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Abstract Estuaries are highly dynamic ecosystems in which
freshwater and seawater mix together. Depending on tide and
river inflows, particles originating from rivers or from the
remobilization of sediments accumulate in the water column.
Due to the salinity gradient and the high heterotrophic activity
in the estuarine plume, hypoxic and anoxic microniches may
form in oxygenated waters, sustaining favorable conditions
for resuspended anaerobic microorganisms. In this context,
we tested the hypothesis that anaerobic sulfate-reducing pro-
karyotes may occur in the water column of the Adour River.
Using 16S ribosomal RNA (rRNA) and dsrAB-based termi-
nal restriction fragment length polymorphism (T-RFLP) tech-
niques, we characterized total prokaryotic and sulfate-
reducing communities along a gradient from estuarine to ma-
rine bay waters. Sulfate-reducing prokaryotes were further
characterized by the description of dsrB genes and the culti-
vation of sulfidogenic anaerobic microorganisms. As a result,
physical-chemical parameters had a significant effect on water
bacterial diversity and community structure along the studied

gradient. The concentration of cultured sulfidogenic microor-
ganisms ranged from 1 to 60 × 103 cells l−1 in the water col-
umn. Sulfate-reducing prokaryotes occurring in estuarine wa-
ters were closely related to microorganisms previously detect-
ed in freshwater sediments, suggesting an estuarine origin,
mainly by the remobilization of the sediments. In the marine
bay station, sediment-derived sulfate-reducing prokaryotes
were not cultured anymore, probably due to freshwater dilu-
tion, increasing salinity and extended oxic stress.
Nevertheless, isolates related to the type strain Desulfovibrio
oceani were cultured from the diluted plume and deep marine
waters, indicating the occurrence of autochthonous sulfate-
reducing bacteria offshore.

Keywords Sulfate-reducing bacteria . Sediments
remobilization . Estuarine plume .Marine bay waters

Introduction

Sulfate-reducing prokaryotes (SRP) constitute a diverse group
of bacteria that are widespread in nature [40]. In anoxic envi-
ronments such as estuarine sediments, SRP are abundant and
largely involved in organic matter mineralization by oxidizing
low molecular weight carbon sources. This functional group
preferentially uses oxidized sulfur compounds (i.e., sulfate,
thiosulfate, and sulfite) as terminal electron acceptors [24].
Nevertheless, many SRP are also able to use other electron
acceptors (i.e., nitrate) or fermentation. Even if this functional
group is commonly associated with oxygen-deprived environ-
ments, SRP have been detected in continuously or temporarily
oxic habitats such as microbial mats, wastewater treatment
systems, or aquatic plant roots where anoxic microniches
can be created [4, 7, 21, 22, 34]. SRP have also been identified
in the water column of the oxygen minimum zone in the
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Pacific Ocean, where sulfate reduction was found to be active
[5]. Desulfovibrio strains isolated from such samples were
reported to survive in fluctuating oxygen regimes and to re-
sume their sulfate-reducing activity immediately upon anaero-
biosis [13]. In spite of these studies, there is limited knowl-
edge regarding the distribution and the dynamic and diversity
of sulfate-reducing communities in coastal waters, which are
characterized by high heterotrophic activities.

Estuaries are complex ecosystems [3, 10], where combined
variations in temperature, freshwater discharge, seawater in-
trusion, circulation, and biological processes produce strong
dissolved oxygen gradients [12, 48]. Notably, aerobic respira-
tion removes oxygen from the water columnwhile consuming
organic matter from phytoplankton production, river inputs,
and detritus. In many eutrophied estuaries, elevated phyto-
plankton production is thought to be responsible for expansion
of bottom-water anoxia [38]. Vertical salinity stratification
further stimulates the development of fluctuating estuarine
bottom-water hypoxia and anoxia and sustains favorable con-
ditions for anaerobes by inhibiting the mixing of water bodies
[39, 44, 46]. Additionally, hydrodynamic forces such as
waves, tides, and currents along with dredging and ship traffic
remobilize large amounts of sediments and their associated
microorganisms into oxic waters. Depending on their size
and density, anaerobes and sediments are lifted up from the
bottom and may remain in suspension for several hours or
even much longer in estuarine waters [11, 41]. As a conse-
quence, SRP developing preferentially in anoxic sediments
are expected to occur in the water column for an undetermined
length of time and to be transported offshore.

In this context, we tested the hypothesis that anaerobic
sulfate-reducing prokaryotes may inhabit the water col-
umn of the Adour estuarine plume at different depths.
Sampling stations were located in a gradient from the
inner part of the estuary to marine bay waters. Water sam-
ples were collected 10 days after a flood event in the
Adour river plume, promoting massive photosynthetic
bloom in the estuarine plume [36]. The structure of total
bacterial communities was assessed by terminal restriction
fragment length polymorphism (T-RFLP) fingerprint of
16S ribosomal RNA (rRNA) gene, while sulfate-
reducing communities were investigated through the
dsrAB gene encoding for dissimilatory sulfite reductase,
specific to sulfate reducers. In parallel, a 384-well micro-
plate technique was adopted for the isolation of
sulfidogenic microorganisms, including SRP. Even if
coastal waters do not apparently maintain all conditions
required for anaerobic growth, SRP were detected from
estuarine to marine bay waters by both culture-
dependent and culture-independent approaches. Based on
taxonomic assignment of isolates and clones sequences,
the occurrence of SRP as autochthonous and allochtho-
nous populations in the water column is discussed.

Material and Methods

Sample Collection and Nucleic Acid Extraction

The Adour estuary is located on the South French Atlantic
coast and freshwater is flowing into the Gulf of Biscay. Its
mean annual water discharge is estimated around 300 m3 s−1

with peaks up to 2000 m3 s−1. At the channelized mouth, the
width of the estuary does not exceed 150 m and the depth is
12 m. In May 2010, water was sampled at low tide in the
concentrated plume (PC), diluted plume (PD), and in a marine
station (MA) (Fig. 1). An additional sampling station, located
in the inner part of the estuary (ES) was exclusively used for
the isolation of sulfidogenic microorganisms. Water samples
were collected at different water depths using a rosette sampler
equipped with GoFlow and Niskin bottles and a CTD unit
(Sea-Bird Electronics Inc, USA) for monitoring the salinity,
temperature, oxygen, and turbidity values. For each sampling
plot, samples were collected in triplicates from individual bot-
tles and filtered through 0.22 μm pore size filter (cellulose
nitrate, Sartorius) until complete saturation. Volumes collected
for each sampling station are summarized in Table 1. Filters
were immediately frozen in liquid nitrogen and stored at
−80 °C until molecular analyses. Total DNA extractions were
subsequently performed in triplicates using the fast RNA
Prosoil direct kit (MP Biomedical) according to the manufac-
turer’s guidelines. The concentration and quality of total DNA
were checked on 0.8 % agarose gels stained with ethidium
bromide.

DNA Amplification and Molecular Fingerprinting
of Bacterial Communities

Total bacterial communities and sulfate-reducing bacteria
were characterized using t-RFLP on 16S rRNA and dsrAB
genes. For each sampling point, triplicates samples resulting
from the three DNA extractions were processed independent-
ly. For total bacterial communities PCR amplifications were
performed using the primer set 63F/1387R [31]. PCRs
contained 200 nM of each primer, 1 × PCR buffer, 200 μM
of dNTPs, 1.5 mM MgCl2, and 1 U of Taq Eurobio in a final
volume of 50 μl. For sulfate-reducing communities, dsrAB
genes were amplified by nested PCRs with the DSR1F/4R and
the 619AF/1905BR primers set [16]. PCR reactions were per-
formed as previously described by Giloteaux et al. [16]. For
each analysis, the forward primer was fluorescently labeled
wi th FAM fluorochrome (6-ca rboxyf luoresce in
acetoxymethyl-ester). Amplified gene fragments were
checked on 0.8 % agarose gel and purified using the GFX
DNA and Gel Band Purification kit (GE Healthcare). T-
RFLP analyses were performed as previously described else-
where [17], using 3 U of HinfI and HaeIII (New England
Biolabs) as restriction enzymes for 16S rRNA gene, and 3 U
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of Bsp1286I and HpyCH4-IV (New England Biolabs) as re-
striction enzymes for dsrAB genes. T-RFLP profiles were
aligned using the T-align software [47] and the confidence
interval was set to 0.5. Relative abundances (i.e., normalized
to the total fluorescence peak height) were calculated and T-
RFs that displayed less than 1 % of the total fluorescence were
removed before recalculation of relative abundances.
Numbers of T-RFs and Shannon indexes were estimated to
evaluate the bacterial community richness and diversity, re-
spectively, and were compared using a one-way analysis of
variance (ANOVA). Canonical correspondence analysis
(CCA) was used to characterize the relationships between
bacterial community profiles and physicochemical parameters
using the R package FactoMineR [30]. Ordination and
PERMANOVA (adonis) testing was performed using the veg-
an package 2.2-1 in R [37]. Putative identifications of selected
T-RFs were performed by in silico restriction of the data using
TRiFLe [25]. Last, mantel tests (1000 permutations,
Spearman correlations) were performed (vegan package 2.2-
1 in R) in order to test correlations physicochemical parame-
ters and the relative abundance of specific terminal-restriction
fragment, based on Bray Curtis distances dissimilarity
matrices.

dsrAB Clone Library and Sequence Analysis

A dsrAB clone library was performed using surface waters of
the estuary plume stations (PC1 and PD1 samples) and marine
water collected at 240 m depth (MA240 sample). Amplicons
were ligated into the PCRTOPO 2.1 TA cloning vector

(Invitrogen, The Netherlands) and transformed into competent
Esche r i ch i a co l i TOP 10F ’ ce l l s ( I nv i t r ogen ,
The Netherlands) according to the manufacturer’s instruc-
tions. Positive transformants were randomly chosen and their
inserts were PCR amplified using the M13F and M13R
primers. Amplified gene fragments were checked on 0.8 %
agarose gel and were then sequenced. The dsrAB sequences
were assembled by using the software Sequencher v4.1.4 and
compared with those present in databank using the BLAST
tool at NCBI. Clone sequences were deposited in the
European Nucleotide Archive (ENA) with accession numbers
HG932608–HG932652 and LT575364–LT575375.

Isolation and Identification of Sulfidogenic Bacteria

A dilution-to-extinction procedure in 384-well microplates for
sulfidogenic microorganisms [6] was applied on the 12 water
samples. Culture medium was prepared with 0.2 μm filtered
environmental water collected upstream the Adour river
mouth and supplemented with 20 mM of sulfate as electron
acceptor and a mixture of acetate, lactate, glycerol, and pyru-
vate (5 mM each) as electron donors. In addition, growth
medium was amended with 20 g l−1 of NaCl for PC, PD,
and MA samples. Medium was sterilized 20 min at 121 °C
in 100 mL serum bottles closed with butyl stoppers and an
aluminum crimp and was immediately flushed under nitrogen
gas flow. Prior to use, FeSO4·7H2O, 1 mM, was added to
monitor sulfidogenic growth by iron sulfide precipitation dur-
ing incubations, whereas Na2S2O4 at 200 μM was added to
achieve reduced conditions. All samples were diluted 10- and

Fig. 1 Water sampling locations.
Sampling stations are referred as
follow: inner-estuary station (ES),
concentrated estuary plume
station (PC), diluted estuary
plume station (PD), and marine
station (MA)
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100-fold with culture medium (40 mL final volume) and were
dispensed in 384-well microplates (1 microplate per dilution,
100 μL per well). Microplates were then placed in a BD
GasPak™ EZ Gas Generating Systems at 20 °C. After
an incubation time of 3 weeks, the concentration of
viable sulfidogenic bacteria was estimated according to
the dilution and the number of positive wells (black
iron sulfide) per microplate. Then, isolates were
recultured and purified in fresh media by successive
dilutions. For strains identification based on 16S rRNA
sequences, direct PCR amplifications were achieved
with the 63F/1387R primer set as described above.
Sequences were assembled by using the software
Sequencher v4.1.4 and compared with those present in
databank using the BLAST tool at NCBI. 16S rRNA
gene sequences were deposited in the ENA with acces-
sion numbers HG932653–HG932701 and LT575376–
LT575459. Moreover, bacterial isolates closely related
to Desulfovibrio oceani were tested for their sensivity
to oxygen (see Electronic supplementary material for
detailed method description).

Results

Main Physical and Chemical Parameters

Physico-chemical parameters measured along the Adour estuary
plume are summarized in Table 1. TheAdour river flow recorded
in May 2010 (∼450 m3 s−1) was slightly higher than the average
annual discharge. As expected, ES station contained more par-
ticulate organic carbon, particles in suspension, nitrate, and silica
than other samples. Further in the gradient, surface waters of the
concentrated and diluted plume (PC1 and PD1 samples) exhib-
ited the highest turbidity (4.85 and 2.13 NTU) and the lowest
salinity values (27 and 31 g L−1), highlighting low-density estu-
arine freshwater flowing over higher-density seawater. In the
marine station, an increase of the water turbidity and ammonium,
nitrate and silica concentrations at 240 m water depth (MA240
sample) was observed. Last, the oxygen content wasmeasured in
the water column and was reported constant (∼250 μmol L−1)
along the estuarine-marine gradient, excepted forMA800 sample
(172 μmol L−1) (Table 1). The dissolved oxygen saturation con-
centration, which is a function of temperature and salinity, ranged
between 77 and 79% in ES samples andwas higher than 89% in
PD1, PD13, PD55, MA5, MA22, and MA240 samples.

Total Bacterial Communities

T-RFLP bacterial fingerprinting was performed for
bacterioplankton communities analysis. Based on 16S rRNA
gene, a total of 197 and 119 Terminal-Restriction Fragment
(T-RFs) were detected respectively with the HaeIII and HinfIT
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restriction enzymes and the bacterial richness ranged from 21
to 43 T-RFs per sample (Table 2). Although the bacterial rich-
ness did not vary significantly within the samples (one-way
ANOVA, P < 0.05), the total bacterial diversity inMA240 and
MA800 samples was significantly higher as compared with
MA5 and MA22 samples (one-way ANOVA, P < 0.05)
(Table 2). Strong correlation between the environmental pa-
rameters and the bacterial diversity was observed (Mantel test,
r = 0.84, P < 0.001). To identify environmental parameters
that significantly explained the variance in the total bacterial
community, canonical correspondence analyses (CCA) were
performed on T-RFLP restriction patterns obtained with
HaeIII and HinfI (Fig. 2a; Fig. S1a). Samples MA240 and
MA800 were excluded from the multivariate analyses as they
clearly separated from other samples and masked differences
between other samples. These latter were positively correlated
with water depth and phosphate content (data not shown).
Based on HinfI restriction patterns, the first and the second
axes of the ordination plot explained, respectively, 19.4 and
12.8 % of the total variance (Fig. 2a). All the environmental
variables tested were observed to significantly affect bacterial
communities (Adonis, P < 0.001). On the ordination plot, PC
samples correlated positively with the water turbidity and the
nitrate and silica content. In contrast, other environmental fac-
tors such as salinity, nitrite, depth, and temperature were pos-
itively correlated with the bacterial community composition
and partly explained the differentiation between PD1, PD13,
and MA5 samples and PD55 and MA22 samples along axis 2
(Fig. 2a).

Based on HinfI restriction patterns, T-RFs at 76, 259, 261,
264, 289, and 290 bp accounted for 51.6–74.1 % of the total

fluorescence in all the samples. Only the marine samples,
MA240 and MA800 did not exhibit such dominance of a few
T-RFs (Fig. 3a). T-RFs at 261 and 290 bp, which could not be
identified by in silico restrictions, constituted around one third of
the total bacterioplankton in the PC station. Based on Spearman
correlations, these taxa were positively correlated to suspended
particulate matter (SPM) and particulate organic carbon (POC)
(Table S1) (P < 0.001). In PD samples, the relative abundance of
T-RFs at 76 and 289 bp increased (Fig. 3a). T-RF at 289 bp could
be related to the SAR11 clade while no putative identification
could be achieved for the T-RF at 76 bp. T-RF at 289 bp was
found to be negatively correlated to SPM concentration and POC
contents (P < 0.001), while T-RF at 76 bp was positively corre-
lated to temperature and oxygen and negatively correlated to
water depth and phosphate (P < 0.001) (Table S1).

Sulfate-Reducing Communities

T-RFLP Bacterial Fingerprinting

The dsrAB genes were successfully amplified along the stud-
ied gradient, except for the PD13, MA5, and MA22 samples.
Using the Bsp1286I and HpyCH4-IV restriction enzymes,
sulfate-reducing richness ranged from 7 to 22 T-RFs per sam-
ple (Table 2). A one-way ANOVA analysis showed that the
diversity and richness indices were significantly reduced in
marine waters as compared with other samples (Table 2).
Moreover, Mantel test showed that variation across samples
was significantly correlated with environmental parameters
(r = 0.32, P < 0.01). A CCA analysis was applied indepen-
dently on the T-RFLP profiles generated by the enzymes

Table 2 Diversity and richness estimates obtained through T-RFLP analysis of total bacterial communities (16S rRNA) and sulfate-reducing com-
munities (dsrAB genes)

Samples Total bacterial communities Sulfate-reducing communities

HaeIII HinfI Bsp1286I HpyCH4-IV

Sobs Shannon Sobs Shannon Sobs Shannon Sobs Shannon

PC1 39.67 ± 2.19 a 3.09 ± 0.05 abc 29.67 ± 1.33 ab 2.82 ± 0.05 abc 17.00 ± 2.52 ab 2.53 ± 0.10 a 22.67 ± 3.48 a 2.72 ± 0.16 a

PC5 38.00 ± 1.53 a 2.99 ± 0.02 bc 28.33 ± 1.45 abc 2.70 ± 0.04 bc 18.33 ± 1.76 a 2.46 ± 0.11 a 19.00 ± 2.00 ab 2.50 ± 0.15 a

PC24 36.33 ± 0.67 a 3.09 ± 0.02 ab 28.00 ± 2.31 abc 2.88 ± 0.07 ab 16.33 ± 2.03 ab 2.35 ± 0.14 a 18.67 ± 0.88 ab 2.48 ± 0.09 a

PD1 34.00 ± 2.08 a 2.78 ± 0.04 c 23.67 ± 1.20 abc 2.56 ± 0.02 c 17.67 ± 0.88 abc 2.43 ± 0.13 a 15.00 ± 1.73 abc 2.05 ± 0.37 a

PD13 32.67 ± 1.76 a 2.89 ± 0.01 bc 21.33 ± 1.20 c 2.65 ± 0.05 bc nd nd nd nd

PD55 38.00 ± 1.15 a 3.08 ± 0.05 abc 23.33 ± 1.33 abc 2.70 ± 0.09 bc 16.00 ± 1.53 abc 2.47 ± 0.13 a 14.67 ± 1.76 abc 2.25 ± 0.12 a

MA5 37.67 ± 1.33 a 3.00 ± 0.03 bc 23.00 ± 0.58 abc 2.68 ± 0.02 bc nd nd nd nd

MA22 31.33 ± 3.18 a 3.01 ± 0.10 bc 22.33 ± 1.20 bc 2.61 ± 0.03 bc nd nd nd nd

MA240 43.50 ± 8.50 a 3.37 ± 0.18 a 31.00 ± 1.00 a 2.92 ± 0.05 ab 7.67 ± 0.33 c 1.73 ± 0.12 b 8.00 ± 2.08 c 1.90 ± 0.20 a

MA800 39.00 ± 4.93 a 3.38 ± 0.09 a 30.00 ± 2.52 ab 3.01 ± 0.09 a 10.67 ± 0.88 bc 2.02 ± 0.08 ab 11.00 ± 1.00 bc 1.81 ± 0.38 a

Each value is the mean of replicates T-RFLP profiles (±standard error of the mean). For each estimate, significant differences are presented by different
letters (P < 0.05). Samples for which dsrAB genes were not detected by nd
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Fig. 2 Canonical correspondence analyses based on t-RFLP patterns of
the 16S rRNA (a) and dsrAB (b) genes. T-RFLP profiles were achieved
with the HinfI restriction enzyme for 16S rRNA gene and with the
Bsp1286I restriction enzymes for dsrB gene. Correlations between
physicochemical parameters and CCA axes are represented by the
length and angle of the arrows. Physicochemical factors are referred as

follow: temperature (Temp.), salinity (Sal.), turbidity (Turb.), nitrate
(NO3), nitrites (NO2), silica (Sil.), and phosphate (PO4). For 16S rRNA
gene, samplesMA240 andMA800 were removed from the CCA analysis
for a better visualization of the other samples on the ordination plot. For
dsrAB genes, no gene amplification was detected for the PD13, MA5,
and MA22 samples

A

B

Fig. 3 Relative abundance of the
major 16S rRNA and dsrAB
genes T-RFs occurring in the
estuary-marine gradient. a
Relative abundance of the major
16S rRNA gene T-RFs following
digestion with HinfI. Number in
keys refers to T-RFs length in base
pairs (bp). b Relative abundance
of the major dsrB gene T-RFs
following digestion with
Bsp1286I. Number in keys refers
to T-RFs length in base pairs (bp)
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(Fig. 2b; Fig. S1b). Based onBsp1286I restriction patterns, the
two first axes explained, respectively, 7.9 and 6.6 % of the
total variance (Fig. 2b). As already reported with 16S rRNA
gene, sulfate-reducing communities from MA240 and
MA800 samples clearly distinguished from other samples
and were positively correlated with depth and salinity. In ad-
dition, PD1 samples clustered apart all other samples and did
not correlated with any physical or chemical factor. The re-
maining samples grouped together and were positively corre-
lated with temperature, water turbidity, nitrite, and silicate
contents. A detailed analysis showed that the T-RFs at 41,
162, 173, 174, and 175 bp accounted for 9.2–39.9 % of the
total fluorescence in all the samples but could not be putative-
ly identified (Fig. 3b). Links between the relative abundance
of T-RFs and physical and chemical parameters were explored
and summarized in Table S2. Notably, those major T-RFs
were positively correlated with nitrite, nitrate, particles in sus-
pension, and particulate organic carbon.

dsrAB Genes Cloning

Based on dsrAB T-RFLP profiles and physico-chemical param-
eters, PC1, PD1, and MA240 samples were reported to differ
significantly from each other. Thus, these later were used to
further assess the diversity of the dissimilatory (bi)sulfite reduc-
tase genes using dsrAB cloning and sequencing. A total of 57
dsrAB clones were recovered and rarefaction analysis indicated
that the saturation plateau was not reached (data not shown).
Taxonomic assignment of dsrAB clones revealed that sequences
detected in PC1 sample were mainly related to the
Desulfobacteraceae and Desulfobulbaceae families (Fig. 4).
Notably, several clone sequences from PC1 sample shared high
sequence similarities with Desulfobulbus propionicus (Table 3).
Further in the gradient, PD1 sample was mainly represented by
non-affiliated clones. In addition, clone sequences related to the
Desulfovibrionaceae andDesulfomicrobiaceae families were de-
tected (Fig. 4; Table 3). Last, clone sequences retrieved from
MA240 sample were mainly related to the Desulfobacteraceae
and Desulfobulbaceae families but differed from those observed
in PC1 sample (Fig. 4; Table 3).

Diversity of Cultured SRP

An isolation procedure for sulfidogenic microorganisms was
carried out using a dilution-to-extinction technique in 384-
well microplates. In addition to all PC, PD, and MA samples,
a sampling station (ES), located upstream of the concentrated
estuarine plume, was also included in these experiments.
Positive sulfidogenic growth was obtained for all samples in
the gradient, except for PD13, MA5, and MA22 samples
(which did not exhibit dsrB gene amplification).
Sulfidogenic microorganism concentration ranged from 1 to
16 × 103 cells L−1 in PC1, PC5, PC24, PD1, and PD55

samples, while concentrations up to 60 × 103 cells L−1 were
observed in ES1, ES6, andMA240 samples (Fig. 5). A total of
136 sulfidogenic strains were isolated and were identified
based on partial 16S rRNA gene sequences. As a result, true
SRP (i.e., respiratory based metabolism) accounted for 7–
40 % of total sulfidogenic isolates among the samples
(Fig. 5). Other sulfidogens (fermentative metabolism) were

Fig. 4 Taxonomic affiliation of dsrB clones at the genus levels. Bar
charts of dsrB clone libraries for the PC1 and PD1 and MA240
samples. Sulfate-reducing clones were affiliated to different sulfate-
reduc ing genera among the Desu l fobac teraceae (DSB ) ,
Desu l fobulbaceae (DBB ) , Desu l fomicrobiaceae (DSM ) ,
Desulfovibrionaceae (DSV), Desulfoarculaceae (DSA), and
Peptococcaceae (PEP) families. NA non-affiliated clones. See Table 3
for detailed taxonomic assignments

Table 3 Taxonomic assignment of dsrB clones

No of clones per samples Bacterial genera Families

PC1 PD1 MA240

3 – – Desulfobacterium Desulfobacteraceae

1 – – Desulfobacula

2 1 – Desulfacinum

– – 2 Desulfococcus

– – 2 Desulfofaba

2 – – Desulfatiferula

– – 1 Desulfosarcina

7 2 2 Desulfobulbus Desulfobulbaceae

– 2 – Desulfocapsa

– – 1 Desulforhopalus

1 4 1 Desulfomicrobium Desulfomicrobiaceae

1 3 – Desulfovibrio Desulfovibrionaceae

– 1 – Bilophila

– 1 – Desulfotomaculum Peptococcaceae

2 – – Desulfoarculus Desulfoarculaceae

2 10 3 Non-affiliated Non-affiliated
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isolated and related to theCitrobacter, Shewanella,Klebsiella,
Aeromonas, and Sulfurospirillum genera. Notably, isolates re-
lated to the Citrobacter genus (Enterobacteriaceae) were
found to represent 20 and 7 % of total sulfidogenic isolates
in the ES and PC stations, respectively (Fig. 5) and can serve
asmarkers for freshwater inputs. Sulfate-reducing strains from
ES1 and ES6 samples shared high-sequence similarities with
Desulfomicrobium- and Desulfovibrio-related species (Fig. 5;
Table S3). In PC station, SRP were only isolated from surface
water and were respectively affiliated to Desulfopila- and
Desulfotalea-related species. In PD1 and MA240 samples,
seven isolates shared high sequence similarity with
D. oceani (98–100 %), while a single isolate was recovered
at 800 m depth and shared high sequence similarity (96 %)
with Desulfobacula phenolica (Fig. 5; Table S3). In laborato-
ry, bacterial isolates closely related toD. oceaniwere tested to
their ability to cope with oxygen stress. Isolates were incubat-
ed in an air-saturated minimal medium and were found to
form spheroblast. Moreover, when the bacterial cultures were
reinoculated in the initial culture medium under anoxic con-
ditions, no bacterial growth could be detected.

Discussion

Estuaries are complex ecosystems where aquatic and terrestrial
environments are tightly linked. In the present study, we hypoth-
esized that SRP thriving in the anoxic sediments, may be resus-
pended in the oxic water column and transported through oxic
marine-influenced waters. Strong interactions among physical,
chemical, and biological processes form strong gradients in the
estuarine plume and may help resuspended anaerobes to survive
in the water column and even maintain their metabolism within
anoxic microniches. Here, total bacterial communities were in-
vestigated along a gradient from the concentrated plume of the
Adour estuary to marine waters, with a particular interest to SRP.
Molecular fingerprinting revealed that the structure and the com-
position of total bacterial communities varied significantly de-
pending on the distance from the coast and the water depth.
The diluted plume samples grouped with marine bacterial com-
munities, whereas the concentrated plume samples were strongly
influenced by the estuarine discharges. Combining molecular
and cultivation techniques, sulfate-reducing communities were
detected in all the sampling stations along the estuary-marine

Fig. 5 Spatial distribution of the sulfidogenic microorganisms along the
estuary-marine gradient. The abundance of sulfidogenic microorganisms
was estimated based on the positive cultures and the dilution rate used for
the isolation procedure. Phylogenetic analysis of isolates was performed
on partial 16S rRNA gene (∼600 bp length). The proportion of SRB

identified among sulfidogenic isolates occurring in surface waters (ES1,
PC1, PD1, and MA240 samples) is summarized in pie charts. Closest
cultured relatives (% nucleic acid identity) to sulfate-reducing isolates
were specified. (Dsm. Desulfomicrobium, Dsv. Desulfovibrio, Dsp.
Desulfopila, Dst. Desulfotalea, Dsb Desulfobaca, Ctb. Citrobacter)
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gradient. Even if some microorganisms incapable of sulfate re-
duction may carry dsrAB genes [28, 35, 51], most of clone
sequences were phylogenetically related to true SRB. A good
agreement was observed between the culture-dependent and in-
dependent approaches, since no SRP could be detected at 13 m
water depth in the diluted estuary plume and at 5 and 22mwater
depth in the marine station with both techniques.

Our data suggested that sulfate-reducing communities oc-
curring in coastal waters differed from those inhabiting the
diluted estuarine plume and marine bay waters. In the intra-
estuary station and the concentrated estuarine plume, dsrB
clone sequences and sulfate-reducing isolates were mostly
related to the Desulfobulbaceae, Desulfomicrobiaceae, and
Desulfobacteraceae families. A detailed analysis showed that
clones related to the Desulfobulbus, Desulfobacula, and
Desulfobacterium genera shared high sequence similarities
(85–89 %) with dsrB sequences which were previously de-
tected in anoxic sediments, 10 km upstream of the mouth of
the estuary [6]. In addition, sulfate-reducing isolates cultured
in the present study and related to Desulfomicrobium
baculatum, Desulfovibrio aespoensis, Desulfopila aestuari,
and Desulfotalea SFA4 shared high 16S rRNA gene sequence
similarities (97–100 %) with sulfate-reducing isolates which
were cultured previously in anoxic sediments [6]. These re-
sults supported our hypothesis that SRP detected in turbid
waters were previously resuspended from upstream sediments
and transported in the estuarine plume. Representatives of the
Desulfobulbaceae and Desulfobacteraceae families were for-
merly detected in oxic habitats and exhibited an oxygen toler-
ance. Notably, Karnachuk et al. [26]) suggested that
Desulfobulbaceae members dominate sulfate-reducing commu-
nities (7.8 % of the total number of DAPI-stained cells)
inhabiting an oxic zone of a meromictic lake. In addition, SRP
affiliated to the Desulfobacter genus were highlighted for their
oxygen tolerance in hypersaline microbial mat and were sug-
gested to form cell aggregates to better resist oxidative stress [14].

In addition to common SRP, a significant fraction (7–20%) of
sulfidogenic isolates from ES and PC station shared high 16S
rRNA gene sequence similarity (96–100 %) with the type strain
Citrobacter freundii. Studies on gas pipeline and acidmine drain-
age indicated that representatives of the genus Citrobacter were
able to perform dissimilatory sulfate reduction under anoxic con-
ditions [1, 43]. Nevertheless, our isolates were not tested for their
ability to reduce specifically sulfate. Ferrous sulfide black precip-
itate observed in our microtiter plates may arise from other oxi-
dized inorganic sulfur compounds such as sulfite, thiosulfate, or
elemental sulfur. The strain CitrobacterDBM isolated from sed-
iments of amining areawas found to grow under oxic and anoxic
conditions and thus stated as a facultative anaerobe [43]. As
consequence,Citrobacter-related microorganisms inhabiting tur-
bid waters of the Adour estuary would probably not be affected
by oxygen gradients within the water column. Altogether, these
results indicate that representatives of this bacterial genus are

good marker for freshwater inputs to the estuarine plume and
are suggested to be involved in sulfur cycling in turbid estuarine
waters. Nevertheless, further investigations are needed to confirm
that Citrobacter constitutes a significant fraction of the sulfate-
reducing community.

The short incubation period (1–3 weeks) required for the for-
mation of iron sulfide precipitation in the microtiter plate and for
bacterial isolation indicated that either SRP were growing in the
water column or could recover quickly their growth potential
when optimal growth conditions were provided. Sediment parti-
cles were previously demonstrated to constitute favorable
microniches for anaerobes in oxic habitats. Indeed, in oxic sur-
face sediments, the time required to destroy 90 % of the viable
SRP population was extended at least 2-fold for those living
associated with large sediment particles (pellets of size
>10 μm) compared those occurring in the <10- and the <5-μm
fractions [15]. In the Adour estuary, sediment particles were
largely remobilized in the water column of the intra-estuarine
station and the concentrated plume and undoubtedly helped
SRP to cope with the oxic stress. Stoichev et al. [49] show that
almost half of resuspended particles in theAdour estuarine plume
were larger than 50 μm. This particle size was formerly reported
sufficient to sustain anoxic or at least hypoxic conditions in such
microenvironments [23]. Moreover, the residence time of water
and particles in the Adour estuarine plume has been estimated
between few hours to several days [41].Within such time period,
SRP related to theDesulfovibrionaceae andDesulfobacteraceae
families, maintained in sediments slurries as well as in pure cul-
tures, were formerly distinguished for their tolerance to saturation
of dissolved oxygen at >75 % [8].

Further in the studied gradient, no SRP could be isolated from
the water column, except for surface waters of the diluted plume
(PD1 samples) as well as at 240 and 800 m depth in the marine
station (MA240 and MA800 samples) where few SRP were
cultured. In contrast to coastal waters, most of sulfate-reducing
isolates were affiliated to the genus Desulfovibrio. This result
may be partly explained by the dilution of suspended particulate
matter and their associated microorganisms which are mixed
with marine waters (SPM <1 mg L−1). In addition, increasing
salinity from estuarine mouth to marine waters represents a key
structuring factor in shaping bacterial populations in the Adour
estuary, as previously described by Goñi-Urriza et al. [17].
Indeed, salinity reached 31–35 PSU in PD and MA samples,
whilemost of the SRP isolated from estuarine ecosystems exhibit
a salinity optimum of 5 or 10 PSU [9, 29]. Desulfovibrio-related
bacteria are stated as opportunists and versatile [42], and marine
strains show optimal growth between 25 and 35 PSU [13, 19,
50]. Several studies demonstrated oxygen tolerance by
Desulfovibrio species in various ecosystems [8, 20, 27, 33].
Sulfate-reducing isolates retrieved from PD1 and MA240 sam-
ples are closely related toD. oceani, which the type strain (I.8.1T)
has been isolated from the water column of an oxygen minimum
zone off the coast of Peru at 400 m depth and that is able to
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survive to oxic stress [13]. Molecular signatures of clones phy-
logenetically closely related to D. oceani were also detected in
thewater column of theWestern English Channel, suggesting the
widespread and the general occurrence of autochthonous
Desulfovibrio-related microorganisms in marine oxic waters. In
our study, D. oceani isolates were tested for their ability to cope
with oxygen stress but no particular resistance was observed in
pure culture. Certain microorganisms exhibit intrinsic oxygen
resistance while some others may resist to oxic conditions when
occurring in a consortium-like partnership with heterotrophic
bacteria [46].

Water collected at 240 m depth in the marine station consti-
tuted a particular sample where high turbidity and high concen-
trations of ammonium, nitrate, and silica were reported.
Moreover, bacterial diversity in the MA240 sample was signifi-
cantly increased compared with other samples. The increase of
these chemical parameters, suggest an advanced decomposition
of organic and is presumed to be the result of dead phytoplankton
sinking throughout the water column, an aftermath of a massive
bloom [18]. Interestingly, sampling was performed following a
bloom event in the Adour estuary [36]. Aging phytoplankton
aggregates represent favorable sites for bacterial colonization,
where a sufficient amount of degradable material is provided
for intense heterotrophic bacterial activity. The existence of
microniches in cyanobacterial aggregates has been proved exper-
imentally in several studies [2, 39, 45] and was suggested to play
a key role in nitrogen and sulfur cycling. Notably, Michotey and
Bonin [32] demonstrated that denitrification, an oxygen-sensitive
microbial process, was performed in particle-associated bacterial
populations in the Mediterranean Sea. More recently, Canfield
et al. [5] reported sulfate reduction and sulfur oxidation activities
in oxygen minimum zone waters off the Chilean coast. These
authors suggested that the sulfur and the nitrogen cycles are
intimately coupled in this ecosystem. In our study, the increased
concentration of viable sulfidogenic bacteria at 240 m water
depth, including some SRP and several facultative anaerobic
sulfur-metabolizing isolates related to the Shewanella genus,
might suggest the formation of hypoxic or anoxic microniches
and an active sulfur cycle in deep waters offshore.

Conclusion

This polyphasic work permitted to detect sulfate-reducing com-
munities along an estuarine to marine gradient. Differential SRP
communities were detected from the estuarine mouth to surface
marine waters. Those identified in the coastal area are suggested
to arise from resuspended sediments and to manage oxic stress
within large suspended particles. These anaerobes might even
sustain a minimal metabolic activity across the river system in-
fluenced by freshwater inputs. In the diluted estuarine plume and
in marine bay waters, the SRP concentration was low and this
functional group was represented by salt-tolerant autochtonous

sulfate-reducing microorganisms, related to the Desulfovibrio
species. As reported in Finster and Kjeldsen [13] and Canfield
et al. [5], these SRPmay grow in oxygen minimum zones where
nutrient-rich upwelled water support blooms of phytoplankton
and promote short-term anoxic conditions.
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