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Abstract. Aerobic anoxygenic phototrophic (AAP) bac-
teria play significant roles in the bacterioplankton produc-
tivity and biogeochemical cycles of the surface ocean. In
this study, we applied both cultivation and mRNA-based
molecular methods to explore the diversity of AAP bacte-
ria along an oligotrophic gradient in the Mediterranean Sea
in early summer 2008. Colony-forming units obtained on
three different agar media were screened for the production
of bacteriochlorophyll-a (BChl-a), the light-harvesting pig-
ment of AAP bacteria. BChl-a-containing colonies repre-
sented a low part of the cultivable fraction. In total, 54 AAP
strains were isolated and the phylogenetic analyses based on
their 16S rRNA andpufM genes showed that they were all
affiliated to theAlphaproteobacteria. The most frequently
isolated strains belonged toCitromicrobium bathyomarinum,
andErythrobacterandRoseovariusspecies. Most other iso-
lates were related to species not reported to produce BChl-a

and/or may represent novel taxa. Direct extraction of RNA
from seawater samples enabled the analysis of the expression
of pufM, the gene coding for the M subunit of the reaction
centre complex of aerobic anoxygenic photosynthesis. Clone
libraries ofpufM gene transcripts revealed that most phylo-
types were highly similar to sequences previously recovered
from the Mediterranean Sea and a large majority (∼94 %)
was affiliated to theGammaproteobacteria. The most abun-
dantly detected phylotypes occurred in the western and east-
ern Mediterranean basins. However, some were exclusively
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detected in the eastern basin, reflecting the highest diver-
sity of pufM transcripts observed in this ultra-oligotrophic
region. To our knowledge, this is the first study to document
extensively the diversity of AAP isolates and to unveil the ac-
tive AAP community in an oligotrophic marine environment.
By pointing out the discrepancies between culture-based and
molecular methods, this study highlights the existing gaps in
the understanding of the AAP bacteria ecology, especially in
the Mediterranean Sea and likely globally.

1 Introduction

Aerobic anoxygenic phototrophic (AAP) bacteria are pho-
toheterotrophs that require oxygen for their growth and for
bacteriochlorophyll-a (BChl-a) synthesis. Given their capa-
bility of harvesting light energy, they represent an important
fraction of the bacterioplankton in freshwater and marine il-
luminated environments (Kolber et al., 2000, 2001; Béjà et
al., 2002; Jiao et al., 2007; Yutin et al., 2007; Masin et al.,
2008; Jiang et al., 2009). AAP bacteria were found to be
widely distributed in the marine environment representing
about 1.5–5 % of total bacteria in the euphotic zone of the
ocean (Schwalbach and Fuhrman, 2005; Cottrell et al., 2006;
Sieracki et al., 2006; Jiao et al., 2007). On the other hand,
BChl-a measurements suggested that AAP bacteria may con-
stitute a very dynamic part of the marine bacterial commu-
nity contributing significantly to the cycling of organic car-
bon in the upper ocean (Koblizek et al., 2007). A global
ocean study showed that the maximum AAP bacterial diver-
sity was found in oligotrophic areas, whereas AAP bacterial
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abundance followed the opposite trend, positively correlated
to the concentration of chlorophyll-a (Jiao et al., 2007).

The Mediterranean Sea is one of the most oligotrophic
oceanic systems and is characterized by a longitudinal gra-
dient of oligotrophy increasing eastwards. The different
trophic conditions available in the Mediterranean Sea offer
a unique context to link nutrient availability, trophic status
and functioning of the food web to the dynamics of photo-
heterotrophic populations. The 3000 km transect surveyed
by the BOUM (Biogeochemistry from the Oligotrophic to the
Ultraoligotrophic Mediterranean) cruise during the stratifica-
tion period in early summer 2008 provided an opportunity to
better understand the distribution pattern of abundance and
diversity of AAP bacteria in this environment. In a com-
panion paper, Lamy et al. (2011) demonstrated that concen-
trations of BChl-a and AAP bacterial abundance decreased
from the western to the eastern basins of the Mediterranean
Sea and were linked with concentrations of Chl-a, nutrient
and dissolved organic carbon. Interestingly, the BChl-a con-
tent per cell was significantly higher in the ultra-oligotrophic
eastern basin than in the two other basins suggesting that re-
liance on phototrophy varied along the oligotrophic gradient
and that nutrient and/or carbon limitation favors BChl-a syn-
thesis.

Molecular analyses based on thepufM gene encoding the
M-subunit of the photosynthetic reaction center have ex-
plored AAP bacterial diversity using the polymerase chain
reaction (PCR) (B́ejà et al., 2002; Yutin et al., 2005; Jiao et
al., 2007), denaturing/temperature gradient gel electrophore-
sis (DGGE/TGGE) (Yutin et al., 2008; Lehours et al.,
2010), terminal restriction fragment length polymorphism
(T-RFLP) (Ranchou-Peyruse et al., 2006) and metagenomic
analysis (Yutin et al., 2007). Although these DNA-based ap-
proaches have given insight into the diversity of AAP bac-
teria, analysis of relevant functional communities is still a
challenge, as DNA could be stable in resting cells and even
dead cells and may also be present as extracellular DNA. In
contrast, RNA is highly labile and rRNA levels, and therefore
ribosome numbers, have been correlated with cellular activ-
ity (Kramer and Singleton, 1992, 1993). Moreover, stud-
ies of cultured bacteria have identified that mRNA is typ-
ically short-lived having a half-life of only a few minutes
(Von Gabain et al., 1983). Thus, it has been argued that
analysis of sequences derived from RNA rather than DNA
templates potentially provide a more representative indica-
tion of the active members of the bacterial community and
a strong indication of specific gene expression at the time
of sampling (Pichard and Paul, 1993). Reverse transcrip-
tion PCR (RT-PCR) approaches have been used to investi-
gate gene expression and to identify active AAP bacteria in
the environment (B́ejà et al., 2002; Karr et al., 2003). Up
to now, several DNA-based molecular studies have explored
the diversity patterns of AAP bacteria in the Mediterranean
Sea (Oz et al., 2005; Yutin et al., 2005, 2008; Lehours et al.,
2010; Martinez-Garcia et al., 2010). However, only a very

small number of AAP bacteria have been isolated from its
surface waters so far and the examination of the taxa actively
expressingpufM has never been conducted.

The aim of this study was to identify the cultivable fraction
and active members of the AAP bacterial community along a
large transect in the Mediterranean Sea during the stratifica-
tion period through cultivation and mRNA-based techniques.

2 Material and methods

2.1 Sampling

Seawater samples were collected from 16 stations along a
transect in the Mediterranean Sea (from the North of the
Western Basin to the Levantine Basin) in June and July 2008
during the BOUM cruise aboard the R/VL’Atalante(Fig. 1).
The sampled stations included fourteen short duration (4 h)
stations (stations 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 24, 25,
27) and three 4-day drifting stations (stations A, B and C)
representative of low nutrient low chlorophyll (LNLC) con-
ditions (Moutin et al., 2011). These three stations were lo-
cated at the center of anticyclonic eddies in the western basin
(station A), in the Ionian Sea (station B) and in the Levan-
tine Sea (station C). Water samples were retrieved using 12 l
Niskin bottles fitted on a Rosette sampler equipped with con-
ductivity, temperature and depth (CTD) sensors. For bacte-
rial cultures, samples were kept in the dark and at 4◦C until
processed (within one hour). Bacterioplankton cells for total
RNA extraction were collected by filtering seawater from the
same water sample used for the culture experiments. To limit
the degradation of mRNA, small volumes of seawater (∼1 l)
were filtered as rapidly as possible, immediately upon re-
trieval of the CTD. The time from the start of filtration to stor-
age in RNAlater was 15–20 min. Briefly, the seawater was
prefiltered in line through 47 mm diameter and 3 µm pore size
polycarbonate filters (Cyclopore, Whatman) before the final
collection of bacterioplankton cells onto 25 mm diameter and
0.22 µm pore size polycarbonate filters (Isopore, Millipore)
using a four-head Masterflex peristaltic pump (Cole Parmer
Instrument Company). Three filters per sample were pro-
cessed and immediately transferred individually to a screw-
cap tube containing 1 ml RNAlater (Ambion Inc., Austin,
USA), frozen in liquid nitrogen and kept at−80◦C aboard
the R/VL’Atalante. Samples were transported frozen in dry
ice to the laboratory and stored at−80◦C until RNA extrac-
tion procedures.

2.2 Culture media, strain isolation and identification

Seawater samples collected at the surface (3 m) and at the
deep chlorophyll maximum (DCM) were used to isolate AAP
bacteria (Table 1). Colonies were obtained by spreading 50
to 100 µl of seawater samples on Marine Agar (Difco, De-
troit, MI) and two low strength agar media referred here
as MAD and MiA. MAD medium consisted in 0.5 g Bacto
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Fig. 1

Ch
la

 (m
g 

m
–3

)

CB

A
21

1

25
27

24

5
13

15

17

117 93

19

Fig. 1. Track of the BOUM cruise (16 June–20 July 2008) superimposed on the composite SeaWiFS image of the sea surface Chl-a

concentrations (June 2008, courtesy to E. Bosc). Symbol types represent analyses performed at sampled stations: black spheres (•) indicate
stations where AAP isolation was attempted and white squares (�) indicate stations where RNA-basedpufM libraries were additionally
constructed.

Table 1. Location, depth, temperature and date of sampling, source and medium of isolation of cultivated Mediterranean AAP bacteria.

Isolatea Station Latitude Longitude Depth Temp Sampling Source of isolation Isolation
(m) (◦C) date mediumb

RCC 1876 5 34◦03′ N 24◦30′ E 5 23 22 Jun 2008 seawater MAD
RCC 1877 13 34◦53′ N 16◦42′ E 93 16 8 Jul 2008 seawater MAD
RCC 1878–1882 B 34◦08′ N 18◦27′ E 5 27 6 Jul 2008 seawater MiA
RCC 1883–1887 B 34◦08′ N 18◦27′ E 5 27 6 Jul 2008 seawater MAD
RCC 1888 17 37◦10’ N 12◦00′ E 80 16 9 Jul 2008 seawater MiA
RCC 1889 17 37◦10′ N 12◦00′ E 80 16 9 Jul 2008 seawater MAD
RCC 1890–1894 21 38◦38′ N 7◦55′ E 85 15 11 Jul 2008 seawater MAD
RCC 1895–1898 21 38◦38′ N 7◦55′ E 85 15 11 Jul 2008 seawater MiA
RCC 1899–1904 A 39◦06′ N 5◦21′ E 90 15 16 Jul 2008 seawater MAD
RCC 1905–1906 24 41◦05′ N 5◦03′ E 5 22 18 Jul 2008 seawater MAD
RCC 1907 27 43◦13′ N 4◦56′ E 5 18 19 Jul 2008 seawater MAD
RCC 1908 27 43◦13′ N 4◦56′ E 5 18 19 Jul 2008 seawater MA
RCC 1909 27 43◦13′ N 4◦56′ E 25 15 19 Jul 2008 seawater MAD
RCC 1910 27 43◦13′ N 4◦56′ E 25 15 19 Jul 2008 seawater MiA
RCC 1911 A 39◦06′ N 5◦21′ E 90 15 16 Jul 2008 seawater MAD
RCC 1912–1913 24 41◦05′ N 5◦03′ E 5 22 18 Jul 2008 seawater MiA
RCC 1914 A 39◦06′ N 5◦21′ E 100 15 14 Jul 2008 Synechococcusculture obtained in PRO2/5 + NO3 MAD
RCC 1915–1916 A 39◦06′ N 5◦21′ E 100 15 14 Jul 2008 Synechococcusculture obtained in JM/100 MAD
RCC 1917 A 39◦06′ N 5◦21′ E 100 15 14 Jul 2008 Osteococcusculture obtained in PRO2/5 MAD
RCC 1918 27 43◦13′ N 4◦56′ E 5 18 19 Jul 2008 unidentified algal culture obtained in PRO2/5 MAD
RCC 1919 15 35◦40′ N 14◦06′ E 100 16 8 Jul 2008 Pycnococcusculture obtained in PRO2/5 + NO3 MAD
RCC 1920 27 43◦13′ N 4◦56′ E 5 18 19 Jul 2008 mixed culture obtained in PRO2/5 + NO3 MAD
RCC 1921–1922 27 43◦13′ N 4◦56′ E 5 18 19 Jul 2008 Ochromonasculture obtained in JM/100 MAD
RCC 1923 27 43◦13′ N 4◦56′ E 5 18 19 Jul 2008 mixed culture obtained in PRO2/5 MAD
RCC 1924 24 41◦05′ N 5◦03′ E 5 22 18 Jul 2008 mixed culture obtained in PRO2/5 MAD
RCC 1925–1926 24 41◦05′ N 5◦03′ E 5 22 18 Jul 2008 mixed culture obtained in PRO2/5 + NO3 MAD
RCC 1927 15 35◦40′ N 14◦06′ E 25 22 8 Jul 2008 mixed culture obtained in PRO2/5 MAD
RCC 1928 C 33◦38′ N 32◦39′ E 5 27 27 Jun 2008 mixed culture obtained in PRO2/5 + NO3 MAD
RCC 1929 24 41◦05′ N 5◦03′ E 5 22 18 Jul 2008 mixed culture obtained in PRO2/5 MAD

a Isolates are identified by their RCC (Roscoff Culture Collection) numbers.
b Indicates the agar medium used to isolate the corresponding organism (see the Material and methods section).
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peptone (Difco), 0.1 g yeast extract (Difco), NH4Cl (10 µM),
KH2PO4 (1 µM), nicotinic acid (2 µM), biotin (2.10−9 M) vi-
tamin B12 (4.10−10 M), 1 ml of K medium trace elements
(Keller et al., 1987) and 15 g agar (Difco) per liter of sea-
water sampled offshore during the cruise. MiA medium was
a modified version of the latter where peptone was omit-
ted and local seawater was replaced by the supernatant of
a culture ofIsochrysis aff. galbana(RCC 179) freshly grown
in K medium (Keller et al., 1987). After the cruise, AAP
isolates were also obtained by streaking on MAD medium
3–5 µl of microalgal or cyanobacterial cultures enriched on-
board as previously described (Le Gall et al., 2008). Briefly,
seawater sample was filtered by simple gravity through two
superposed (in an effort to provide more tight size fractiona-
tion) Nuclepore filters of 47 mm diameter, with either 0.6 µm
or 3 µm porosity (Whatman International Ltd, Maidstone,
UK). The filtrate was partitioned into 50 ml culture flasks
(Sarstedt, Orsay, France) to which was added either 1/100
of full strength Jaworski medium (Jaworski et al., 1981)
for photosynthetic eukaryotes or 1/5 of full strength Pro2
medium (Moore and Chisholm, 1999) for picocyanobacteria
(ProchlorococcusandSynechococcus). In order to promote
the growth of nitrate-assimilating cyanobacteria, the latter
medium amended with 10 µM nitrate was also used.

After incubation at 18◦C for 7 days in the dark, MAD
agar plates were transferred into thermostatic cabinets illu-
minated by luminescent tubes (Sylvania daylight 18 W) at
irradiance levels of 120 µmol photons m−2 s−1 (for surface
samples) and 25 µmol photons m−2 s−1 (for DCM samples)
in 12:12 light-dark cycle.

Detection of BChl-a-containing colonies was performed
using a CCD camera based fluorescence imaging. Briefly,
after up to 7–8 weeks of incubation at 18◦C, colonies grown
on the MA, MiA and MAD media were illuminated by a set
of Nichia blue light emitting diodes (470 nm). Infra-red flu-
orescence from BChl-a-containing colonies was registered
by a CCD camera (Photon Systems Instruments Ltd., Brno,
Czechia) protected by a long pass>850 nm glass filter (Oriel
51360, USA). The purification procedure on MAD plates
was repeated two to three times until cultures were consid-
ered pure. The presence of BChl-a signal was evaluated us-
ing an infra-red kinetic fluorometer (model FL3500, Photon
Systems Instruments Ltd.) in pure cultures cultivated in 1/10
marine broth under a 14 h–10 h light-dark regime.

For DNA extraction, cell pellets from 1.5-ml cultures were
suspended in MilliQ water, boiled for 10 min, left at room
temperature for 10 min, boiled again for 10 min and cen-
trifuged (5000 g, 5 min, 4◦C). The presence ofpufM was de-
termined by using PCR amplification with specific primers
(Lehours et al., 2010).

Small-subunit rRNA genes were amplified by
PCR using universal reverse primer 1492R (5′-
CGGTTACCTTGTTACGACTT-3′) and Bacteria-specific
primer 8 F (5′-AGAGTTTGATYMTGGCTCAG-3′). Reac-
tion mixtures (25 µl) contained the following components:

5 X buffer (5 µl), 2 mM MgCl2, 10 pmoles of each deoxyri-
bonucleotide triphosphate (dATP, dCTP, dGTP, dTTP;
Eurogentec), 10 pmoles of each oligonucleotide primer,
1.25 U of GoTaq Flexi DNA polymerase (Promega, Madi-
son, USA) and 1 µl of extract. The initial denaturation
step consisted of heating the reaction mixture at 95◦C for
10 min, and the thermal profile then consisted of 30 cycles
of denaturation at 94◦C for 1 min, annealing at 50◦C for
1 min and extension at 72◦C for 1.5 min. A final extension
step was carried out at 72◦C for 10 min. The PCR prod-
ucts were grouped initially by restriction fragment length
polymorphism (RFLP) usingHaeIII and MnlI restriction
patterns.

Amplified PCR products were purified using the ExoSap
purification kit (ExoSap-it, GE Healthcare, Uppsala, Swe-
den). 16S rRNA gene sequences of at least two randomly
chosen strains from each RFLP group (if applicable) were
sequenced using an ABI 3130 POP7 sequencer (Applied
Biosystems) at the Biogenouest Sequencing-Genotyping
Platform (Roscoff site).

2.3 RNA isolation

Total RNA was extracted using a NucleoSpin RNA II isola-
tion kit (Macherey-Nagel), with several modifications to re-
cover RNA possibly released to the 1 ml RNAlater due to the
sample freeze and thaw (Frias-Lopez et al., 2008). Samples
were thawed on ice, and the 1 ml of RNAlater was loaded
on a Microcon YM-50 column (Millipore, Billerica, USA)
for desalting and concentrating by centrifugal filtration. The
resulting 50 µl of RNAlater were added back to the sample
tubes containing 50 µl of glass beads (100 µm) and 350 µl of
RA1 buffer, and total RNA extraction was performed follow-
ing the NucleoSpin RNA II manual. Genomic DNA was re-
moved using a Turbo DNA-free kit (Ambion). DNA removal
in RNA samples was confirmed by control PCR amplifica-
tions that contained RNA and were not previously subjected
to the reverse transcription step. No amplification was de-
tected in these controls performed following the PCR condi-
tions described below.

2.4 Reverse transcription and cDNA amplification

ThermoScript RT-PCR system (Invitrogen, Carlsbad, USA)
was used for the reverse transcription ofpufM mRNA from
total RNA samples isolated from stations A, 21, 1 and C.
All reverse transcription reactions were performed in a to-
tal reaction volume of 10 µl. cDNA synthesis was per-
formed at 55◦C using the PufWAW reverse primer (5′-
AYNGCRAACCACCANGCCCA-3′, Yutin et al., 2005) as
gene-specific primer. On the basis of specificity and effi-
ciency (e.g. yield) results (Lehours et al., 2010), we selected
PufMF forward (5′-TACGGSAACCTGTWCTAC-3′, Béjà et
al., 2002) and PufWAW reverse primers to amplifypufM
genes in cDNA samples. Reaction mixtures (25 µl) prepared
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as previously contained 1 to 3 µl of cDNA sample. Amplifi-
cations were carried out in a GeneAmp PCR system 9700
(Applied Biosystems, Foster City, USA) with the follow-
ing parameters: 95◦C for 5 min, followed by 35 cycles of
95◦C for 30 s, 58◦C for 30 s, and 72◦C for 30 s, with a fi-
nal extension step at 72◦C for 10 min. PCR products were
loaded in a 0.8 % agarose gel containing 0.5 µg ml−1 ethid-
ium bromide, and electrophoresed at 80 V for 1.5 h. Since the
amplified DNA was later released from gel for the cloning
procedure, modified Tris-acetate EDTA (TAE) buffer (1 mM
NaEDTA (pH 8.0), 40 mM Tris acetate) was used to prepare
the agarose gel and as the running buffer. The DNA band of
the targeted size was carefully cut from the gel using a tran-
silluminator and DNA isolated from gel using an Ultrafree-
DA centrifuge filter (Millipore).

2.5 Library construction and analyses

Fresh RT-PCR products were cloned using the TOPO-TA
cloning kit according to the manufacturer’s instructions (In-
vitrogen). Recombinant clones were screened for insert-
containing plasmids by direct PCR amplification with M13
forward and reverse primers. Clones were sequenced using
the latter primers at the Biogenouest Sequencing-Genotyping
Platform (Roscoff site). Clone libraries were screened for
chimeric sequences with ChimeraCheck program available
on the RDP website (Cole et al., 2003). The remaining se-
quences were subjected to BLAST search against publicly
available sequences to determine their approximate phyloge-
netic affiliations. A conservative value of 94 % nucleic acid
sequence similarity (Zeng et al., 2007) was chosen for group-
ing sequences into Operational Taxonomic Units (OTUs) us-
ing Mothur (Schloss et al., 2009). Coverage value (C) was
calculated as previously described (Mullins et al., 1995).

2.6 Phylogenetic analyses

Sequence data were analyzed with the ARB software pack-
age (Ludwig et al., 2004). The new sequences were added to
the SSU ARB database and aligned with the Fast Aligner
tool. Alignments were checked and corrected manually
where necessary. 16S rRNA gene sequences from the iso-
lates were compared to sequences in public databases with
BLASTn (Altschul et al., 1997). 16S rRNA gene sequences
with high similarities to those determined in this study were
retrieved and added to the alignment. Framework trees
were calculated with fastDNAmL, a maximum-likelihood
method implemented in ARB, using only almost full-length
sequences. The stability of the branching pattern was tested
with the neighbor-joining and maximum parsimony (DNA-
PARS) methods included in the PHYLIP package as imple-
mented in ARB.

A pufM database containing more than 700 aligned se-
quences of cultured species and environmental clones re-
trieved from GenBank database (http://www.ncbi.nlm.nih.

gov/Genbank) and the GOS scaffold nucleotide sequences
was constructed using ARB (Ludwig et al., 2004). Se-
quences were translated to protein and the resulting align-
ment was then used to manually realign nucleotide se-
quences. A neighbor-joining tree was first constructed with
all the sequences longer than 600 bp and the robustness of in-
ferred tree topologies was tested by bootstrap analysis (1000
resamplings) using PHYLIP (Felsenstein, 1993). Shorter se-
quences were aligned as above and added to the tree using
ADD-BY-PARSIMONY algorithm, which allows the addi-
tion of short sequences to existing phylogenetic trees without
changing global tree topologies. Phylogenetic tree display
and annotation were performed with iTOL software (Letunic
and Bork, 2007).

2.7 Nucleotide sequence accession numbers

The 16S rRNA and environmentalpufM gene sequences
obtained in this study are available in GenBank database
under the accession numbers HQ871842-HQ871863 and
JF421730-JF421749, respectively. ThepufMgene sequences
of the isolates have been deposited in EMBL database under
the accession numbers FR852756-FR852767.

3 Results

3.1 Oceanographic context

The oceanographic context, the physical and hydrologic
characteristics of the water masses in the Mediterranean Sea
during BOUM cruise are extensively described by Moutin
et al. (2011). Briefly, sea surface temperatures ranged from
21.4◦C (station 25 in the western basin) to 26.9◦C (station B
in the eastern basin). Salinity was higher in the eastern basin
and especially from station 5 where it remained above 39 ‰
down to 200 m depth. Nutrient concentrations were close or
below the detection limit in the upper layers, decreased in
the eastern basin where lower pigment concentrations and
primary production rates were measured (Pujo-Pay et al.,
2011). Chlorophyll concentration showed a well defined
Deep Chlorophyll Maximum (DCM), more pronounced in
the western basin (for details, see Crombet et al., 2011),
and deepening from west (∼40 to 80 m) to east (from 80 to
>100 m).

3.2 AAP isolates

Colonies grown on the agar plates of the three media used in
this study were screened for the presence of BChl-a. The
numbers of colonies showing infra-red fluorescence under
blue light illumination varied greatly between samples. AAP
bacteria represented only a small percentage (less than 1 %)
of the cultivable bacterial community. A total of 54 AAP
strains were isolated; 38 strains were obtained after direct
plating of the fresh seawater samples and 16 were retrieved
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Table 2. Closest phylogenetic neighbor, nucleotide accession number and 16S rRNA gene sequence length of the AAP bacteria isolated
from the Mediterranean Sea.

Isolate 16S rRNA Nucleotide Closest described species Other strains with identical RFLP
sequence accession (% 16S rRNA sequence identity)∗

length (bp) no.

RCC 1876 1274 HQ871842 Erythrobacter litoralis(98)
RCC 1877 1317 HQ871843 Erythrobacter litoralis(98)
RCC 1878 1315 HQ871844 Citromicrobium bathyomarinum(99) 19 (RCC 1879-87, RCC 1890-98, RCC1907)
RCC 1888 1318 HQ871846 Sulfitobacter dubius(96)
RCC 1889 1352 HQ871847 Erythobacter aquamaris(99) 5 (RCC 1899-04)
RCC 1906 1300 HQ871851 Sagittula stellata(96) 1 (RCC 1923)
RCC 1908 1272 HQ871852 Thalassobaculum salexigens(94) 1 (RCC 1918)
RCC 1909 1072 HQ871853 Tateyamaria omphalii(98)
RCC 1910 1349 HQ871854 Thalassobaculum litoreum(99)
RCC 1919 1351 HQ871856 Tateyamaria omphalii(97)
RCC 1920 1357 HQ871857 Marivita litorea (99)
RCC 1921 1361 HQ871858 Marivita cryptomonadis(98)
RCC 1922 1352 HQ871859 Roseovarius halotolerans(97) 2 (RCC1924, RCC1929)
RCC 1925 1381 HQ871861 Thalassobaculum salexigens(94) 1 (RCC 1926)
RCC 1927 1364 HQ871862 Roseibacterium elongatum(96)
RCC 1928 1367 HQ871863 Roseovarius tolerans(99) 8 (RCC 1905, RCC 1911-17)

∗ As determined by the program BLAST.

after streaking of primary algal or cyanobacterial cultures en-
riched onboard from seawater samples (Table 1). All but one
strains cultivated after direct plating were recovered on the
two media with low nutrient and carbon content. Twenty
four strains were isolated from the western basin (4 stations),
13 from the central basin (3 stations) and one from the east-
ern basin (1 station). All isolates were positive for the pres-
ence of thepufM gene by PCR amplification. BChl-a fluo-
rescence signals were detected in the cultures of all isolates
when grown in 1/10 marine broth.

Phylogenetic analysis of 16S rRNA andpufM gene se-
quences demonstrated that all isolates were exclusively al-
phaproteobacterial and were more closely related to mem-
bers of theAlpha-1, Alpha-3 and Alpha-4-proteobacteria
(Table 2, Figs. 2 and 3a). Twenty isolates recovered from
surface or DCM waters were almost identical (∼99.8 % 16S
rRNA identity) to Citromicrobium bathyomarinum. Within
the Alpha-4-proteobacteria, two other clusters representing
8 strains were affiliated toErythrobacterspecies (>98 %).
Among the most frequently isolated strains, twelve belonged
to the genusRoseovarius. Interestingly, all strains havingR.
toleransas closest cultivated species (98 %) were isolated af-
ter direct plating of seawater samples whereas those affiliated
to R. halotoleranswere obtained from microalgal cultures.
A portion of the isolates was highly related to recently de-
scribed genera, whose species were not known to synthesize
BChl-a. Among them, RCC 1920 and RCC 1921 represented
two strains of the recently described genusMarivita and
hadM. litoreumandM. cryptomonadisas closest cultivated
neighbors (>98 %), respectively. AlthoughpufL andpufM

genes were amplified from the type strains of bothMarivita
species, production of BChl-a was not detected in their cul-
tures (Hwang et al., 2009). Two isolates (RCC 1909 and
RCC 1919) were identified as very close relatives ofTateya-
maria omphalii(97–98 %). In the genusTateyamaria, BChl-
a has been detected only in the cells ofT. pelophila(Kura-
hashi and Yokota, 2007; Sass et al., 2010). Within theAlpha-
1-proteobacteria, RCC 1910 was highly related (99 %) to
Thalassobaculum litoreumwhile four strains (RCC 1908,
RCC 1918, RCC 1925 and RCC 1926) were more distantly
related toThalassobaculum salexigens(94 %). Both species
of the recently described genusThalassobaculumwere not
reported to produce BChl-a (Zhang et al., 2008; Urios et al.,
2010).

Additionally to strains RCC 1908, RCC 1918, RCC 1925
and RCC 1926 that exhibited marked novelty (Table 2), other
strains bearing 96 % or less 16 rRNA gene sequence identity
to taxonomically characterized species may also represent
new taxa (Stackebrandt and Goebel, 1994). Among them
was categorized strain RCC 1927 most closely related toRo-
seibacterium elongatum. Strains RCC 1906 and RCC 1923
may represent a new species of the genusSagittula. S. stel-
lata, the only species of this genus, was not reported to syn-
thetize BChl-a (Gonzalez et al., 1997). Finally, we detected
BChl-a production in strain RCC1888 that hadSulfitobac-
ter dubiusas closest characterized relative. This phenotypic
trait has been reported only in a few describedSulfitobacter
species (Labrenz et al., 2000; Park et al., 2007; Yoon et al.,
2007).
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Fig. 2. Phylogenetic analysis based on the 16S rRNA sequences indicating the position of selected AAP strains isolated during the BOUM
cruise. The tree was calculated by the neighbor-joining method. Percentages of 1000 bootstrap resamplings that support branching points
above 50 % are indicated. Bar represents the number of substitutions per 100 sequence positions.

Most pufM gene sequences of the isolates did not cluster
with that of cultivated organisms (Fig. 3a). They exhibited
generally highest sequence levels of identity to sequences
recovered from environments other than the Mediterranean
Sea.

3.3 Diversity of active AAP bacteria

Functional expression ofpufM mRNA transcripts, using re-
verse transcription-PCR to produce cDNA, was performed to

determine which phylotypes were actively transcribingpufM
in the Mediterranean Sea. We amplified by PCRpufM tran-
scripts directly from RNA (cDNA) extracted from mixed pi-
coplankton assemblages collected in the western and eastern
Mediterranean Sea. Interestingly,pufM genes were ampli-
fied from samples collected during night time but no ampli-
fication products were obtained from those retrieved during
the day (stations 25 and B). A total of 207 randomly picked
clones containingpufM inserts were sequenced; 109 were re-
covered from station A and 11 from station 21 in the western
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Fig. 3a. pufM phylogenetic trees showing the inferred phylogenetic relationships ofpufM gene sequences from AAP isolates and environmental samples. Color ranges highlight
the different groups defined by Yutin et al. (2007).(a) Phylogenetic relationships ofpufM genes affiliated to phylogroups F, G, I and to unidentified phylogroups.
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Fig. 3bFig. 3b. (b) Phylogenetic relationships ofpufM genes affiliated to phylogroups C and K and to unidentified phylogroups. Trees are based on a neighbor-joining (NJ) tree to which
short sequences were added by ARBPARISMONY. Sequences used to construct NJ trees are marked in bold and black circles on nodes represent confidence values>50 % for
branches found in the initial NJ trees. Sequences retrieved in this study are indicated as BOUM 1 to BOUM 20. The multivalue bar charts represent the relative frequencies of the
corresponding OTU in the different clone libraries. Colors used to represent the clone libraries are indicated at the left of the trees.
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basin whereas 83 were retrieved from station C and 4 from
station 1 in the eastern basin.

Using an operational taxonomic unit definition of 94 % nu-
cleic acid sequence similarity, 20 distinct OTUs were identi-
fied (Table 3). Coverage values (>85 %) indicated that most
of the diversity was detected in the libraries. MostpufM se-
quences were more than 94 % identical to known sequences
and were related to clones retrieved from the Mediterranean
Sea (93.7 %) (Table 3). None were closely related to that of
our AAP isolates. The phylogenetic analysis demonstrated
that the expressedpufM sequences were distributed into 4 of
the 12 phylogroups previously defined by Yutin et al. (2007)
(Fig. 3a and b). The diversity ofpufM transcripts was higher
at station C (Shannon-Wiener index H′ = 2.1), located in the
most oligotrophic region of the Mediterranean Sea, than at
station A (H′ = 1.6).

Only two OTUs, namely BOUM 13 (3 sequences)
and BOUM 14 (2 sequences) were most similar to se-
quences of known organisms,Roseobacter denitrificans
and Methylobacterium radiotolerans, respectively. Thir-
teen OTUs, representing∼94 % of the sequences, fell into
group K which containedGammaproteobacteriarepresenta-
tives including few isolates such asCongregibacter litoralis
KT71 (Eilers et al., 2001), strains NOR5-3, NOR51B and
HTCC2080 (Cho et al., 2007) and BAC clones EBAC65D09
and EBAC29C02 (B́ejà et al., 2002), all related to the
NOR5/OM60 clade (Rappe et al., 1997). Most of them were
very highly similar (≥97 %) to sequences recovered from
the Mediterranean Sea (Lehours et al., 2010). The most
dominant gammaproteobacterial OTUs (i.e. OTUs BOUM
2, -3 and -10) were recovered in both basins. BOUM 2
and BOUM 10 were uniformly distributed along the eu-
photic layer while BOUM 3 predominated in surface sam-
ples. BOUM 4, representing more than 20 % of the se-
quences at station C, was absent in other stations. In con-
trast, BOUM 5 only detected in DCM samples predominated
at station A.

4 Discussion

The BOUM cruise constituted a unique opportunity for eco-
logical studies as it offered a large range of trophic con-
ditions from the ultra-oligotrophic eastern basin to the less
oligotrophic western basin during the stratification period. A
parallel study carried out during the same cruise reported
the largest spatial dataset of BChl-a concentrations in the
Mediterranean Sea and provided a comprehensive picture of
biogeographical trends of AAP bacteria along its different
trophic regimes (Lamy et al., 2011). To complement these
detailed data on their abundance and distribution, we aimed
in this study at identifying the diversity and distribution of
cultivable and metabolically active AAP bacteria along the
two major basins of the Mediterranean Sea.

4.1 Dominance ofAlphaproteobacteriain the cultivable
community

Our data report a decrease of the numbers of AAP colonies
from the western to the eastern basin of the Mediterranean
Sea. This is in agreement with the HPLC and infrared mi-
croscopy data of Lamy et al. (2011) revealing the decrease of
BChl-a concentrations and AAP bacterial abundance from
west to east. All BChl-a-containing bacteria that formed vis-
ible colonies on plates were identified phylogenetically, thus
assessing cultivable diversity although AAP bacteria repre-
sented a low part of the cultivable fraction. To our knowl-
edge, although several studies examined the cultivable diver-
sity of marine AAP bacteria (Allgaier et al., 2003; Koblizek
et al., 2003; Rathgeber et al., 2008; Salka et al., 2008), this
work presents the largest collection of AAP bacteria isolated
in the frame of an oceanographic cruise. All our isolates be-
longed to theAlphaproteobacteria. This finding is not very
surprising because AAP bacteria are dispersed throughout
the Alphaproteobacteria, with one known betaproteobacte-
rial representative,Roseateles depolymerans(Suyama et al.,
1999), one described gammaproteobacterial species,Con-
gregibacter litoralis(Eilers et al., 2001; Fuchs et al., 2007)
and three unassigned gammaproteobacterial isolates (Cho
and Giovannoni, 2004; Cho et al., 2007; Thrash et al., 2010).

The distribution of our isolates within at least 9 different
genera reflects a high cultivable diversity for this functional
group in the Mediterranean Sea. The most frequent AAP iso-
late wasC. bathyomarinum, originally isolated from deep-
sea hydrothermal vent plume waters (Yurkov and Beatty,
1998a). Other strains ofC. bathyomarinumwere isolated
from deep ocean waters above the Juan de Fuca Ridge in
the Pacific Ocean (Rathgeber et al., 2008). Since these au-
thors were unsuccessful to obtain colonies ofC. bathyomar-
inum offset from hydrothermal vents, they suggest that it
may be endemic to deep vent plumes and possibly benefit
from hydrothermal effluent components. However, the wide
distribution ofC. bathyomarinumin the upper waters of the
Mediterranean Sea (3 stations within the western basin and
the Ionian Sea at the surface and up to 85 m depth) and their
occurrence in other surface marine waters (Koblizek et al.,
2003; Jiao et al., 2010) does not favor this hypothesis. The
frequent isolation ofErythrobacterspecies is not surprising
sinceErythrobacterspp. are among the more commonly cul-
tured BChl-a-containing bacteria recovered from marine en-
vironments (Shiba et al., 1991; Kolber et al., 2001; Koblizek
et al., 2003) .

Several of our isolates belonged to species whose type
strains were not reported to produce BChl-a. It is even
not uncommon that strains containing thepufL and pufM
genes were found not to produce BChl-a (Allgaier et al.,
2003; Park et al., 2007; Hwang et al., 2009), pointing out
that the expression of the photosynthetic reaction centre
genes seems to be highly dependent on environmental pa-
rameters. These failures may probably be considered as a
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Table 3. Phylogenetic affiliation and accession numbers of operational taxonomic units (OTU) recovered in the RNA-basedpufM libraries
and general features of their closest relatives in GenBank

OTU Representative clone Accession Phylogenetic Closest relative in GenBank Identity Habitat of closest relative Accession
number affiliation (%) number

BOUM 1 BOUM StC7-P236 JF421730 γ -Proteobacteria Uncultured bacterium clone PROSOPE 40 98 Mediterranean Sea GQ468970
BOUM 2 BOUM StC7-P349 JF421731 γ -Proteobacteria Uncultured bacterium clone PROSOPE 42 99 Mediterranean Sea GQ468972
BOUM 3 BOUM StA6-CJ7 JF421732 γ -Proteobacteria Uncultured bacterium clone PROSOPE 14 99 Mediterranean Sea GQ468954
BOUM 4 BOUM StC3-CJ3 JF421733 γ -Proteobacteria Uncultured bacterium clone PROSOPE 15 100 Mediterranean Sea GQ468955
BOUM 5 BOUM StA2-P128 JF421734 γ -Proteobacteria Uncultured bacterium clone PROSOPE 34 99 Mediterranean Sea GQ468964
BOUM 6 BOUM StC3-P114 JF421735 γ -Proteobacteria Uncultured bacterium clone PROSOPE 41 97 Mediterranean Sea GQ468971
BOUM 7 BOUM StC3-CJ17 JF421736 Unresolved Uncultured bacterium clone PROSOPE 2 99 Mediterranean Sea GQ468944
BOUM 8 BOUM StA6-P175 JF421737 γ -Proteobacteria Uncultured bacterium clone PROSOPE 45 97 Mediterranean Sea GQ468975
BOUM 9 BOUM StA6-CJ24 JF421738 γ -Proteobacteria Uncultured bacterium clone PROSOPE 26 98 Mediterranean Sea GQ468961
BOUM 10 BOUM St213-P260 JF421739 γ -Proteobacteria Uncultured bacterium clone PROSOPE 20 97 Mediterranean Sea GQ468960
BOUM 11 BOUM StA2-P146 JF421740 γ -Proteobacteria Uncultured bacterium clone 2A08 96 Delaware Bay EU191269
BOUM 12 BOUM StC3-P18 JF421741 Unresolved Uncultured bacterium clone envSargasso 87 Sargasso sea DQ080981
BOUM 13 BOUM St216-P381 JF421742 α-Proteobacteria Roseobacter denitrificansOCh114 98 Coastal marine sediments CP000362

(Australia)
BOUM 14 BOUM St216-P280 JF421743 α-Proteobacteria Methylobacterium radiotoleransJCM2831 95 Japanese unhulled rice CP001002
BOUM 15 BOUM St213-P354 JF421744 γ -Proteobacteria Uncultured proteobacterium clone EBAC000-29C02 97 Monterey Bay AE008920
BOUM 16 BOUM StC7-CJ19 JF421745 α-Proteobacteria Uncultured bacterium clone PROSOPE 50 86 Mediterranean Sea GQ468980
BOUM 17 BOUM StC3-P336 JF421746 Unresolved Global Ocean Sampling GS-31-01-01-1P3 90 Pacific Ocean EK382594

(Galapagos islands)
BOUM 18 BOUM StC7-P232 JF421747 γ -Proteobacteria Uncultured bacterium clone 2A08 88 Delaware Bay EU191269
BOUM 19 BOUM StA6-P161 JF421748 Unresolved Uncultured bacterium clone jl-npgw26-s7 95 China Sea AY652833
BOUM 20 BOUM StC3-CJ10 JF421749 γ -Proteobacteria Uncultured bacterium clone PROSOPE 45 93 Mediterranean Sea GQ468975

result of inappropriate culture conditions employed (Biebl
and Wagner-Dobler, 2006) and possibly inadequate meth-
ods to detect trace amounts of BChl-a synthetized. In this
study, we cultivated our strains in low carbon media under
natural light-dark cycle and several independent lines of evi-
dence indicate that all our isolates are AAPs. ThepufM gene
was amplified from all strains and BChl-a signals and fluo-
rescence were recorded in all cultures using fluorometry and
infrared imaging, respectively. Species of the genusRoseo-
varius are among those whose cultures are reported to con-
tain low amounts of BChl-a and to show a strain-dependent
BChl-a production (Labrenz et al., 1999; Allgaier et al.,
2003; Biebl et al., 2005a). TwelveRoseovariusstrains rep-
resenting two clades were identified. Although strains from
both clades were recovered from the same sample, those re-
lated toR. halotoleranswere only isolated from microalgal
cultures obtained during the cruise. Similarly toR. mucosus
(Biebl et al., 2005a) and other AAP bacteria isolated from
algal cultures (Biebl et al., 2005b, 2006, 2007), this species
may probably benefit from algal extracellular products. It is
also conceivable that culture conditions used for algae may
also contribute to the in vitro development of communities
dominated by specific bacterial taxa. On the other hand, phy-
toplankton cultures are likely to select for different associ-
ated bacterial species that may rely on organic compounds
available in algal exudates and production of osmolytes such
as dimethylsulphoniopropionate (DMSP). It is, however, not
possible to conclude whether algal growth and culture con-
ditions selected forR. halotolerans-like bacteria, enhanced
their growth or promoted their cultivability or ability to form
colonies on agar medium. The high incidence ofR. halo-

tolerans-like bacteria associated with algal cultures did not
appear to be restricted to this putative new species. Indeed,
this culture approach allowed the isolation of three taxa – in-
cluding an additional new species – that were not obtained
by direct plating. Therefore, this study demonstrates that pri-
mary cocultivation with other organism(s) may be a fruitful
approach to extend the cultivable diversity and to isolate pre-
viously uncultured microorganisms.

4.2 Dominance ofGammaproteobacteriain the
metabolically active AAP community

The isolation and analysis of mRNA transcripts from en-
vironmental microbial samples is an important step to in-
crease our understanding of the complex processes of mi-
crobial ecology. In order to investigate the diversity of bacte-
ria expressingpufM mRNA at the time of sample collection
and thus likely the photosynthetically active members of the
AAP community, RT-PCR was performed to detect the ex-
pression of this gene coding for the photosynthetic reaction
center. Our results showed thatpufM transcripts could be
detected from∼1 l of seawater in all stations sampled dur-
ing the night time. Using the same experimental conditions
and the same seawater volume, nopufM RT-PCR products
could be obtained from stations 25 and B sampled during
the day time. This finding is consistent with the decrease of
puf transcripts inR. denitrificanscultures shifted from dark-
ness to light (Nishimura et al., 1996) and the complete in-
hibition of BChl-a synthesis by high levels of irradiance in
cultivated AAP bacteria (Yurkov and Beatty, 1998b). Since
we succeeded in amplifying other functional genes using the
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same RNA extracts in RT-PCRs, the failure to amplifypufM
mRNAs in daytime seawater samples was likely to be a con-
sequence of the low relative amounts of these transcripts in
the total RNA extracts. However, we acknowledge thatpufM
transcripts may have been obtained from larger volumes of
seawater.

RT-PCR analysis has been used to detect the expression of
functional (i.e.nifH andamoA) genes in the environment and
several studies have compared the composition of DNA and
RNA-based assemblages (Zani et al., 2000; Labrenz et al.,
2010). The majority of expressedpufM sequences were sim-
ilar to sequences recovered previously in DNA libraries from
the PROSOPE cruise in the Mediterranean Sea (Lehours et
al., 2010). Unfortunately, we were not able to amplifypufM
mRNAs from the stations harvested in both cruises, making
difficult the comparison between both data sets. However,
comparison between stations C and MIO, both located in the
eastern basin, indicated that fewer photosynthetic groups de-
tectable by direct PCR of DNA could be shown to express
pufM. A similar trend has been observed in other studies
(Zani et al., 2000) includingpufMexpression analysis in lake
Fryxell (Antarctica) (Karr et al., 2003). We found substantial
overlap between our RNA library and the PROSOPE DNA
library produced by Lehours et al. (2010), but also many
cases in which a particular DNA or RNA sequence occurred
alone. Phylotypes BOUM 3, -5 and -10, well represented in
the DNA library (as PROSOPE 14, 34 and 20), are clearly
present and, as indicated by the detection of their mRNA, are
presumably photosynthetically active as well. In contrast, the
most frequently detected phylotype in thepufM mRNA li-
brary, namely BOUM 2 was not abundantly recovered in the
DNA library. The expressedpufM sequences also included
OTUs (BOUM 12, -17 and -19), previously undetected in the
Mediterranean Sea. These phylotypes may represent bacteria
that are uncommon but metabolically highly active.

Previous studies have also revealed a high contribution of
Gammaproteobacteriato AAP populations in various marine
environments (Hu et al., 2006; Masin et al., 2006; Yutin et
al., 2007) but their activity has only been poorly evaluated
(Béjà et al., 2002). The data obtained in this work support the
previous observations on the abundance of the gammapro-
teobacterial AAP bacteria in the Mediterranean Sea (Lehours
et al., 2010) and suggest their dominant photosynthetic ac-
tivity. Our sequences fall into the NOR5/OM60 clade also
well represented in a metagenomic library from the eastern
Mediterranean Sea waters (Feingersch et al., 2010). This
clade was recently shown to have a cosmopolitan occurrence
in the marine environment, with a clear preference for coastal
waters (Yutin et al., 2007; Yan et al., 2009). We did not
clearly observed this habitat preference in the Mediterranean
Sea since equivalent proportions ofpufM gammaproteobac-
terial sequences were detected in coastal and off shore re-
gions (Lehours et al., 2010). However, we acknowledge that
this discrepancy may be linked to the fact that relative clone
library abundance does not necessarily reflect relative natu-

ral abundance. Moreover, although the four strains isolated
from marine surface waters KT71, HTCC2080, HTCC2246
and HTCC2148 were shown to containpufLM genes (Fuchs
et al., 2007; Cho et al., 2007), it cannot be taken for granted
that all members of NOR5/OM60 clade are AAP bacteria.

The highest diversity ofpufM transcripts was present in
the most oligotrophic basin where abundance of AAP bac-
teria is the lowest during the stratification period (Lamy et
al., 2011). These findings are consistent with the contrast-
ing variation of abundance and diversity of AAP assemblages
suggested previously by a large-scale survey analysis of their
distribution patterns (Jiao et al., 2007). The most abun-
dantly detected phylotypes occurred in the western and east-
ern Mediterranean basins. However, several photosyntheti-
cally active OTUs (BOUM 4, -6, and -7) were exclusively
detected in the ultra-oligotrophic eastern basin confirming
our previous study (Lehours et al., 2010). In a companion
paper, Lamy et al. (2011) showed that the concentration of
BChl-a per cell in AAP bacterial communities was signifi-
cantly higher in the eastern basin than in the western basin,
suggesting that reliance on phototrophy varied along the olig-
otrophic gradient and that nutrient and/or carbon limitation
favors BChl-a synthesis. Our results together with this last
study suggest that in the most extreme oligotrophic condi-
tions, competition due to nutrient limitation may favor less
abundant AAP bacteria with high substrate affinity and in-
creased BChl-a synthesis, resulting in higher species diver-
sity.

In the latter metagenomic analysis, Feingersch et
al. (2010) showed that strain HTCC 2080, one of the four
gammaproteobacterial AAP bacteria currently isolated, re-
cruited hits displaying only a 70 % identity average. This
highlights that none of the current genome sequences are
good references for organisms living in the eastern Mediter-
ranean Sea. We attempted in this study to vary culture
conditions to isolate the largest AAP diversity. By using
low concentrations of undefined substrates like peptone and
yeast extract, local seawater or supernatant of an algal cul-
ture, we were unable to grow gammaproteobacterial AAP
colonies although they were active at the time of sampling. In
the Mediterranean Sea, most of the AAP bacteria (<0.8 µm
fraction) (Lamy et al., 2011) are free-living, the common
lifestyle of oligotrophic bacteria. It has been shown that obli-
gately oligotrophic gammaproteobacterial AAP bacteria are
not able to form colonies on agar upon their first isolation
from seawater (Cho and Giovannoni, 2004). We experienced
this situation during the cruise because bacterial and AAP
cultivability decreased along the oligotrophic gradient. This
can explain our failure, but only partly, because gammapro-
teobacterial AAP bacteria have been isolated on agar plates
(Eilers et al., 2000; Csotonyi et al., 2008). Since cultures
of C. litoralis grow optimally in microaerophilic conditions
(Fuchs et al., 2007; Spring et al., 2009), strategies that at-
tempt to favor colony formation below the air-solid inter-
face could be more appropriate. However, strain EG19, a
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distant relative toC. litoralis, is an obligate aerobe (Csotonyi
et al., 2008). Finally, we propose that further cultivation at-
tempts to isolate yet these uncultured AAP bacteria could
consider filtration (pore size,<0.8 µm) of the inoculum to re-
move large, generally highly active, particle-associated bac-
teria and colony isolation in soft agar medium for bacteria
unable to grow at the air-water interface.

5 Conclusions

The present data based on AAP culture isolation andpufM
transcripts bring two major conclusions:

i. RT-PCR analysis to identify the active populations of
AAP bacteria supports the previous observations on the
dominant role of the gammaproteobacterial AAP bac-
teria in the Mediterranean Sea during the stratification
period.

ii. most environmental sequences were not affiliated with
any cultivated organisms.

These data highlight the existing gaps in the understand-
ing of aerobic anoxygenic photosynthesis, especially in the
Mediterranean Sea and likely globally and form the basis for
culture-dependent investigations to isolate these yet uncul-
tured groups of bacteria.
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Rusch, D. B., and B́ejà, O.: Assessing diversity and biogeog-
raphy of aerobic anoxygenic phototrophic bacteria in surface
waters of the Atlantic and Pacific Oceans using the Global
Ocean Sampling expedition metagenomes, Environ. Microbiol.,
9, 1464–1475, 2007.

Yutin, N., Beja, O., and Suzuki, M. T.: The use of denaturing gra-
dient gel electrophoresis with fully degeneratepufM primers to
monitor aerobic anoxygenic phototrophic assemblages, Limnol.
Oceanogr.-Meth., 6, 427–440, 2008.

Zani, S., Mellon, M. T., Collier, J. L., and Zehr, J. P.: Expression
of nifH genes in natural microbial assemblages in Lake George,
New York, detected by reverse transcriptase PCR, Appl. Environ.
Microbiol., 66, 3119–3124, 2000.

Zeng, Y. H., Chen, X. H., and Jiao, N. Z.: Genetic diversity assess-
ment of anoxygenic photosynthetic bacteria by distance-based
grouping analysis ofpufM sequences, Lett. Appl. Microbiol., 45,
639–645, 2007.

Zhang, G. I., Hwang, C. Y., and Cho, B. C.:Thalassobaculum
litoreumgen. nov., sp. nov., a member of the familyRhodospir-
illaceaeisolated from coastal seawater, Int. J. Syst. Evol. Micr.,
58, 479–485, 2008.

Biogeosciences, 8, 1955–1970, 2011 www.biogeosciences.net/8/1955/2011/


