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Introduction

Abstract

Spatial distributions of both total (i.e. 16S rDNA-based fingerprints) and active
(i.e. 16S rRNA-based fingerprints) bacterial populations, together with total
bacterial activity measured by *H-leucine incorporation, were studied along a
98km transect in the NW Mediterranean Sea. Capillary electrophoresis-single
strand conformation polymorphism (CE-SSCP) fingerprinting was coupled to a
clone library, allowing CE-SSCP peaks identification and the monitoring of the
spatial variation of bacterial phylotypes. Up to 80% of the community peaks
matched those obtained from clone library sequences, accounting for 86.7% of the
total fingerprinting area. A good agreement was found between the relative
abundance of Prochlorococcus in the CE-SSCP fingerprints and flow cytometry
counts (*=0.66, P < 0.05). The largest differences between total and active
bacterial populations distribution were found at depths with higher bacterial
activity (i.e. surface and deep chlorophyll maximum, DCM). SAR11 at the surface
and Gammaproteobacteria at the DCM were the most abundant groups on the 16S
rDNA-based fingerprints. However, their ratio of relative importance between
rRNA:rDNA was < 1 in most cases. Conversely, ratios observed for Prochlor-
ococcus, were consistently > 1 both at the surface and at the DCM. These results
emphasize the need for combining rDNA- and rRNA-based analyses to better
understand the functional role of individual bacterial populations in situ.

among heterotrophic bacterial assemblages along 1500 km
in the Arabian Sea (Riemann et al., 1999). Other studies

Bacteria are recognized as having a key role in marine
biogeochemical cycles, especially in oligotrophic waters
where efficient recycling processes are crucial (Cho & Azam,
1990). Linking horizontal and vertical distributions of
bacterial diversity with both metabolic activities and physi-
cochemical gradients is necessary for fully understanding
the role of bacteria in the microbial food web (Azam et al.,
1983; Pernthaler & Amann, 2005). Studies focusing on
horizontal distributions suggested different trends in bacter-
ioplankton community structure. Slight differences were
found between bacterioplankton communities in surface
waters from stations located a few kilometers apart near
Anvers Island, Antarctica (Murray et al,, 1998), or even
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showed significant differences between bacterial commu-
nities from coastal and offshore stations in the NW Medi-
terranean Sea (Schauer et al., 2000; Ghiglione et al., 2005).
Along the vertical axis, general agreement exists that changes
in bacterial assemblages are more perceptible. Bacterial
community structure from the euphotic zone, and especially
from the deep chlorophyll maximum (DCM) have been
described systematically as different from those inhabiting
deeper waters (e.g. Lee & Fuhrman, 1991; Acinas et al., 1997;
Ghiglione et al., 2007). These differences have been related
to the vertical changes in physicochemical conditions.

All these studies were focused on 16S rDNA-based
distributions, which do not provide clues on the level of
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activity of each detected bacterial population. Bacterial
growth rate has been shown to correlate with cellular rRNA
content (DeLong et al., 1989; Poulsen et al., 1993); therefore,
information on cellular activity may be obtained by tracking
reverse-transcribed 16S rRNA (e.g. Casamayor et al., 2001).
Even though the abundance of bacteria in the sea is high,
only a small fraction is considered to be metabolically active
(Sherr et al., 1999; Del Giorgio & Bouvier, 2002). Thus, the
community picture gained by looking either at the 16S
rDNA or at the 16S rRNA may differ significantly. Only a
handful of studies in the literature have combined rDNA-
and rRNA-based surveys for the simultaneous description of
total (understood as those targeted bacteria above the
detection limit of the PCR method) and active (i.e. from
the former pool those with a higher rRNA content) bacter-
ioplankton populations, respectively (Moeseneder et al.,
2001, 2005; Troussellier et al., 2002; Winter et al., 2004).
These studies highlighted these differences, thus reinforcing
the idea that the characterization based only on the abun-
dance of rDNA does not offer a consistent view of the most
active components of the bacterial assemblage.

Within this framework, the goal of the present study was
to follow vertical variations of both the total and the active
bacterial populations along a 98 km transect in offshore NW
Mediterranean Sea waters. Capillary electrophoresis-single
strand conformation polymorphism (CE-SSCP) genetic
fingerprints based on both 16S rDNA and 16S rRNA were
directly compared. CE-SSCP analyses coupled to a 16S
rDNA-based clone library built from a representative sample
were used for CE-SSCP peaks’ identification and the mon-
itoring of specific qualitative and quantitative changes of
bacterial populations along the transect.

Materials and methods

Study site and general sampling methods

The sampling cruise was carried out in the Northwestern
Mediterranean Sea on the oceanographic R/V ‘Tethys’ in
July 2004. Water samples from three stations along a 98 km
transect (Fig. la), i.e. Microbial Observatory Laboratoire
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Arago (for MOLA, 42°26'N-03°32'E, located 36 km apart
from Banyuls-sur-mer), S1 (42°20'N-04°00'E, 40 km apart
from MOLA) and S2 (42°07'N-04°37E, 58 km apart from
S1) were collected. Four depths were sampled for each
station with 10-L Niskin bottles attached to a Sea-Bird
conductivity—temperature-depth CTD profiler, according
to the in situ measured water mass stratification and
chlorophyll fluorescence profiles as follows: 5m, DCM
(between 60 and 80m depth depending on the station),
20 m below the DCM and 150 m depth. Chlorophyll a (Chl
a) concentrations were obtained from 50- to 200-mL water
samples (in duplicate) filtered through 47-mm GF/F filters
(Whatman, Kent, UK) and frozen in liquid nitrogen until
analysis. Pigments were extracted in 90% acetone for 12 h at
4°C in the dark, and Chl a concentrations were determined
using a Perkin-Elmer MPF 66 spectrofluorometer (Neveux
& Panouse, 1987).

Picophytoplankton and bacterioplankton
abundances

Triplicate seawater samples (3mL) were fixed with 2%
formaldehyde for at least 1h at 4°C in the dark before
quick-freezing in liquid nitrogen and storage at — 80 °C.
The samples were later thawed at room temperature, and
analyzed using a flow cytometer (FACScan, Becton Dick-
inson, San Jose, CA) equipped with a 488 nm, 15 mW Argon
laser for analyses. Fluorescent beads (1.0 um; Polysciences
Inc., Warrington, PA) were added to each sample to normal-
ize the forward and right angle light scatter (FSC and SSC)
and green (515-545nm), orange (564-606nm) and red
( > 650 nm) fluorescence signals, respectively. For picophy-
toplankton analysis, 1 mL subsamples were run at a high
speed (c. 50pLmin~") and counted for 5min, using red
fluorescence as the threshold parameter. The Prochlorococcus
sp. abundance was counted on a red fluorescence vs. SSC
cytogram, as described by Joux et al. (2005). For bacter-
ioplankton analysis, subsamples of 1 mL were stained with a
nucleic acid dye [SYBR Green II; final concentration 0.05%
(v/v) of the commercial solution; Molecular Probes Inc.,
OR] for at least 15 min at 20 °C in the dark and analyzed for

(b)

&

43

Fig. 1. Study site location (a), hydrological and
fluorescence (b) parameters measured during

a 98km linear transect along the offshore

stations MOLA S1 and S2 in the NW 4N
Mediterranean Sea.
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1 min three consecutive times. Bacteria were counted using
the plot of green fluorescence vs. SSC and the green
fluorescence was used as the threshold parameter.

Bacterial production (BP)

BP was measured by *H-leucine incorporation (Kirchman,
1993) as modified from Smith & Azam (1992). Water
samples (2.5mL in triplicate) were added to a sterile
polystyrene snap cap tube (5mlL), containing 8 nM *H-
leucine (specific activity 117 Ci mmol-1, Perkin-Elmer,
Wellesley, MA) and 32 nM of unlabelled leucine. One killed
control was prepared for each assay by addition of 250 pL of
50% trichloroacetic acid (TCA), 15 min before the leucine
addition. Tubes were incubated in the dark at the in situ
temperature for 1h. The reaction was stopped by transfer-
ring replicate 1 mL samples from each tube into microcen-
trifuge tubes containing 100 pL of 50% TCA. Samples were
stored for at least 1 h at 4 °C and then centrifuged for 15 min
at 12000 g. The precipitate was rinsed once with 5% TCA
and once with 70% ethanol, resuspended in 1 mL of liquid
scintillation cocktail (FilterCount, Perkin-Elmer) and
Radioactivity uptake was determined on a liquid scintilla-
tion counter (LS 5000CE Beckman). Leucine incorporation
rates were converted into carbon production using a con-
version factor of 1.55kg C produced by mole of leucine
incorporated (Kirchman, 1993). The analytical accuracy of
measurements yielded a coefficient of variation < 4%.

DNA extraction and purification

Two liters of each water sample were prefiltered with a 3-pm
pore-size filter (47 mm, Polycarbonate, Nuclepore™, What-
man, Kent, UK) and then filtered throughout a 0.22-um
pore-size filter (47 mm, Polycarbonate, Nuclepore™) before
being stored at — 80 °C until analysis. DNA was extracted in
lysis buffer (50 mM Trizma base, 40 mM EDTA and 0.75M
sucrose) by first adding a freshly prepared lysozyme solution
(final concentration 1 mgmL ") and incubating at 37 °C for
45min. Sodium dodecyl sulfate (final concentration 1%)
and a proteinase K solution (final concentration
0.2mgmL™") were then added and tubes were incubated at
50 °C for 1 h. A 600 pL volume of the resulting cellular lysate
was treated with 10 uL of a 100 mg mL™" RNAse A solution
(Qiagen, Hilden, Germany) before DNA extraction was
carried out using the DNeasy Tissue kit (Qiagen), as
described by the manufacturer’s instructions.

RNA extraction and cDNA synthesis

Samples for RNA analysis were processed in parallel to the
DNA extractions. The remaining 400 uL of the lysate was
treated with DNAse I for RNA extraction using an SV Total
RNA Isolation kit (Promega, Madison, WI). The efficiency
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of DNA digestion was checked using direct PCR amplifica-
tion (conditions as reported below), being those reactions
that yielded no PCR product used for cDNA synthesis. RNA
was reverse transcribed (RT) into single-strand cDNA using
Moloney murine leukemia virus (MMLV) reverse transcrip-
tase (Promega), according to the manufacturer’s instruc-
tions. PCR amplification of cDNA was carried out as for
DNA.

PCR-CE-SSCP fingerprinting

The highly variable V3 region (Escherichia coli 16S rRNA
gene positions 329-533, Brosius ef al., 1981) of the 16S
rRNA gene was amplified for both DNA and cDNA extracts.
Bacterial universal primers set w49 forward (5'-ACG GTC
CAG ACT CCT ACG GG-3'; Delbes et al., 2001) and w34
reverse (5-TTA CCG CGG CTG CTG GCA C-3'; Lee et al.,
1996) were used. The reverse primer was fluorescently
labelled with phosphoramidite (TET, Applied Biosystems,
Applera Corp., Norwalk, CT) at the 5'-end position. Primers
have been checked using the Probe Match tool provided by
the Ribosomal Database Project containing 371 022 bacterial
sequences for the range 329-533 of E. coli positions (Brosius
et al., 1981). Primer w49 forward matched 348 645 of total
available 371022 sequences while primer w34 reverse
matched 358 635 of 371 022 total available sequences. Both
of these results were obtained when the number of mis-
matches permitted was two. PCR amplification of 50-pL
reactions containing template, primers (final concentration
0.25 uM), dNTPs (Eurogentec, Seraing, Belgium, final con-
centration 0.6 mM), Pfu DNA polymerase (1 U, Promega)
and Pfu reaction buffer were processed in a Robocycler
thermocycler (Stratagene, Agilent Technologies, Santa Clara,
CA). The PCR steps were: initial denaturation at 94 °C
for 1 min, followed by 25 cycles of denaturation at 94 °C for
1 min, annealing at 61 °C for 155 and extending at 72 °C for
30's, with a final 10-min extension at 72 °C. Size (c. 200 bp
length) and concentration of the PCR products were deter-
mined using agarose gel electrophoresis (2%) with a DNA
size standard (Low DNA Mass Ladder, GIBCO, Invitrogen
Corp., Carlsbad, CA).

Dilutions in nuclease-free sterile water were made to
obtain 10nguL™" of PCR product. One microliter of the
diluted solution was mixed with 18.9uL of formamide
(Applera Corp.) and 0.1 uL of the internal size standard
Gene-Scan-400 Rox (Applied Biosystems, Applera Corp.),
denatured at 94 °C for 5 min and immediately cooled on ice
for 5min and then electrokinetically injected (55, 12kV)
into a capillary tube (47 cm x 50 um) filled with 5.6% of
Gene Scan polymer in a aBl PrRISM 310 Genetic analyzer
(Applied Biosystems). Electrophoresis was carried out at
15kV for 30 min per sample at 30 °C and data were collected
with a1 PrisM 310 collection software (Applied Biosystems).
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TET-labelled fragments were detected by a laser with a
virtual C filter (detection wavelengths 532, 537 and
584 nm). Data were collected with aBr prisM 310 collection
software (Applied Biosystems). In order to normalize the
different runs, all electropherograms were calibrated by
fixing the positions of peaks produced by the added internal
size standard GeneScan-400 Rox (Applied Biosystems) and
then using a second-order least-square curve (i.e. linear
regression) to provide the best interline comparison (GENEs-
CAN ANALYSIS software, Applied Biosystems). Almost no
variation among replicate samples had been shown pre-
viously for this technique (Ghiglione et al., 2005), thus
allowing a reliable comparative analysis among CE-SSCP
profiles. Unweighted-pair-group method with arithmetic
averages (UPGMA) Euclidean distance dendrograms were
constructed with the sarum software (Zemb et al., 2007)
from a matrix taking into account the presence or absence of
individual peaks (qualitative analysis) and the relative
contribution of each peak (in percentage) to the total
intensity of the whole fingerprint (quantitative analysis).
Peak detection was achieved by computing the first deriva-
tive of a polynomial curve fitted to the data within a window
that was centered on each data point (GENESCAN ANALYSIS
software, Applied Biosystems). Because many overlapping
peaks were present in our profiles, we used a high poly-
nomial degree value of 19 in order to increase peak detection
sensitivity.

Clone library construction

DNA obtained from samples collected at 80 m depth from
the MOLA station served to amplify the complete 16S rRNA
gene using primers SAdir forward (5'-AGAGTTTGAT
CATGGCTCAG-3'; E. coli 16S rRNA gene positions 8-27)
and S17 reverse (5'-GTTACCTTGTTACGACTT-3'; E. coli
16S rRNA gene positions 1491-1508) (numbering after to
Brosius et al., 1981). Reaction mixtures of 50 uL contained
DNA template, primers (final concentration 1 uM), dNTPs
(final concentration 0.6 mM) and 1U of Super Taq poly-
merase (HT Biotechnology, Cambridge, UK) and specific
buffer. The PCR program was as follows: 94 °C for 3 min,
followed by 30 cycles of 94 °C for 1 min, 50 °C for 1 min and
72°C for 2min. The final elongation step was 10 min at
72 °C. The 16S rDNA products were analyzed using electro-
phoresis in 1% agarose gels and cloned using the TOPO TA
cloning kit for sequencing (Invitrogen) according to the
manufacturer’s protocol. The inserts were PCR amplified
from randomly selected colonies using M13 forward and
M13 reverse primers. The resulting library of M13 PCR
products was composed of 154 clones from which 94
were sequenced (Genome Express, France) based on differ-
ent restriction fragment length polymorphism (RFLP)
genetic profiles using Hin6 and Rsal restriction enzymes.
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Useful sequences were obtained from 80 clones that were
manually corrected using cHrRoMAS software (Technelysium)
and checked for chimera presence using the ExPASy proteo-
mics server facilities. Phylogenetic identification was based
on the closest relative after a BrasT search (http://
www.ncbi.nlm.nih.gov/blast)
tree topography after sizing down to a homogeneous
591-bp sequence length (E. coli 16S rRNA gene positions
246-837) using BIOEDIT v5.0.9 (North Carolina State Uni-
versity) and cLustarx (Thompson et al., 1997). Sequences
were deposited in Genbank under accession numbers
AM748176-AM748255. Rarefaction curves were obtained
using the DOTUR software (Schloss & Handelsman, 2005;
http://www.plantpath.wisc.edu/fac/joh/dotur.html) using as
an input file a distance matrix generated by the pHYLIP
software package
edu/phylip.html).

and on the phylogenetic

(http://evolution.genetics.washington.

Identification of community CE-SSCP peaks by
single clone assignations

The V3 region of the 16S rDNA was also amplified for each
of the 80 sequenced clones using the same PCR-CE-SSCP
fingerprinting procedure as described above. Single-peak
profiles of all clones were aligned to the profile obtained
from the whole community assemblage of the same sample
(i.e. 80 m depth at MOLA station) by using the GeneScan-
400 Rox internal standard. The phylogenetic identity of a
given community peak was provided by the phylogenetic
affiliation of the clone showing the same electrophoretic
migration. If several clones matched the same community
peak, the most frequently recovered phylotype among the
clones was defined as being representative.

Results

Sampling sites’ characterization

Locations of the three stations MOLA, S1 and S2 and the
hydrological and fluorescence parameters measured in July
2004 are shown in Fig. 1. Data showed a strong thermal
stratification for all stations. At the MOLA and S2 stations, a
temperature gradient was observed, ranging from 20 °C at the
surface, decreasing rapidly to 15 °C at 40 m depth and remain-
ing fairly constant below the thermocline (13.5 £ 0.3 °C). The
same trend was observed for the S1 station, with a broader
thermocline between 20 and 40 m. Salinity was slightly higher
at S1 and S2 stations (38.340.2gNaCIL™") compared with
MOLA (38.0£0.2gNaCIL™"), especially in the first 40 m
depth (3giinity s1,52 — Mora = 0.4 gNaCl L™"). The fluorescence
maximum differed in depth and intensity among the three
stations. A sharp fluorescence peak was observed at MOLA
80m corresponding to a DCM of 0.54 ugL™" Chl a. Thicker
and more intense fluorescence peaks were found for the other
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two stations (ranging in depth between 55 and 80 m) with a
DCM of 1.17ugL™" Chl a at 60m for station S1 and
1.81 pugL™" Chl a at 65 m for station S2.

Bacterial abundance (BA) and BP

The highest values of BA (i.e. heterotrophic prokaryotes) were
found at the DCM for all stations (Fig. 2a), i.e., MOLA
(42%x10°cellsmL™), S1 (6.7 x 10°cellsmL™") and S2
(9.3 x 10° cellsmL ™). The increase of BA from the surface to
the DCM was more marked for S1 and S2 than for MOLA
(8BAguface — v Of 3.1 x 10% 5.1 x 10° and 0.3 x 10° cells
mL™}, respectively). In all cases, BA decreased with depth,
reaching about 2.0 x 10° cellsmL™" at 150 m.

Opverall BP presented higher values at the surface (average
value for the three stations of 0.50 pg CL™" day ', SD =0.24)
and DCM depth (0.44pgCL ' day', SD=0.06) than in
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(0), and on 16S rRNA-based profiles only (H).

deeper waters (the averaged value 20 m below DCM was
0.15 ugCLﬁ1 dayfl, SD=0.15, whereas at 150m it was
0.07 ug CL ™" day ™', SD =0.06, Fig. 2b).

Qualitative and quantitative comparative
analysis of CE-SSCP fingerprints based on 16S
rDNA and 16S rRNA

The UPGMA dendrogram based on both CE-SSCP peaks
presence/absence and relative abundance showed that rDNA
and rRNA-based fingerprints presented low similarity be-
cause they formed separate clusters (except for the rRNA-
based profile from 20 m below the DCM at S2 station; Fig.
3a). However, samples from the same depth (i.e. surface,
DCM, 20 m below the DCM and 150 m) collected from the
three stations presented high similarity because they clus-
tered together in both rDNA and rRNA-based branches

FEMS Microbiol Ecol 67 (2009) 30-42
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Fig. 4. (a) Phylogenetic composition of the clone library based on 16S rDNA from a sample collected at the DCM depth in the MOLA station. Segments
of the pie charts represent the relative abundance of the different bacterial groups (values indicated in brackets), considering the total number of clones
(154) in the RFLP screening. (b) Rarefaction curves built from a distance matrix based on DNA sequences.

(except for the rRNA-based profile from 20 m below the
DCM at S2 station and the rDNA-based profile from 20 m
below the DCM at MOLA station; Fig. 3a).

The largest variation among bacteria from different
depths was observed at the surface for 16S rDNA-based
profiles and at DCM for 16S rRNA-based profiles with
respect to other depths (Fig. 3a).

The highest number of peaks was found for profiles from
20 m below DCM on rDNA- (28-29 peaks) and rRNA-based
(19-24) fingerprints (Fig. 3a). The lowest number of peaks
was found at the surface (18-23 peaks) for rDNA-based
profiles whereas it was found at DCM for rRNA-based
profiles (8—14 peaks, Fig. 3a).

The percentage of shared peaks among pairs of rDNA-
and rRNA-based profiles from each sample revealed that
ribotypes were mostly shared at the surface, 20m below
DCM and at 150 m. Interestingly, at the DCM most of the
ribotypes were only detected in the rDNA-derived finger-
prints (Fig. 3b).

Analysis of the clone library and identification of
CE-SSCP peaks

Relative coverages of the different bacterial phylotypes
found at the DCM (80 m) in MOLA station are shown in
Fig. 4a. Proteobacteria-related clone sequences accounted for
75% of the total and within this group the Alpha class
reached more than a half of the total sequences (53%),
representing the SAR11 cluster 37% and the Roseobacter
clade 2%. Gammaproteobacteria represented 20% of the
total (from which 5% belonged to SAR86 cluster) and
Deltaproteobacteria only 2% of the sequences. Bacteroidetes
(formerly CFB phylum) accounted for 8% of the clone

FEMS Microbiol Ecol 67 (2009) 30-42

library, Prochlorococcus up to 6% and Actinobacteria/Firmi-
cutes 6%. Other minor groups were identified as Fibrobac-
teres/Acidobacteria  phyla (3%) and Verrucomicrobia
phylum (1%). Rarefaction curves constructed from a
distance matrix based on DNA sequences showed that
the tendency of the curve, for a difference lower than 3%,
tended to stabilize with the number of sampled sequences
(Fig. 4b).

16S rDNA-based CE-SSCP profiles were obtained from
each clone and aligned to a 16S rDNA-based community
profile obtained from the same sample (i.e. DCM depth at
MOLA station, Fig. 5). Twenty out of 25 community peaks
(80%) were matched by clone-based peaks. This coverage
represented 86.7% of the total fingerprinting area in the
community profile. Eighty-five per cent of community
peaks (i.e. 17 out of 20) presented a most frequently
matching phylotype allowing assignation with different
levels of confidence (see right column in Fig. 5), and 45%
of them (nine out of 20) were unequivocally assigned
to a single phylotype. For three out of the 20 peaks (peaks
3, 14 and 22, marked as nondetermined in Fig. 5), several
equally abundant clones from distantly related groups
comigrated in the same position; therefore, they could not
be identified.

Clones belonging to a single phylotype happened to
match different community peaks, this was occasionally
related to differences regarding the V3 region of the 16S
rDNA. Among SAR11 sequences matching peaks 10th, 11th
and 12th, all clones matching peak 10th (clone number: 4,
52, 79) presented two substitutions at E. coli positions 337
(G instead A) and 433 (A instead G) with respect to all other
SAR11 sequences. Among Gammaproteobacteria sequences,
a high variability was found regarding the V3 region, only
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Fig. 5. CE-SSCP bacterial community peaks assignation by clone library-derived profiles, using the GeneScan-400 Rox internal standard as a reference.
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Fig. 6. (a) Spearman’s rank pairwise correlation
among the relative surface of CE-SSCP ribotypes
and the relative importance of the corresponding

matching clones on the clone library.

(b) Spearman’s rank pairwise correlation
among relative surface of peaks assigned to
Prochlorococcus in the total CE-SSCP profile
area and the ratio of Prochloroccocus cells to
the total abundance at the DCM and 20 m
below the DCM at stations MOLA, S1 and S2.
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clones matching the 12th peak (clone numbers: 12 and 23)
specifically shared a consensus sequence (from E. coli: 440 to
462 positions). Among Prochlorococcus sequences matching
the 8th and 9th peaks, there were no shared differences.
Therefore, these differences among clones belonging to the

same group that matched different peaks were not found to

be systematic.

To test the relevance of the comparison between both CE-
SSCP fingerprinting and clone library techniques, the rela-
tive area of all SSCP peaks assigned to a single phylotype was
compared with its relative abundance in the clone library

(Fig. 6a). A significantly positive correlation was found
(r*=0.66, P < 0.01), although differences were observed
among phylogenetic groups. Thus, the relative abundances
of Prochlorococcus and Gammaproteobacteria were higher in
the CE-SSCP fingerprints than in the clone library, while the
opposite was found for SAR11, other Alphaproteobacteria
and Bacteroidetes (Fig. 6a). In addition, a significant and
positive correlation was also found (r*=0.66, P < 0.05)
between Prochlorococcus relative abundance derived from

the CE SSCP peaks and cells counted using flow cytometry

(Fig. 6b). Altogether, even if absolute abundances cannot be
extracted from the CE-SSCP fingerprints, a good agreement

FEMS Microbiol Ecol 67 (2009) 30-42

was found between the two techniques for estimating
changes in the relative abundance of bacterial populations
within the total bacterial community.

Spatial distribution of total and active bacterial
populations

We applied the CE-SSCP peaks’ identification described
above to estimate the bacterial dynamics at the rDNA and
rRNA levels, along the surveyed transect (Fig. 7). Overall,
74% of the total fingerprints area (range 65-91%) could be
assigned to known phylotypes.

In the surface waters of the three studied stations, the
most abundant populations in the rDNA-based fingerprints,
were SAR11 (average=31%, ranging from 22% to 36%
among stations) and Gammaproteobacteria (22%, ranging
from 17% to 26%), followed by Prochlorococcus (8%,
ranging from 4% to 13%). In the rRNA fingerprints
Prochlorococcus represented an important fraction of the
bacterial community (19%, ranging from 10% to 25%),
whereas SAR11 represented only 16% (range 13% to 20%),
other Alphaproteobacteria (not detected on rDNA finger-
prints) accounted for 9% (range 7-12%) and
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Fig. 7. Spatial variation of bacterial phylotypes’ relative coverage on 16S rDNA- (left) and 16S rRNA-based (right) CE-SSCP profiles.

Gammaproteobacteria represented 14% (range 4-26%) of
the total fingerprinting area.

The averaged rRNA:rDNA ratio among stations for
SAR11 (mean=0.52, range 0.41-0.58) and Gammaproteo-
bacteria (mean = 0.59, range 0.24-0.96) indicated that they
were not among the most active populations (Table 1).
Conversely, Prochlorococcus reached an averaged rRNA:
rDNA ratio of 2.59 (range 1.93-3.32).

At the DCM, SARI11 (18%, range 16-20%), Gammapro-
teobacteria (22%, range 20-23%) and Prochlorococcus (23%,
range 20-27%) were the most abundant groups on 16S
rDNA-based fingerprints in the three stations. However,
Prochlorococcus (56%, range 40-70%) was the most impor-
tant group on 16S rRNA gene-based fingerprints, represent-
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ing Verrucomicrobia, SAR11 and Gammaproteobacteria,
respectively, 10% (range 9-12%), 10% (range 9—-10%) and
5% (range 2-9%). Prochlorococcus presented an average
rRNA : rDNA ratio of 2.4 (range from 2.0 to 2.77), whereas
SARI11 (0.55, range 0.49-0.60) and Gammaproteobacteria
(0.21, range 0.09-0.37) showed much lower ratios. Verruco-
microbia phylum was only found among rDNA at MOLA
station where its activity ratio was 2.05 (Table 1).

Below the DCM and at 150 m depth, Gammaproteobac-
teria was more abundant both at the rDNA (29%, ranging
from 27% to 34%) and at the rRNA level (24%, ranging
from 18% to 30%). SAR11 and other Alphaproteobacteria
were also abundant at the rDNA (19%, ranging from 13% to
31%) and rRNA levels (17%, range 9-27%). Overall,
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Table 1. Ratios between relative abundance in the rRNA- and rDNA-based CE-SSCP fingerprints for the main identified phylotypes, at all depths
sampled (5m, DCM depth, 20 m below DCM and 150 m) on each station (MOLA, S1 and S2)

5m DCM 20 m below DCM 150 m

Bacterial phylotypes MOLA S1 S2 MOLA S1 S2 MOLA S1 S2 MOLA S1 S2
Actinobacteria/Firmicutes - DNA - DNA DNA DNA 1.07 DNA DNA 1.27 1.55 DNA
Verrucomicrobia 2.05 DNA DNA 5.17 RNA RNA 2.17 1.05 DNA DNA DNA -
Prochlorococcus 1.93 3.32 2.52 2.00 2.57 2.77 1.74 1.50 1.97 1.34 0.58 1.00
Alphaproteobacteria RNA RNA RNA DNA DNA 0.33 0.64 0.69 2.16 RNA RNA 3.16
SAR11 0.55 0.41 0.58 0.49 0.60 0.55 0.18 0.61 1.10 0.95 0.52 0.64
Bacteroidetes (former CFB) - 0.30 0.98 - - - DNA 1.54 - 1.39 1.13 RNA
Gammaproteobacteria 0.24 0.58 0.96 0.37 0.09 0.17 0.73 0.81 0.68 0.80 0.89 0.96
Fibrobacteres/Acidobacteria 1.47 RNA 0.77 - - - 5.48 RNA RNA 1.85 RNA 1.38

DNA, only founded on 16S rDNA-based fingerprints; RNA, only founded on 16S rRNA-based fingerprints; —, not founded on both 16S rDNA- and 16S

rRNA-based fingerprints.

we observed a high similarity between rDNA and rRNA
fingerprints below the DCM, and with rRNA : rDNA ratios
close to 1.

Despite the limitations related to comigration mentioned
above, we consistently observed differences in the behavior
of different microdiverse populations. Thus, SAR11-peak
10 represented on average 60% of the phylotype importance
along the water column, whereas SAR11-peak 11 was
the most important fraction (50%) of the active commu-
nities present at 150 m. In turn, the relative abundance of
Prochlorococcus-peak 8 was higher on the surface and DCM,
while Prochlorococcus-peak 9 predominated below DCM and
had higher rRNA : rDNA ratios (data not shown).

Discussion

CE-SSCP and community ribotype assignation
procedure

There is a general agreement that genetic fingerprints
are more adequate tools to study the spatial dynamics
of bacterial populations than the more time-consuming
cloning approaches. Nonetheless, although fingerprinting
methods provide a quick overview of populations dynamics,
they remain quite limited for phylogenetic identifica-
tion of bacterial populations. In the present study, we
investigated the interest of combining high-resolution
CE-SSCP fingerprinting with clone library to study the
spatial distribution of phylogenetically identified bacterial
populations.

Using this combined approach, a high percentage of both
total peaks (80.0%) and total CE-SSCP area (86.7%) in the
fingerprints matched identified clones. These results are in
agreement with those found using the same approach in a
mine drainage ecosystem (Hong ef al., 2007) or by combin-
ing clone library with automated ribosomal intergenic
spacer analysis (ARISA) in a marine environment (Brown
et al., 2005).
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Comigration of PCR products from different species
within the same peak is a common limitation of fingerprint-
ing methods (Kowalchuk et al., 1997; Vallaeys et al., 1997;
Piceno et al., 1999; Casamayor et al., 2000). In our study, we
checked this constraint in detail by running the CE-SSCP
signature of 80 individual clones in parallel to the natural
complex assemblage. As shown by the rarefaction curve
(Fig. 4b), these clones may cover the most dominant
bacterial phylotypes in our ecosystem. About a half (55%)
of the CE-SSCP peaks observed in the natural sample were
matched by clone-based peaks belonging to different phylo-
types. This result indicates that the 204 bp V3 region of the
16S rRNA gene was not well resolved in CE-SSCP analysis,
leading to the presence of different sequences at the same
position in the fingerprint. In other studies, peaks matching
two or more phylogenetically different clones were assigned
to a given phylotype either by (1) using group-specific
primers (Brown et al., 2005), by (2) assignation to func-
tional categories (Hong et al., 2007) or (3) being simply
discarded for interpretation (West et al., 2008). In our study,
comigration represented around half of the CE-SSCP peaks
and we have proposed to assign these peaks to the most
represented phylotypes that migrate within each peak. We
found a significant correlation between the area of the peak
or peaks assigned to a given phylotype and its relative
importance in the clone library (Fig. 6a). This correlation
was in agreement with studies using other fingerprinting
techniques (Felske et al., 1998; Casamayor et al., 2000). In
addition, we found a significant correlation between the
relative areas of Prochlorococcus assigned CE-SSCP peaks
and its relative cell counts by flow cytometry (Fig. 6b)
suggesting that Prochlorococcus sequences are amplified
according to its real abundance in the sample. Even if a
correlation could be established between the area of assigned
peaks and other approaches, the information provided by
peaks intensity cannot be used as an absolute measure of the
abundance. Peak intensity should only be used for compara-
tive purposes among different samples.
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Spatial changes of total and active bacterial
assemblages

Spatial variation of bacterial community structure was
found to be low among the studied stations and to be
mainly driven vertically (Fig. 3) as it had been shown
previously (Lee & Fuhrman, 1991; Acinas et al., 1997;
Ghiglione et al., 2007). Our approach allowed us to focus
on bacterial populations presenting these vertical variations
both on the whole community (i.e. 16S rDNA) and on the
active fraction (16S rRNA).

In surface waters, SAR11 and Gammaproteobacteria were
dominant among the total bacterial populations, represent-
ing around 31% and 22% of the total area of 16S rDNA-
based CE-SSCP profiles at 5m depth in the three stations
(Fig. 7). These results were consistent with previous data
also obtained at surface depth in offshore waters (Acinas
et al., 1999). The predominance of SAR11 has been shown
for different sites worldwide (Morris et al., 2002), suggesting
that this group may play an important ecological role in
marine surface waters. Surprisingly, their importance
among active communities was lower than expected accord-
ing to their relative abundance (16% and 14%, respectively,
for SAR11 and Gammaproteobacteria). In the same way,
previous studies had showed low activity on a per cell basis
for SARI11 and also for Gammaproteobacteria (Alonso-Saez
& Gasol, 2007).

On the contrary, Prochlorococcus behaved in the opposite
way at the surface and DCM. For example, at the DCM this
genus represented on average only 23% of the rDNA-based
fingerprints while it accounted for 56% (up to 71% at the
MOLA station) of the rRNA-based fingerprints (Fig. 7). This
result suggests that most of the Prochlorococcus cells would
be very active in the photic zone, especially those cells
belonging to one of the two ecotypes found (peak 9, Fig. 5).
Interestingly, the case of the spatial variation in microdiverse
populations found for Prochlorococcus appears as especially
illustrative because it is in agreement with recent literature
on this topic (e.g. Scanlan & West, 2002, and references
therein). This group was probably partially responsible
for the bacterial activity (leucine incorporation) measured
on surface and DCM samples, because amino acids uptake
reported previously for Prochlorococcus represented up
to 50% of the total bacterioplankton consumption in
certain depths of Atlantic oceanic oligotrophic regions
(Zubkov et al., 2004). Because of their high cell surface/
volume ratio, unusual low nutritional requirements and
mixotrophic metabolism, Prochlorococcus present several
competitive advantages that could explain their ecological
success in oligotrophic environments (Partensky et al., 1999;
Zubkov et al., 2004). Altogether, data are in agreement with
the high activity ratios we found at surface and DCM waters
for Prochlorococcus, and suggest that they play a much more
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important functional role in the ecosystem than predicted
from their relative abundances and expected autotrophic
metabolism. Several minority phylotypes comigrated with
Prochlorococcus on peaks 8 and 9 (Fig. 5). However,
the activity of these groups regarding their corresponding
assigned peaks (peak 6 for Alphaproteobateria; peak 21 for
Fibrobacteres/Acidobacteria; and peak 15 for Bacteroidetes)
was shown to be very low or nonexistent on 16S rRNA
gene profiles at the DCM (Fig. 7), supporting the fact
that Prochlorococcus activity observed based on peaks
8 and 9 at the DCM could be reliably attributable to
this group.

Sequencing data obtained at the DCM also showed low
relative importance of Prochlorococcus, representing only 6%
of the total sequences, whereas other groups like Alpha- and
Gammaproteobacteria presented higher relative importance
(Fig. 4a). Using several phylogenetic markers, recent meta-
genomic studies suggested that 16S rDNA operon number
variation may induce an overestimation of the real abun-
dance of phylotypes like Gammaproteobacteria and an
underestimation of phylotypes like Cyanobacteria (Prochlor-
ococcus) (Venter et al., 2004). Most of these metagenomic
studies have only explored surface waters without taking
into account the vertical variation of bacterial community
structure. In the sole metagenomic study performed at the
DCM layer to date, Prochlorococcus presented the highest
relative importance with respect to other phylotypes (De-
Long et al., 2006), which is consistent with our results.
Diversity assessment based on rDNA is widely used and it
remains as the accepted standard for uncultured microor-
ganisms (Venter ef al., 2004), but further metagenomic data
may be needed to confirm these observations.

Only a few studies have simultaneously carried out
analysis of population dynamics both at the rDNA and at
the rRNA level (Moeseneder et al., 2001, 2005; Troussellier
et al., 2002; Winter et al., 2004). This approach allows the
comparison of total vs. metabolically active bacterial com-
munity structures. We found differences between these two
fractions that were in agreement with previously reported
results (Moeseneder et al., 2001) and we could identify the
main bacterial populations responsible for these diver-
gences. Differences were related to both relative abundances
and the presence/absence in one or the other fraction, and
most of them were associated with depths having high BP
values, i.e. surface waters and the DCM depth. In the case of
the DCM, the rRNA fingerprints showed a consistently
lower richness than that obtained from rDNA-based finger-
prints (Fig. 3a). Furthermore, most of the peaks found on
rDNA fingerprints were not detected on the rRNA level,
reflecting populations that did not have detectable activity
(Fig. 3b). This may be an indication that only a small
fraction of the bacterial community was actively taking up
leucine, which is in agreement with previous findings
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(Servais et al., 2003). Thus, in the photic zone of the
oligotrophic NW Mediterranean Sea there is an important
heterogeneity of physiological states among natural popula-
tions that can be addressed by a combined 16S rDNA/16S
rRNA gene approach.

In conclusion, we have shown that the combined study of
both 16S rDNA- and 16S rRNA-based approach is very
helpful and complementary for the interpretation of
changes in the bacterioplankton community structure. We
found that the high relative abundance of SARI11 and
Gammaproteobacteria in the photic zone of oligotrophic sea
waters cannot be always related to high relative contribution
within the active bacterial fraction. Our results suggest that,
at least in this area and at the time of sampling, other groups
such as Prochlorococcus sp. would play a more important
role in the food web than expected. This stresses the need
for detailed long-term monitoring at the MOLA station
and other microbial observatories coupled to additional
environmental parameters to follow with higher resolution
the population dynamics and specific changes in the
physiological status of the bacterial communities inhabiting
the NW Mediterranean Sea.
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