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Abstract

Aerobic anoxygenic phototrophic bacteria (AAP) represent an important fraction of
bacterioplankton assemblages in various oceanic regimes and have probably a great impact on
organic carbon production and cycling in the upper ocean. Although their abundance and
distribution have been recently explored in diverse oceanic regions, the environmental factors
controlling the population structure and diversity of these photoheterotrophic bacteria remain
poorly understood. Here, we investigate the horizontal and vertical distributions and the
genetic diversity of AAP populations collected in late summer throughout the Mediterranean
Sea using pufM-temporal temperature gradient electrophoresis (TTGE) and clone library
analyses. The TTGE profiles and clone libraries analyzed using multivariate statistical
methods demonstrated a horizontal and vertical zonation of AAP assemblages. Physico-
chemical parameters such as pH, inorganic nitrogen compounds, photosynthetically active
radiation, total organic carbon and to a lesser extend particulate organic nitrogen and
phosphorus, and biogenic activities (e.g. bacterial production, cell densities) acted in synergy
to explain population changes with depth. About half of the pufM sequences were less than
94% identical to known sequences. The AAP populations were predominantly (~ 80%)
composed of Gammaproteobacteria, unlike previously explored marine systems. Our results
suggest that genetically distinct ecotypes inhabiting different niches may exist in natural AAP
populations of the Mediterranean Sea whose genetic diversity is typical of oligotrophic

environments.
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Introduction

Aerobic anoxygenic phototrophic bacteria (AAP) represent a functional group that was
recently found to account for a significant fraction of the bacterioplankton in marine
illuminated environments (Kolber et al., 2001; Cottrell et al., 2006; Koblizek et al., 2007,
Masin et al., 2006; Sieracki et al., 2006; Lami et al., 2007; Jiao et al., 2007). These
bacteriochlorophyll (BChl a)-containing prokaryotes, which can use both light and organic
matter for energy production, require oxygen and can use reduced organic compounds as
electron donors (Yurkov & Csotonyi, 2009). Although they are not primary producers, their
higher growth rates and efficiency in organic carbon utilization over strict heterotrophs are
likely to make them dynamic and significant contributors to the organic carbon production
and cycling in the upper ocean (Koblizek et al., 2007). While physiological evidences
suggest that they would have a competitive advantage over strict heterotrophs in low-nutrient
conditions (Yurkov & van Gemerden 1993; Suyama et al., 2002), the emerging findings
indicate that these bacteria may be adapted to a broad range of trophic conditions and are
abundant in eutrophic and oligotrophic environments (Cottrell et al., 2006; Sieracki et al.,
2006; Waidner & Kirchman, 2007).

Molecular analyses based on the pufM gene encoding the M-subunit of the
photosynthetic reaction center have revealed that AAP bacteria belong to different groups of
Alpha-, Beta-, and Gammaproteobacteria (Béja et al., 2002; Yutin et al., 2007). Their
abundance and distribution have been explored in diverse oceanic regions and have been
shown to vary greatly among oceanic regimes (Cottrell et al., 2006; 2008; Jiao et al., 2007,
Imhoff, 2001; Yutin er al., 2007; Waidner & Kirchman, 2008). However, AAP bacteria

remain clearly undersampled in several areas, particularly in oligotrophic environments, that
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represent 60% of the oceans. The environmental factors controlling the population structure
and diversity of these photoheterotrophic bacteria remain yet poorly understood (Eiler, 2006).

The Mediterranean Sea is an ideal environment for these ecological studies as it offers
a range of trophic conditions including extreme oligotrophy, particularly in summer when the
water column is strongly stratified (Berman et al., 1985). While the N:P ratio is close to the
Redfield ratio (16:1) in most oceanic waters, Mediterranean waters have a higher ratio,
especially in the eastern Basin, leading to strong phosphorus limitation (Moutin & Raimbault,
2002). A complex thermohaline circulation coupled with regional hydrodynamic features also
contributes to the establishment of many different oceanic regions throughout the
Mediterranean Sea (Manca et al., 2004). As an example, the exchange of the Atlantic and
Mediterranean water masses at the Strait of Gibraltar induces marked salinity and temperature
gradients (Gascard & Richez, 1985). Although the different trophic conditions available in the
Mediterranean Sea provide a unique context to link nutrient availability, trophic status and
functioning of the food web to the dynamics of photoheterotrophic populations, the
distribution and diversity patterns of AAP bacteria have been only partially explored (Oz et
al., 2005; Yutin et al., 2005; 2008).

In the present study, we analyzed the biogeography patterns of AAP populations
collected in late summer along two transect during the PROSOPE (PROductivité des
Systemes Océaniques PElagiques) cruise. To explore what environmental factors control
structure and diversity of AAP populations in the Mediterranean Sea, we monitored their
longitudinal and vertical changes using a pufM-based PCR-Temporal Temperature Gel
Electrophoresis (TTGE) survey and analyzed the pufM clone libraries from selected stations

and depths.
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Material and Methods

Sampling and nucleic acid extraction

Seawater samples were collected from seven stations along two transects in the
Mediterranean Sea (from Gibraltar to the Ionian Sea off the north-east coast of Lybia and
north-west to the French coast through the Tyrrhenian and Ligurian Seas) in September and
October 1999 during the PROSOPE cruise aboard the R.V. La Thalassa (Fig. 1). For
molecular diversity studies of AAP populations, 1.45-5 1 water samples were retrieved using
12 1 Niskin bottles fitted on a Rosette sampler equipped with conductivity, temperature and
depth (CTD) sensors. Seawater was prefiltered through 3 pm pore-size, 47 mm diameter,
Nuclepore filters using moderate vacuum in order to separate picoplankton from larger
organisms. Picoplanktonic cells were collected by filtration as previously described (Marie et
al., 2006; Garczarek et al., 2007). The filtered biomass was transferred into a cryovial
containing 3.5 ml of DNA lysis buffer (0.75 M sucrose, 50 mM Tris-HCl, pH 8) and
immediately frozen in liquid nitrogen. DNA extraction was performed as previously described
(Marie et al., 2006). Ancillary data (nutrients, dissolved oxygen, chlorophyll a, salinity,
temperature, efc.) and methods used to analyze them are available from the PROSOPE web

site (http://www.obs-vifr.fr/cd rom_dmtt/pr_main.htm).

Environmental pufM gene amplification

Multiple combinations of previously designed primer sets (Achenbach et al., 2001;
Béja et al., 2002; Yutin et al., 2005) were tested (data not shown). On the basis of specificity
and efficiency (e. g yield) results, we selected PufMF forward (5°-

TACGGSAACCTGTWCTAC-3’, Béja et al., 2002) and PufWAW reverse primers (5°-
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AYNGCRAACCACCANGCCCA-3’, Yutin et al., 2005) to amplify partial sequences of the
pufM gene (245 bp fragments). For TTGE analyses, a 5’-Cy5-labeled PufMF primer and a
primer PufWAW with a 40 bp GC-clamp
(CGCCCGCCGCGCCCCGCGCLCCETCCeaeeareeceaceCqG) added at the 5’-end
were used. Reaction mixture (50 pL) contained the following components: 5X buffer (10ul),
2 mM MgCl,, 10 pmoles of each deoxyribonucleotide triphosphate (dATP, dCTP, dGTP,
dTTP; Eurogenetec), 10 pmoles of each oligonucleotide primer, 2.5 U of GoTaq Flexi DNA
polymerase (Promega) and 50 to 100 ng of template DNA. Amplifications were carried out in
a GeneAmp PCR system 9700 (Applied Biosystems) with the following 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 final
extension step at 72°C for 10 min. Amplified products were checked by electrophoresis in
1.5% agarose in 0.5x Tris-Acetate-EDTA (TAE) buffer and further quantified with a DNA

quantitation fluorescence assay kit (Sigma-Aldrich).

Temporal Temperature gel Gradient Electrophoresis (TTGE) profiling and analyses
One hundred nanograms of each amplified product were electrophoresed along an 8%
(wt/vol) polyacrylamide gel (ratio acrylamide to bis-acrylamide 37.5:1) containing 7M urea,
1.25X TAE, 0.06% of N,N,N’,N’-Tetramethylethylenediamine (Temed) and 0.06%
ammonium persulfate using the DCode Universal Mutation Detection System (BioRad,
Hercules, CA). Runs were performed in 1.25x TAE at 68 V for 17 h with a temperature range
of 66 to 69.7°C and a ramp rate of 0.2°C h™. Standard markers were generated with a mixture
of pufM PCR products amplified from Erythrobacter longus strain OCh 1017, E. litoralis
strain T4", Roseobacter denitrificans strain OCh 1147 (CIP104266), Dinoroseobacter shibae
strain DFL12". Gel images were obtained at 100-pum resolution using a Typhoon Trio variable

mode imager (Amersham Biosciences, Piscataway, NJ). Typhoon scans were acquired using
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the 633 nm excitation laser and the 670 BP 30 emission filter as recommended by the
manufacturer for the detection of CyS5-labeled molecules. All gels were scanned with
photomultiplier tube voltages to maximize signal without saturating fingerprint bands. Band
patterns were analyzed with GelCompare 4.6 software package (Applied Maths, Kortrijk,
Belgium). In band assignment, a 1% band position tolerance (relative to total length of the
gel) was applied, which indicates the maximal shift allowed for two bands in different TTGE
patterns to be considered as identical. The number of bands in a profile was expressed as the
phylotype richness and the Shannon-Weiner index (H’) was calculated as previously
described (Hill er al., 2003). The Smith and Wilson evenness index (E,.,, Smith & Wilson,
1996) was calculated using the Ecological Evenness Calculator software

(http://www.nateko.lu.se/personal/benjamin.smith/software).

Clone library construction and analyses

Fresh PCR products were cloned using the TOPO TA cloning kit according to the
manufacturer’s instructions (Invitrogen Corporation, Carlsbad, CA, USA). Recombinant
clones were screened for insert-containing plasmids by direct PCR amplification with M13
forward and reverse primers. Clones were sequenced using an ABI 3130 POP7 sequencer
(Applied Biosystems, Foster City, CA) at the Biogenouest Sequencing-Genotyping Platform
(Roscoff site). Clone libraries were screened for chimeric sequences with Chimera_Check
program available on the RDP website (Cole et al., 2003). The 388 remaining sequences were
subjected to BLAST search against publicly available sequences to determine their
approximate phylogenetic affiliations. A conservative value of 94 % nucleic acid sequence
similarity (Zeng et al., 2007) was chosen for grouping sequences into Operational Taxonomic
Units (OTUs) using the phylogenetic analysis software Bosque available at

http://bosque.udec.cl (Ramirez-Flandes & Ulloa, 2008). Coverage value (C) was calculated as
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previously described (Mullins ef al., 1995). The Shannon-Weiner index (H’, Hill et al., 2003),
the richness-estimator Scpio1 (Hughes ef al., 2001) and the Abundance-base Coverage
Estimator (ACE, Chazdon et al., 1998) were computed using EstimateS software Version 7.5.

(K. Colwell, http://purl.oclc.org/estimates).

A pufM database containing more than 700 aligned sequences of cultured species and
environmental clones retrieved from GenBank database

(http://www.ncbi.nlm.nih.gov/Genbank/) and the GOS scaffold nucleotide sequences was

constructed using ARB (Ludwig et al., 2004). Sequences were translated to protein and the
resulting alignment was then used to manually realign nucleotide sequences. A neighbor-
joining tree was first constructed with all the sequences longer than 600 bp and the robustness
of inferred tree topologies was tested by bootstrap analysis (1000 resamplings) using PHYLIP
(Felsenstein, 1993). Shorter sequences were aligned as above and added to the tree using
ADD-BY-PARSIMONY algorithm. Phylogenetic tree display and annotation were performed
with iTOL software (Letunic & Bork, 2006). The pufM sequences obtained in this study are

deposited in the GenBank database under accession No. GQ468944 to GQ468986.

Statistical analyses

The normality of environmental variables was checked using Shapiro-Wilk (Shapiro,
1965) and Anderson-Darling (Stephens, 1974) tests and variables were transformed when
necessary to correct for deviations from normality. Principal component analysis (PCA),
performed with XLSTAT version 6.01 (Addinsoft), was used to group samples according to
environmental variables using the Pearson correlation coefficient.
For TTGE patterns, pairwise similarity matrices were calculated using the Dice and the Bray-
Curtis equations for presence/absence and relative peak height data, respectively.

Dendrograms were generated from the Dice matrix using the method described by Ward

Page 8 of 38
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(1963). The consistence of a cluster was expressed by the cophenetic correlation which
calculates the correlation between the dendrogram-derived similarities and the matrix
similarities. A distance of 35 was used to separate clusters in the hierarchical classification.
Analysis of similarity (ANOSIM, Clarke and Warwick, 2001) was used to test the hypothesis
that communities within each cluster were more similar to each other than to communities in
other clusters. Correlations between similarity matrices were calculated using a Mantel test
(Mantel, 1967) with 10000 permutations and were performed with XLSTAT version 6.01.
Relationships among samples were visualized wusing the ordination technique
multidimensional scaling (MDS) using a standardized stress with 1000 iterations computed
with XLSTAT version 6.01. Canonical correspondence analyses (Legendre & Legendre,
1998) used to determine the extent to which selected environmental variables explained
patterns of similarity in community composition were performed using PAST 1.81 (Hammer

et al., 2001) available at http://palaeo-electronica.org/2001 1/past/issuel 01.htm

Results

Oceanographic context

The PROSOPE cruise sampled the highly eutrophic Morocco upwelling off Agadir
(St. UPW, Fig. 1) and then proceeded to a first Mediterranean west-east (W-E) transect,
through a markedly decreasing gradient of surface chlorophyll a concentrations, from the
mesotrophic St. 1 at the Strait of Gibraltar to St. MIO located in a highly oligotrophic area in
the center of the Ionian Sea. A second transect sampled the Tyrrhenian and Ligurian Seas (St.
9, St. DYF).

Plots of the depth variations of environmental variables analyzed along both these
transect revealed the complexity of the studied zones in which several physical and chemical

gradients were superimposed (Figs. Sla to S11). Temperature and salinity transects reflected
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the progression of low-salinity, low-temperature Atlantic waters penetrating through the
Gibraltar Strait and flowing along the African coast (Figs. S1a-b). Thus a strong halocline was
observed between St. 3 and St. 5 identifying a partitioning of surface waters into westwards
and typical high salinity eastwards (21.6°C and 36.7%o for St. 1 to 26°C and 38.9%o for St.
MIO, respectively). The upwelling at St. UPW supplied abundant dissolved nutrients to the
surface layer, which supported phytoplankton growth as indicated by the surface maximum in
chlorophyll a (Fig. Slc). A progressive W-E deepening of the nitracline and phosphacline
down to 98 and 124 m depth at St.1 and St. MIO, respectively, was noted (Figs. S1d-e).
Along the second transect (from St. MIO to St. DYF), concentrations of nitrates and
phosphates increased below the deep chlorophyll maximum (DCM).

The main biological and physico-chemical parameters of the waters were analyzed
using a principal component analysis (PCA) including nineteen variables (salinity,
temperature, dissolved oxygen, light, pH, depth, phosphate, nitrate, nitrite, particulate organic
carbon, nitrogen, phosphorus, total chlorophyll a, accessory pigments, bacterial production,
abundances of Symechococcus, Prochlorococcus, non photosynthetic bacteria and
picoeukaryotes) (Fig. S2). This analysis allowed separation of the Mediterranean Sea euphotic
zone into two distinct layers above and in/or below the DCM, whose discrimination was
mainly explained by biological variables and nutrient levels (NOs, NO,, PO,) respectively.
All surface waters except that of the Morocco upwelling and the Gibraltar Strait (St. 1) were
nutrient depleted (Figs. S1 and S2). Covariation of biological parameters with particulate
organic compounds, oxygen, pH and photosynthetically available radiation (PAR) are
consistent with the characteristics of the upper layer where photosynthesis supports the
formation of organic matter (Lucea et al., 2003) allowing heterotrophic activities as indicated
by the inter-correlation of these parameters with bacterial production and cell densities (Fig.

S1 and S2). Deep euphotic waters located in or below the DCM were relatively similar as they

10
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were cold, enriched in nutrients and depleted in oxygen (Fig. S1). Although a strong halocline
partitioned W-E surface waters, salinity did not explain variability among samples. This
might result from the superimposed longitudinal and vertical variation trends of salinity
concentrations (Fig. S1b). Discrimination of surface and deep euphotic layers in the
Mediterranean Sea mainly according to their nutrient status suggests that the vertical gradient
may prevail over the longitudinal gradient during summer stratification.
Spatial variability, diversity and structure of AAP populations

PCR amplified pufM genes from different depths (Fig. S3) were analyzed by temporal
temperature gradient gel electrophoresis (TTGE) which yielded a total of 79 unique bands
with an average of 34+ 6 bands in each sample (Fig. 2). A Mantel test also showed that Bray-
Curtis and Dice similarity matrices calculated from TTGE profiles were significantly
correlated (r=0.748, p<0.05). The hierarchical clustering analysis (HCA) identified four
clusters of AAP bacteria (Fig. 2) confirmed by ANOSIM statistics performed from both
presence/absence and relative intensity of TTGE bands (data not shown). Cluster A contained
populations from the coastal stations UPW and St. 1, together with those of the surface waters
of the Algerian Basin (St. 3-5m). Cluster B represented the deep euphotic zone of the
Algerian Basin (St. 3) and the Strait of Sicily (St. 5) whereas Cluster C grouped TTGE
profiles of samples collected above the DCM in the Ionian, Tyrrhenian, Ligurian Seas and the
Strait of Sicily. AAP bacteria from deep euphotic waters of stations St. 9 and St. DYF
clustered together in Cluster D. Richness and diversity (E,,, and H’) values were not
significantly different between clusters (data not shown). E,,;, H" and richness were positively
correlated to PAR and biological activity indicators and were negatively correlated with NO;
and NO, concentrations.

To obtain two-dimensional-coordinates for samples and to confirm HCA groupings,

ordination of Bray-Curtis similarities among sample profiles was performed by non-metric

11
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multidimensional scaling (MDS). With the exception of samples St1-80m and St. 3-5m, the
four clusters recovered by HCA were defined (data not shown). Populations above the DCM
were significantly more similar to each other than to those in or below the DCM (R=0.419,
p<0.001). Dimension 1 from the TTGE/MDS analyses was negatively correlated to nutrient
variables (NO3; and NO,). In contrast to dimension 1, dimension 2 co-varied with numerous
variables characterizing biological activity (e.g. oxygen, bacterial production, cell densities).
Variables significantly related to dimensions 1 and 2 were integrated in a Canonical
Correspondence Analysis (CCA) performed from relative intensity of TTGE bands. CCA
revealed that more than 50% of the variability of AAP communities was described by the 11
selected variables (Fig. 3). The four clusters (A to D) previously detected by HCA analysis
were retrieved. Cluster D was mainly separated according to NOs and NO, variables, while
clusters A and C were discriminated by pH, PAR, total organic carbon, biogenic activity
variables and particulate nitrogen and phosphorus. None of the selected variables clearly

explained pattern of similarity within cluster B.

Phylogenetic analyses of pufM genes

Ten out of the 29 samples were selected for phylogenetic analyses on the basis of their
location and the diversity of AAP populations. Of a total of 388 clones analyzed, 44 distinct
OTUs were identified after grouping the sequences at 94% nucleic acid sequence similarity
(Fig. 4, Table S1). Coverage values (Table 1) and rarefaction curves (data not shown)
indicated that most of the diversity was detected in most libraries (> 71%). Differences in
AAP population diversity were not significant between samples collected above and below
the DCM.

MDS for AAP populations from the 10 selected samples were performed from Dice
similarity matrices for both TTGE and clone library analyses (Fig. S4). As also expressed by

the significant correlation between Dice similarity matrices for TTGE and clone libraries

12
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(R=0.39, p=0.05), both methods gave reliable information. The discrepancy observed for St.9-
65m could be due to the low coverage of the clone library (Table 1).

About half of the pufM sequences were less than 94% identical to known sequences
(Table S1). Most sequences were related to clones retrieved from the Mediterranean Sea
(29%) and coastal environments (52%) including the Delaware and Monterey Bays. A unique
sequence (PROSOPE-7) was affiliated with a clone from the Atlantic Ocean. The phylogenetic
analysis demonstrated that the sequences were distributed into 7 of the 12 phylogroups
previously defined by Yutin et al. (2007). None of the sequences was affiliated with the A, D,
H, J and L groups (Fig. 4, Table S1) that are mainly found in anoxic environments (Yutin e?
al., 2007).

Only two sequences, belonging to PROSOPE-48 and PROSOPE-52 phylotypes, were
highly similar to that of cultured representatives (Methylobacterium radiotolerans and
Erythrobacter longus, respectively). Among the 7 AAP groups recovered from this study,
only groups B and K were present in all samples (Fig. 5). PROSOPE-6 which shared 99%
similarity with a clone from the Monterey Bay (Béja et al., 2002) was the main phylotype of
group B. Representing 11% of the pufM sequences, PROSOPE-6 was prevalent (> 80%) at
coastal and mesotrophic stations (Fig. 4, Table S1). Most of our sequences (~80%) fell into
Group K which contained Gammaproteobacteria representatives including few isolates such
as Congregibacter litoralis KT71 (Eilers et al., 2001) and strains NORS5-3 and NORS51B and
HTCC2080 (Cho et al., 2007) and BAC clones EBAC65D09 and EBAC29C02 (Béja et al.,
2002), all related to the OMG60 clade (Rappé et al., 1997). Among the 30 OTUs affiliated to
Group K, 10 (i.e. PROSOPE -10, -11, -38) and 9 (i.e. PROSOPE -12, -15, -45) phylotypes were
only detected at the coastal Atlantic (St. UPW and St. 1) and at Mediterranean stations,
respectively. Among gammaproteobacterial sequences, PROSOPE-34, which represented up to

20% of the total pufM sequences, dominated at meso- and eutrophic stations while other

13
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phylotypes (i.e. PROSOPE-14, -42, -45) prevailed (>80%) at oligotrophic stations. The
distribution of the other groups was sporadic. A few clones recovered at MIO and UPW
stations clustered in the group C. The Roseobacter-like (group G) and Rhodobacter-like
(groups E and F) clones were only distributed in the nutrient rich coastal waters of the
Morocco upwelling (st. UPW) and the Strait of Gibraltar (UPW and St. 1) (Fig. 5). The
phylotype PROSOPE-7 consisting of a few clones retrieved at station MIO grouped into the
group 1. The closest cultured relatives of this group are Betaproteobacteria widely distributed
in freshwater and estuarine environments (Page et al., 2004; Yutin et al., 2007). This could

suggest that closely related organisms also thrive in oceanic surface waters.
Discussion

The Mediterranean Sea is semi-enclosed allowing the study, on a reduced scale, of
processes typical of the world’s oceans. It constitutes a unique environment for ecological
studies as it offers a range of trophic conditions, including extreme oligotrophy, particularly in
summer when the water column is strongly stratified. The PROSOPE cruise was organized a
few years before the discovery of the ecological significance of AAP bacteria in oceanic
waters (Kolber et al., 2001). Therefore, the sampling strategy was not intended to allow the
examination of their abundance and their contribution to the microbial community structure
using infrared microscopy and fluorometry methods. One of the main objectives of the
present study was to investigate environmental factors influencing biogeography of AAPs by
analyzing the pufM gene diversity in archived bacterial community DNA samples. We agree
that top-down regulation factors probably contribute to the distribution of AAP populations
(Koblizek et al., 2007; Zhang & Jiao, 2009), however, this study provides one of the first look
on bottom-up factors that contribute to longitudinal and vertical distribution and diversity of

AAP populations.
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Linking AAP population structure and diversity to environmental parameters

The diversity of AAP populations as evident in pufM sequences was relatively
constant along both transects and was similar to that reported by Jiao er al. (2007) in
oligotrophic oceanic provinces. We found a positive correlation between the PAR and
diversity (H’/Ey,:) indices, suggesting that AAP populations are more diverse in the upper
surface layer and that light affected their community structure. In contrast to Jiao et al.
(2007), who reported that the AAP diversity decreased with increasing Chla concentrations,
we did not find a significant correlation between these variables. Our study found, however,
an inverse relationship between AAP diversity and nitrate levels. This result together with the
highest richness observed for the highly oligotrophic station MIO also supports the hypothesis
that inorganic nitrogen concentrations may affect their distribution (Waidner & Kirchman,
2007) and that AAP diversity decreases with increasing trophic status (Jiao et al., 2007). This
suggests that the scarcity of inorganic nutrients and dissolved organic matter in oligotrophic
environments leads to a higher specialization of AAP assemblages and increases the
functional redundancy (Curtis & Sloan, 2004) for this group, as it has been observed
elsewhere for other bacterial populations (Wohl et al., 2004). This hypothesis is consistent
with the contrasting variation of abundance and diversity of AAP assemblages previously
suggested by a large-scale survey analysis of their distribution patterns (Jiao et al., 2007).
Variation in the composition of AAP assemblages and environmental context

The HCA and MDS analyses suggest that AAP populations follow nutrient status and
that oceanic Mediterranean populations differed from those of the Atlantic coast. This

clustering deduced from TTGE analyses was consistent with the clone library results with
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some phylotypes retrieved only at coastal stations while others dominated in oligotrophic
waters.

Our analyses suggest that stratification is a critical factor determining the vertical
distribution of AAP species in the Mediterranean Sea. Similar vertical stratification has been
reported for the whole bacterial community structure in the Mediterranean Sea (Acinas et al.,
1997; Ghiglione et al., 2008) and in other oligotrophic waters, including the Pacific and
Atlantic oceans, the Caribbean Sea (Lee & Fuhrman, 1991), and Antarctic environments
(Murray et al., 1998). Multivariate analyses of environmental parameters and molecular
fingerprinting profiles revealed that the variation in AAP populations with depth is due to
synergetic driving forces similar to those involved in the vertical stratification of bacterial
communities at the DYF station (Ghiglione ef al., 2008). Fifty percent of the variability of
AAP composition was explained by the selected environmental parameters. This suggests that
the composition of AAP assemblages may be additionally influenced by other factors such as
specific and multiple interactions with other organisms of their environment such as their
bacterial counterparts, protists, viruses, and metazoans (Fuhrman, 2009) as well as intrinsic
photoheterotrophic capabilities and physiological peculiarities of each species. Indeed, AAP
bacteria have diverse metabolisms, ranging from generalists (e.g. Erythrobacter, Roseobacter)
to specialized species (e.g. Citromicrobium) able to grow on a broad and a narrow spectrum
of carbon sources (Yurkov and Csotonyi 2009). Further in-depth studies on the physiology
and metabolism of environmentally significant organisms and on their biological interactions
with other planktonic counterparts are essential to better understand the ecology of marine
AAP.

Phylogenetic composition of populations
Most pufM sequences retrieved from our samples belonged to clades previously

identified in a global metagenomic survey (Yutin et al., 2007). As previously observed in
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environmental surveys of these genes (e.g. Béja et al., 2002), most of the OTUs retrieved in
this study were distantly related to known anoxygenic phototrophs. More than 80% of our
pufM sequences had their best matches with clone sequences obtained from the Mediterranean
Sea and from coastal areas suggesting that AAP populations in this sea are different from
those in open oceans. We acknowledge, however, that this observation may be biased by the
low number of offshore pufM sequences available in the databases.

In contrast to previous PCR-based studies (Oz et al., 2005; Yutin et al., 2005),
Alphaproteobacteria constitute a minor fraction of the Mediterranean AAP community.
Members of the Roseobacter-related group (group G), often a key player in diverse marine
systems (Buchan et al., 2005; Yutin et al., 2007), were only detected at Atlantic coastal
stations. While this finding supports the notion that Roseobacter-like bacteria are favored by
nutrient-rich conditions, in agreement with the common association of Roseobacter with
phytoplankton blooms (Gonzélez et al., 2000; Suzuki et al., 2001), it seems to contradict their
suspected important role and dominance in the Mediterranean Sea (Oz et al., 2005). However,
since Roseobacter species can be more abundant in winter than in summer, this discrepancy
with previous studies (Oz et al., 2005; Yutin et al., 2005) could be explained by the different
sampling period.

Previous studies have revealed a high contribution of Gammaproteobacteria to AAP
populations (Béja et al., 2002; Hu et al., 2006; Yutin et al., 2007). However, the large
proportions observed in this study (~ 80%) have never been reported from any environments.
Possible PCR biases cannot be definitively ruled out to explain the large dominance of
Gammaproteobacteria in our samples. However, by using the same primer combination to
study the diversity of AAP in arctic waters and in coastal systems of the English Channel, we
did not find such high percentages of gammaproteobacterial sequences (Lehours et al., Dahan

et al., unpublished results). Consistent with previous observations, gammaproteobacterial
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sequences were retrieved in eutrophic and oligotrophic waters (Hu er al., 2006; Jiao et al.
2007). Athough some gammaproteobacterial phylotypes were obtained from both nutrient
levels, the distribution of most suggests an adaptation to specific trophic conditions. For
example, some of our cloned pufM sequences from the Atlantic coast were similar to the
sequences belonging to the OM60 clade abundant in coastal oceans (Béja et al., 2002; Yutin
et al., 2007). Although prevalent at coastal stations, phylogroup B also showed a ubiquitous
distribution across the different trophic regimes (Yutin et al., 2007). Onboard enrichment
experiments performed along the PROSOPE transect demonstrated a switch from a
phosphorus limitation in the surface layer to organic carbon limitation in the deep chlorophyll
maximum (Van Wambeke er al., 2002). Specific adaptation capabilities to extreme
oligotrophy are likely to explain the success of phylogroups B and K in typical Mediterranean
waters. In line with this hypothesis, genes coding for several storage compounds were
identified in the genome of the gammaproteobacterium Congregibacter litoralis (Fuchs et al.,
2007). Among them, the storage compounds cyanophycin and polyphosphate probably reflect

an adaptation to fluctuating carbon and phosphorus availability.

Conclusion

The molecular analyses of AAP diversity conclusively demonstrated that typical
Mediterranean populations varied greatly along depth profiles, with strong and opposite
gradients of light and nutrient availability. This variation with depth was much greater than
seen across both transects. During stratification, the vertical distribution of AAP bacteria
seems to be governed by the same environmental variables as that of the whole bacterial
community (Ghiglione et al., 2008). This result, however, does not imply that they may act as
strict heterotophs in situ and that phototrophy has a minor impact on their distribution and

lifestyle. Since evidence from other studies indicate that AAP use their phototrophic
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capability at nutrient-poor levels (Cho et al., 2007; Spring et al., 2009), additional variables
may influence their populations in the extreme oligotrophic conditions prevailing in the
Mediterranean Sea.

This study was the first to reveal such a high abundance of gammaproteobacterial
AAP in the environment. An ecotypic differentiation was suggested by both TTGE and
cloning approaches. Further culture efforts are therefore needed to expand the diversity of
gammaproteobacterial isolates and to delineate the environmental parameters that govern the

activity and distribution of gammaproteobacterial trophic ecotypes.
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Figure Legends

Figure 1. Track of the PROSOPE cruise superimposed on the composite SeaWiFS image of
surface chlorophyll a concentrations in September 1999. Arrows indicated the stations
analyzed in this study. ST#, station number.

Figure 2. Temporal temperature gradient gel electrophoresis (TTGE) analyses of pufM gene
fragments amplified from DNA samples from the Mediterranean Sea. Hierarchical cluster
analysis was performed as indicated in the Experimental procedures section. The dashed line
indicates the distance chosen for cluster separation. The number of distinct TTGE bands per
sample is indicated between brackets. DCM: deep Chlorophyll maximum.

Figure 3. Canonical correspondence analysis (CCA) performed using relative intensity peak
of the TTGE bands. Samples and environmental parameters are coded as in Fig. S2.

Figure 4. pufM phylogenetic tree showing inferred phylogenetic relationships of pufM gene
sequences cloned from the Mediterranean samples. The tree is based on a Neighbor-Joining
(NJ) tree to which short sequences were added by ARB_PARISMONY. Sequences used to
perform NJ tree are marked in bold and grey circles on nodes represent confidence values >
50% for branches found in the initial NJ tree. Color ranges highlight the different groups
defined by Yutin et al. (2007). Sequences retrieved in this study are indicated by filled
triangles. The multi-value 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 top of the figure. Green and blue crosses indicate that the corresponding OTU was
found to be dominant (>80%) at meso-eutrophic and oligotrophic conditions, respectively.
Figure 5. Distribution of the AAP phylogroups along the PROSOPE transects based on their

relative proportion in the clone libraries.
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Supplementary material

Table S1. Representative sequence for each OTU, their closest relative by BLAST and
percentage identity. Med, Mediterranean Sea; DelBay, Delaware Bay; MontBay, Monterey

Bay; AO, Atlantic Ocean; Sarg, Sargasso Sea; Mar. Env, Marine environment.

Figure S1. Hydrological conditions along both transects of the PROSOPE cruise. Both
transects (W-E from St. UPW to St. MIO and S-N from St. MIO to St. DYF) were plotted on
each graph. (a) temperature, (b) salinity, (c) chlorophyll a, (d) nitrate, (¢) phosphate, (f) nitrite
(g) PAR, , (h) total organic carbon, (i) particulate carbon, (j) particulate nitrogen, (k)
particulate phosphorus, and (/) oxygen. Stations and depths (in m) are indicated on the

horizontal and vertical axes respectively.

Figure S2. Principal component analysis (PCA) of environmental parameters. The percentage
of variability explained by each axis is indicated. Samples (squares) and variables (arrows)
are plotted against the first two axes. Samples are labeled as follows: Station-Depth. Stations
U, D and M correspond to UPW, DYF and MIO respectively. Black arrows represent
variables characterizing the “physical environment”: TEMP (temperature, °C), pH, PAR
(percentage of the photosynthetically available radiation), O, (concentration in dissolved
oxygen, mLI™"), SAL (salinity, %o), Depth (m). Grey arrows represent variables characterizing
the “biological activity”: PROC (Prochlorococcus cell concentration, cell.ml'l), SYN
(Synecococcus cell concentration, cell.ml'l), BACT (bacteria cell concentration, cell.ml'l),
EUK (eukaryotes cell concentration, cell.ml'l), BP (bacterial production, ng C.l'l.h'l), Chla
(chlorophyll a, pg. 1), PIGM (accessory pigments, pg.l'l). Black dashed arrows represent

variables characterizing the “trophic status”:TOC (total organic carbon, uM), NOs (nitrate,
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uM), PO, (phosphate, uM), NO, (nitrite, uM), N part (particulate N, uM), P part (particulate
P, uM). Samples collected above and below the DCM are indicated by grey and black squares
respectively. Component 1, 2 and 3 (component 3, not shown) represent 34%, 23% and 12%

of the total variance, respectively.

Figure S3. Profiles of chlorophyll a (Chla) (solid) and PAR (dashed) with depth. Arrows in

the Chla profiles indicate sample depths. Dashed line indicates the limit of the euphotic layer

(Z19).

Figure S4. Multidimensional scaling plot (MDS) of AAP populations based on TTGE and
cloning-sequencing of pufM genes. This plot corresponds to a two-dimensional visualization

of the Dice distance matrix. “(c)” refers to data obtained from clone libraries analyses.
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No. of clones in libraries Closest relative

§ - 2 E
HEE: g 7z :
€3 £ £ t g s &£ £ ¢ £ EC > E g

S Z P E S g W W S wm 7 ng 2 7 g8

@ 2 % 9 ® 090 o ¥ = = g = 8 =
5 8 [ — - — — = "~ > > E L g E =
< 2 B ® »n 22 2 ;. A A= = < 2 3

PROSOPE 1 GQ468943 2 - - 1 - - - 61G03 99 EU395544 Med
PROSOPE 2 GQ468944 - - - - - - 2 - - - 46F01 84 EU395550 Med
PROSOPE 3 GQ468945 - - - - - 2 - - - envSargasso-waw 81 DQO080981 Sarg
PROSOPE 4 GQ468946 - - - 2 - - - - 2E09 97 EU191310 DelBay
PROSOPE 6 | GQ468947 5 5 6 - - 7 3 - 20m22 99 AF394001  MontBay
PROSOPE 7 GQ468948 - - - 3 2 - - - - AO-0m-1 98 EU862417 AO
PROSOPE 8 | GQ468949 - - - - 1 - 1 - 4 - 1E01 80 EU191249  DelBay
PROSOPE 9 | Ga468950 2 8 1 2 - - - - - - 1E01 89 EU191249  DelBay
PROSOPE 10 | Ga468951 10 1 - - - - - - - - JL-XM-C21 81 AY652816  Mar. env
PROSOPE 11 | GQ468952 2 - - 1 - - - - - 2G12 94 EU191333 DelBay
PROSOPE 12 | GQ468953 - - - - - - - - 1 - Bacmedl19_waw 93 DQO080989  Med
PROSOPE 14 | GQ468954 3 - 7 16 3 1 9 - Bacmedl9_waw 98 DQO080989  Med
PROSOPE 15 | Ga468955 - - 3 1 - - - - 22G04 100  EU395569  Med
PROSOPE 16 | Ga468956 - - - -3 - - - 2 - 22G06 98 EU395571  Med
PROSOPE 17 | GQ468957 1 1 2 - - - - - - EBAC000-29C02 96 AE008920 MontBay
PROSOPE 18 | Go468958 - - 5 - - - - 1 - 2G06 98 EU191328  DelBay
PROSOPE 19 | Ga468959 1 1 - - - - - - - - 1C03 95 EU191244 DelBay
PROSOPE 20 | GQ468960 2 9 2 - 3 4 9 1 12 1 2E12 88 EU191313 DelBay
PROSOPE 26 | GQ468961 - 5 3 - 6 5 3 - 8 - Bacmed88_waw 98 DQ80983 Med
PROSOPE 27 | Ga468962 - - - 1 - 1 2 2 - - 2B11 99 EU191282 DelBay
PROSOPE 29 | Go468963 - - - 1 - - - - - - 22A01 79 EU395582  Med
PROSOPE 34 | Gosegoe4 11 4 14 18 - 2 1 12 - 8 2A08 88 EU191269  DelBay
PROSOPE 35 | GQ468965 1 1 - - - - - - - - 2G01 84 EU191324 DelBay
PROSOPE 36 | Gas68966 - - 1 - - - 1 - - - 2C12 84 EU191293  DelBay
PROSOPE 37 | GQ468967 1 5 2 1 - 1 - - 1 1E01 78 EU191249 DelBay
PROSOPE 38 | GQ468968 5 2 - - - - - - - - 2A08 89 EU191269 DelBay
PROSOPE 39 | Gas68969 -1 - - - - - - - 61G01 93 EU395566  Med
PROSOPE 40 | GQ468970 2 - - 1 1 5 - 2 - 61G01 96 EU395566 Med
PROSOPE 41 | GQ468971 - - - - - - 1 - - - 2A08 88 EU191269  DelBay
PROSOPE 42 | Gose8972 - - - 6 2 2 1 - - 22G03 98 EU395568  Med
PROSOPE 43 | GQ468973 1 - - - 1 1 1 - 2A08 95 EU191269 DelBay
PROSOPE 44 | Go468974 -1 - - - - - - - - 2A08 93 EU191269  DelBay
PROSOPE 45 | GQ468975 - - - - 5 7 - 5 1 2A08 93 EU191269 DelBay
PROSOPE 46 | Q468976 - - - - - - 1 - - JL-XM-C21 97 AY652816  Mar. env
PROSOPE 47 | GQ468977 - - - - - - - 1 1 - 2A08 88 EU191269 DelBay
PROSOPE 48 | GQ468978 - 1 - - - - - - - - Methylob. ium radiotolerans 95 CP001001

PROSOPE 49 | GQ468979 1 - - - - - - - - - 1E01 87 EU191249 DelBay
PROSOPE 50 | GQ468980 1 - - - - - - - - - Berpuf8 94 AMI162694

PROSOPE 51 | Gases9s1 1 - - - - - - - - - O0ml 98 AF393994 Mar. Env
PROSOPE 52 | GQ468982 - - - - -1 - - - - Erythrobacter longus 97  D50648

PROSOPE 54 | GQ468983 - - - - - - 1 - - - 2G03 86 EU191325  DelBay
PROSOPE 55 | GQ468984 - - N - - - - - - - 1HO02 86 EU191260 DelBay
PROSOPE 60 | cQ468985 1 - - - - - - - - - 61G01 97 EU395566 Med
PROSOPE 61 | GQ468986 - - 1 - - - - - - - 22A01 91 EU395582 Med
TOTAL 47 50 39 30 41 43 49 24 45 20
Table S.1
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