Arabia. The strains were
isolated from incubations at different combinations of salinities (LS: 5%; HS: 12%) and temperatures (LT: 28 °C; HT: 45 °C) using a
mixture of acetate and succinate as a substrate (marked with black square). Other strains were isolated on different substrates
including Casablanca oil (SA strains, underlined), Maya oil (SAM strains, underlined), glycolate (G strains), acetate (A strains) and
Spirulina extract (S strains). The strains labeled with an asterisk were obtained from higher dilution levels. All strains were affiliated
to the groups Gamma-, Alpha-, Deltaproteobacteria and Bacteriodetes. The tree was simplified for clarity by omitting all sequences

between clusters. The bar indicates 10% sequence divergence.
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Strain LSLT3
train L]
Strain S71%* Cluster IV
Strain A74*
Rhodobacteraceae bacterium (AY515422)
Roseobacter sp. (AF170751)

Ketogulonigenium vulgarum (AF136846)
Strain A62*
Oceanicola granulosus (AY424897)
Oceanicola batsensis (AY424898)
Ruegeria sp. (AY258078)
Roseobacter sp. (AJ542657)
Strain A61*
Salipiger mucescens (AY527274)
uncultured Rhodobacter (AF513936)

Moraxella S}). (AJ000645)
Stappia stellulata (D88525)
alpha proteobacterium (AF513445)
Strain LSHT3 »
Strain LSHT4 «
Strain LSHT2 » Cluster V
Strain LSHT1 «

Environmental clones
delta proteobacterium (AY162101)
Strain A71*

Environmental clones

Strain S73*

Strain S72*
Bacteroidetes bacterium (AY162091)
uncultured Cytophagales (AF513957)

Gammaproteobacteria

Alphaproteobacteria

Deltaproteobacteria

Bacteriodetes
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Acetate Glycolate

Strains Serial dilutions Strains

Serial dilutions Strains

Spirulina Extract Oil

Serial dilutions Strains  Serial dilutions

A74 A62 A62 A61 107106 10 103 G93 G92 G91 10° 108 10+ 10 S72 871 107106 104 102 SA64 SA63 10 105 10+

Fig. 4. DGGE bandings of PCR-amplified 16S rRNA fragments obtained from isolated strains and from serially diluted mat
suspensions after enrichment on acetate, gylcolate, Spirulina extract and Casablanca oil. Arrows show the bands that were
sequenced. Note that the isolated strains displayed a single band indicating that they were axenic. Some of the strains were present in

the high dilutions whereas others not.

solute betain. All strains grew well on most tested
carbohydrates.

Growth on alkanes showed differences among strains
(Table 3). The strains SAMSS, SAM11, SA64 and SA64
showed growth on most used alkanes. Growth was more
pronounced on longer chain alkanes. Strain A62, A74,
S71 and G93 did not grow on any of the alkanes even
after extended period of incubation. Interestingly,
strains S72 and G91 that were originally isolated on
Spirulina extract and glycolate, respectively, showed a
good capability to grow on longer chain alkanes.
Growth of these strains on pentane, hexane and octane
was not detected.

Discussion

This study provides insights into the diversity of
cultured and uncultured AHB in an oil-polluted mat
and their role in metabolizing cyanobacterial exudates
and petroleum compounds. The photic zone of the
studied mat had total cell numbers of AHB in the range
of 1.15-8.13 x 10° cellsg™', which are comparable to
previously reported counts for other microbial mats [19].
Halotolerant and thermotolerant populations of AHB
were most likely present, as inferred from the MPN
estimates. Our clone library and culture collection
showed that most of the aerobic bacteria in the photic
zone belonged to the groups Gammaproteobacteria,
Bacteriodetes and Alphaproteobacteria. AHB 1isolates
exhibited growth on cyanobacterial exudates as well as
on short and long chain alkanes.

Molecular versus culture-based diversity of AHB

Sequence analysis of the obtained clones and isolates
showed clear differences in their bacterial diversity. The

calculated rarefaction curves and the number of OTUs
suggested lower bacterial diversity in the strains than in
the clones. Except for two Marinobacter-related clones,
none of the remaining clones had representatives in the
culture collection. Similar observations were reported in
other studies [34,38,46]. This could be attributed to the
insufficient number of sequenced clones or to the
preferential PCR amplification of other bacterial groups
(e.g. cyanobacteria, sulfur-oxidizing and purple sulfur
bacteria) that are also present in the photic zone. On the
other hand, the isolated AHB could either represent
populations that were present in low numbers and
whose detection was not possible by cloning or that the
major populations were cultivation-resistant. In all
cases, the information obtained from culture-dependent
and independent approaches complement each other in
bacterial diversity studies.

Our clone library showed the dominance of Gamma-
proteobacteria and Bacteriodetes groups in the photic
zone. These groups have also been detected form an
entire core (oxic and anoxic layers) of the same mat by
applying DGGE fingerprinting and band sequencing [2].
The Gammaproteobacteria was represented well in the
clone library as well as in the culture collection.
However, the sequences obtained by cloning were mainly
related to bacteria that are involved in the sulfur cycle.
The Bacteriodetes clones showed higher diversity than
the Bacteriodetes isolates. Although it is not possible to
predict the physiological capabilities of individual
phylotypes, certain groups are known to contain aerobic
bacteria with heterotrophic mode of life. For example,
Bacteriodetes group contains typically aerobic bacteria
that are specialized in the degradation of complex
macromolecules [35] such as exopolymeric substances
(EPS) or dead cyanobacteria [41]. Planctomycetes species
are typical facultative aerobic chemoorganotrophs,
growing either by fermentation or respiration of sugars
[25]. Planctomycetes species were shown to be abundant
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Table 2. Substrate spectra of representative strains of AHB on compounds previously identified as excretion products (E; [44]),
fermentation products (F; [41]) or compatible solutes (C; [13]) of cyanobacteria

Substrate Strains

Isolated on cyanobacterial exudates

Isolated on crude oil

A62 AT74 S71 S72 GI1 G93 SAMS58 SAMI11 SA64 SA76
Fatty acids
Acetic acid + + + + + + + + + + + + + + + + + + + +
Glycolic acid” - - — + ++ + + - + + - +
Lactic acid” + + + ++ ++ - + ++ ++ -
Citric acid® — — - _ _ _ _ _ _ _
Malic acid — — — — — — — — — _
Succinic acid® + + + + + ++ + + + + ++ + + + + + +
Butyric acid + — + + + + + + + + + + + + -
Methyl-succinic acid® — — + — — — — + + _
Fumaric acid® + + + ++ ++ ++ ++ ++ ++ ++
Pyruvic acid® + - + ++ ++ + + ++ + + ++ ++
Hydroxybutyric acid® - — — + + + + + + o+ 4+ + + ++
Iso-valeric acid® — - — — - — - — + _
Propionic acid ++ — - — + + + ++ + + + + ++
Formic acid®F — — — + — + _ + _
Alcohols
Methanol - — — — — — _ _ _ _
Ethanol® - + + + + — + — + _ _
Propoanol + — - + — — _ _ _ _
Butanol - - — — — - — — + _
Glycerol® ++ ++ + + + + ++ + + + + + + + + + +
Amino acids
Glycine - + - - ++ ++ + - - -
Betain® — — + + _ _ + + _ _ _
Alanine - + + + — + + + + + + + + + + + +
Sugars
Glucose + + ++ + + + + ++ + + + + + — + +
Fructose + + + + + + + + + + + + + + + + + -
Galactose + + — + + + + + + + + + + +
Sucrose ++ ++ ++ ++ + + ++ + + + + + ++
Ribose + + + + + + + + + + + + + + + + + + +

(+ +): maximum growth reached within 3 days; (+): maximum growth reached with 10 days and (—): no or very slow growth. Growth was
monitored by following changes in optical density at 660 nm against biotic (without a substrate) and sterile (without bacteria) controls.

in oxic marine sediments [23,28,36]. Other bacterial
groups such as Alpha- and Deltaproteobacteria, Verru-
comicrobia, Deinococcus-Thermus, and Acidobacteria
have been reported in other oxic cyanobacteria-domi-
nated ecosystems [4,22,37,38,50], thus can potentially
grow heterotrophically on cyanobacterial exudates.

Diversity of cultivated AHB species

Cultivation of AHB was necessary in order to
distinguish them from other functional groups and to
study the physiological capabilities of individual strains.
Culture-based techniques are still widely used in

diversity studies and in testing and expanding hypoth-
eses in microbial ecology although, enrichment isolation
is known to underestimate bacterial diversity [5]. Our
isolation attempts involved substrates that were pre-
viously identified as important exudates of cyanobacter-
ia within mats and were believed to serve as carbon
source for AHB [6,7]. Glycolate was identified as the
main compound among photosynthates during hyper-
oxic and alkaline conditions [7] and acetate is a known
fermentation product of cyanobacteria [6,20,30,41,42].
The use of Spirulina extract was successfully tested here
in order to isolate the AHB that are specialized in the
degradation of complex polymeric substrates and dead
cyanobacterial cells.
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Table 3. Substrate spectra of representative strains of AHB on various alkanes

Substrate Chemical formulae  Strains

Isolated on cyanobacterial exudates Isolated on crude oil

A62 A74 S71 S72 GI1 G93 SAMS58 SAMI1 SA64 SAT6
Pentane CsHy, - — — — — — + _ + _
Hexane CeHiq — — — — — — + _ + +
Octane CgHg — - — — — — — _ + +
Decane CioHa2 - - - + + - + + + +
Dodecane Ci2Ha6 — - - + + + — + + + ++ o+
Tetradecane  Cy4H30 - - - + + + - + + + + + + + +
Hexadecane  C;gHsq — — — + + + — + + + ++ + +
Octadecane  CjgHsg - - - ++ + - ++ ++ ++ 4+

(+ +): fast growth; (+): growth and (—): no or very slow growth.
biotic (without a substrate) and sterile (without bacteria) controls.

The isolation of AHB on glycolate and acetate
resulted in the isolation of species related to the genera
Marinobacter and Halomonas, Roseobacter and Rhodo-
bacter. Species related to these genera were identified in
other hypersaline cyanobacteria mats [19,39,40]. The
growth of two Bacteriodetes-related species (out of 3) on
the complex Spirulina extract confirms the role of
Bacteriodetes-related AHB in the degradation of EPS
and dead cyanobacteria [41]. The smaller molecules that
result from this degradation step are believed to be
taken up by other AHB. Using molecular tools,
Bacteriodetes-related bacteria were shown to colonize
the polysaccharide sheaths of filamentous cyanobacteria
[3,37]. Bacteriodetes-related bacteria were also shown to
dominate the microbial community following an experi-
mental viral lysis of the filamentous cyanobacteria [45].

The AHB enriched on oil belonged to the genera
Marinobacter and Alcanivorax. Casablanca oil resulted in
the enrichment of only Marinobacter species whereas, on
Maya oil, species from both genera were enriched. This
could be attributed to the different chemical composition
of the two oils [14]. Previous studies showed the genera
Marinobacter and Alcanivorax to contain hydrocarbon-
degrading species in different marine environments
[10,15,18,43,49].  Marinobacter  hydrocarbonoclasticus,
Marinobacter aquaeolei and Alcanivorax borkumensis were
shown to utilize various hydrocarbons as the sole source
of carbon and energy [15,18,49]. The dominance of
Marinobacter-related strains in our culture collection (23
of 47 strains) and the detection of sequences related to this
genus in our clone library (two clones) hint to the
abundance of this group in the studied mat.

Substrates spectra

The substrate spectra of the representative strains
suggested the presence of two functional groups of AHB

Growth was monitored by following changes in optical density at 660 nm against

within the photic zone of the studied mat. The first
group included strains that grew well on cyanobacterial
exudates but not on alkanes while the second group
included strains that grew well on both. Surprisingly, the
two strains (SA72 and G91) exhibited good growth on
tested alkanes although they were initially enriched on
Spirulina extract and glycolate, respectively. This
indicates that the unique in situ conditions of the
studied mat apparently favored the enrichment of a
number of versatile bacteria. The substrate spectra of
the strains suggest an essential role of the AHB in the
carbon cycling in the photic zone of oil-polluted
cyanobacterial mats by metabolizing cyanobacterial
exudates and/or petroleum compounds.

AHB and cyanobacteria were shown to constitute an
ideal model consortium for hydrocarbon biodegrada-
tion in which cyanobacteria provide oxygen, fixed
nitrogen and organics to the aerobic degraders
[3,4,26,37]. Addition of simple cyanobacterial exudates
like glucose and lipids were tested in soils and were
shown to have stimulatory effect on hydrocarbons
biodegradation rates [32,33]. Oil-degrading aerobic
bacteria grew initially on these organics until depletion
and then they degraded hydrocarbons. In a recent
study on pulp and paper waste treatment systems,
cyanobacterial exudates have been demonstrated to
support the bacterial growth and stimulate the biode-
gradation of aliphatic and aromatic contaminants [21].
In spite of these reports, the exact role of cyanobacterial
exudates on hydrocarbon degradation rates represents
an interesting aspect that deserves further in-depth
investigations.

In conclusion, AHB in oil-polluted mats represent a
diverse community that contain populations capable of
growing on autochthonous (photosynthates and fer-
mentation products) and allochthonous (alkanes and oil
constituents) organic compounds. AHB are thus essen-
tial in carbon cycling in cyanobacterial mats. Of special
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importance are Marinobacter and Bacteriodetes-related
AHB, thus further investigations on the distribution and
the exact role of these groups in other pristine and
polluted mat systems are required. The direct utilization
of petroleum compounds by Bacteriodetes-related bac-
teria is interesting and deserves further studies. Further
investigations to quantify the different AHB groups by
fluorescence in situ hybridization (FISH) and to reveal
their in situ role in the carbon cycle by stable isotope
probing (SIP) are underway.
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